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Abstract

Construction and Production
in Pichia Pastoris
Fluorescent Single-Chain
Antibody Fragments for Rapid
Diagnosis of Rabies Virus

of a Green Fluorescent
Protein (GFP) into a vector
which allows expression of
a recombinant scFv50AD1
directed against the rabies
virus glycoprotein G and
the production in yeast
Pichia pastoris expression
system. Preliminary results
show that the fluorescent
immunoconjugate expressed
in P. pastoris preserves
both the GFP fluorescent
activity and the antigenbinding activity against the
rabies virus glycoprotein

olorimetric enzymes
are usually coupled to
an antibody by chemical
means using cross-linking
reagents. However, such
Imène TURKI & Mohamed MOUSLI*
non-specific procedures
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lead to heterogeneous conInstitut Pasteur de Tunis; 13, Place Pasteur BP74,
jugates, sometimes with re1002 Tunis-Belvédère. Tunisia
duced activity. To by-pass
these problems, genetic en*Tel.: +216 71 843 755
gineering has provided a
Fax: +216 71 791 833
way to create chimaeric bi*E-mail: mohamed.mousli@pasteur.rns.tn
functional molecules in the
variable domains of an antibody which are genetically linked to unrelated protein
used in cell culture test.
tracers. This approach is facilitated when the antibody
Keywords: Rabies virus; Antibody engineering; ScFv;
component is expressed as a small protein like a SingleGFP; Recombinant fusion protein; Pichia pastoris; FluoChain Antibody Fragment (scFv), which should not suffer
rescence immunoassay.
from steric hindrance. Here, we report the construction
of a gene fusion plasmid by inserting the structural gene

C

1. Introduction

i) detection of rabies infection in nervous tissue, ii) conformation of infection in cell culture, and iii) during
titration of antibody by neutralization on cellular culture.
However, the FAT requires expensive reagents and instruments, and well-trained technicians. In addition, the
fluorescent isothiocyanate (FITC)-conjugated antinucleoprotein is commercialised by a limited number of
laboratories and has enough high cost. This drawback
constitutes a major handicap to intensify the epidemiological monitoring in certain countries in which the rabies
is a public health problem and economic means are
limited.

In most modern laboratories, rabies is usually diagnosed by the detection of viral antigen in the brain by
using a direct Fluorescent Antibody Test (FAT) [1]. The
test was first used in 1958, and it became a routine diagnostic method in the 1970s [2]. It is the test currently
recommended by the WHO Expert Committee on Rabies
[1] and OIE for rabies diagnostics both in animals and
humans. The FAT is carried out on brain smears by the
application of fluorescein-isothiocyanate labelled antirabies antibodies to the smear followed by incubation
and washing steps. The FAT has a sensitivity of 99.78%
when carried out in a laboratory by experienced workers
[3]. The detection of the rabies antigen using fluorescent
antibody conjugate is greatly used for various purposes:

Over the last 30 years, chemical covalent coupling of
entire immunoglobulins to enzymes or fluorochromes
has resulted in production of many immunoconjugates
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Aequorea victoria which emits green light following
excitation of internal fluorophore residues 65-67 (SerTyr-Gly). The gene for GFP has been isolated and has
become a useful tool for making expressed proteins
fluorescent by creating chimeric genes composed of
those of GFP [13]. GFP is a monomeric protein composed
of 238 amino acids with molecular mass of 30 kDa. It
has been proposed as a reporter of gene expression and
as a fusion tag to monitor protein localisation within
living cells [13]. The unique attributes of GFP as a protein
marker are (i) it requires no co-factors or staining for
fluorescence and (ii) the fluorescence is readily visible
from outside the cells using FITC filter sets [14]. Wild
type GFP has two excitation peaks, a major one at 395
nm (in the long UV range) and a smaller one at 475 nm
(blue) and its emission peak at 509 nm (green).

with a wide range of applications. A large number of enzymes have been used, the most common being horseradish peroxidase, alkaline phosphatase and ß-galactosidase, because they are very stable, specific and generate
readily detectable products [4, 5]. Fluorescent labels can
provide high levels of sensitivity for a wide range of analytical procedures. Conjugation of antibodies with fluorescent labels has traditionally been accomplished by in
vitro chemical conjugation of organic fluorophores. This
procedure requires large quantities of purified protein
and is often problematic in terms of optimising the level
of conjugation and loss of activity [6]. The cross-linking
reagents used to prepare these immunoconjugates have
an inherent lack of specificity. They react with the
amino acid side chains of each individual protein of the
conjugate and thus the resulting products are heterogeneous mixtures, with non-uniform antibody/colorimetric
tracer stoichiometries and with various degrees of binding
and enzyme activities [7].

2. Materials and methods
2.1. Construction of a plasmid encoding a scFv-GFP
conjugate

To address these problems, gene fusion technology
offers an alternative route for the production of immunoconjugates reagents, in which the antibody and enzyme
moieties are linked already at the genetic level followed
by recombinant expression [8]. Chimeric bifunctional
molecules in which the variable domains of an antibody
are expressed as single-chain antibody (scFv) can be
fused to a protein tracer at the DNA level and the engineered gene expressed by transfection in heterologous
systems [9, 10]. We have previously reported the generation of a recombinant scFv50AD1 by isolation of the
genes encoding heavy (VH) and light (VL) chain variable
regions from the 50AD1 anti-rabies virus glycoprotein
hybridoma, its genetic fusion with an engineered bacterial alkaline phosphatase; and the use of this recombinant colorimetric fusion protein (scFv50AD1-AP) in
different assays including ELISA, dot-blot and cell culture tests for a one-step detection of the native form of
rabies glycoprotein. Furthermore, we have established
its value as a novel in vitro tool for detecting the rabies
virus in cell culture or in brain smear in a one-step
procedure [11, 12].

For the production of scFv50AD1-GFP fusion protein
in Pichia pastoris, two different plasmidic constructions
were engineered with or without a short linker between
the scFv50AD1 and GFP. Different primers were designed
(Table 1) to clone scFv50AD1 [11] and GFP (Clontech).
2.1.1. PCR amplification of scFv-GFP fusion gene
The first step used is a synthetic gene encoding
scFv50AD1 was amplified using pLIP6-scFv50AD1-AP
plasmid [11] as a template with the primers VHRevNcoI
and VL8ForEcoRI carries a restriction sites NcoI and
EcoRI respectively suitable for cloning in the plasmid
pET22b(+) (Novagen). PCR was carried out with 1 µl
plasmid DNA as a template, 0,2 mM dNTPs, 1 pmol of
each primer, 1,25 mM MgCl2, 10X Taq polymerase buffer
and 2 U of Taq DNA polymerase in a total volume of 50 µl.
The reaction mixture was preheated to 94°C for 3 min
and then subjected to 30 cycles of 94°C for 40 sec, 52°C
for 40 sec and 72°C for 1 min; followed by one final
cycle of 72°C for 7 min. PCR products were analysed by
1% agarose gel electrophoresis and purified by GFX
PCR DNA and Gel Band Purification kit (Amersham
Biosciences) according to the manufacturer's instruction.
Then the resulting PCR product was purified, cleaved
successively with NcoI and EcoRI and inserted into the
pET22b(+) vector linearized with the same enzymes.

Here, we report the genetic design of a gene fusion
plasmid and the production in yeast Pichia pastoris expression system of a recombinant fluorescent immunoconjugate (scFv50AD1-GFP) for detecting the rabies
virus glycoprotein G using Green Fluorescent Protein
(GFP) as a tracer. GFP is a protein produced by a jellyfish
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TABLE 1. List of primers used for generated synthetic genes encoding scFv-GFP

Restriction enzymes

5'-3'Sequence

Primer name
VHRevNcoI

GTCCTCGCAACTGCGGCCCAGCCGGCCATGGCCGTCAAGCTGCA
GCAGTCAGGA

NcoI

VL8ForEcoRI

GTGGTGGAATTCGGATACAGTTGGTGCAGCATC

EcoRI

GFPEcoRI

GTGGTGGAATTCATGAGTAAAGGAGAAGAA

EcoRI

FPForNotI

ATGATGTGCGGCCGCCTTTGTAGAGCTCATC

NotI

GFPG8EcoRI

GTGGTGGAATTCGGTGGTGGAGGAGGTGGTGGAGGTATGAGTAA
AGGAGAAGAA

EcoRI

VHRevSE

GGATCCGAATTCCGGCCCAGCCGGCCGTCAAGCTGCAGCAGTCAGGA

SfiI

Prα-Fac

TACTATTGCCAGCATTGCTG

Restriction enzyme sites used for cloning are underlined.

The second step was to fuse the gfp gene in frame
with scFv50AD1 with or without a short flexible linker
(Gly8). Two sets of primers were used. The first one, the
gfp gene was amplified using pGFP vector as a template
(Clontech) with GFPEcoRI and GFPForNotI primers to
fuse directly in frame with scFv50AD1. The second one,
the gfp was amplified with GFPG8EcoRI and GFPForNotI
to introduce the linked between scFv and GFP. GFP
fusions were amplified by PCR as described above using
olignucleotides designed to introduce appropriate restriction sites for cloning into pET22b(+) vector. The gfp
gene was inserted at the C’-terminus of scFv50AD1 to
yield scFv50AD1-GFP.

2.2- Production and detection of the fusion protein
2.2.1. Transformation and screening of Pichia
pastoris expression strains
Prior to transformation the resulting plasmids pPICZαBscFv50AD1-GFP and pPICZαB-scFv50AD1-(Gly8)GFP were linearized with BstXI enzyme. The fragments
containing the expression cassette were isolated from
gel and purified with GFX PCR DNA and Gel Band
Purification kit (Amersham Biosciences). Yeast cells
were transformed by electroporation method according
to the protocol from the Pichia Expression Kit (Invitrogen). The KM71H yeast cells were grown at 30°C in
YPD medium (1% yeast extract, 2% peptone, 2%
dextrose) until an A600 nm of 1-1.5 was reached. For
each transformation, 8x108 cells were suspended at room
temperature for 30 min in 8 ml of 100 mM lithium
acetate (LiAc), 10 mM DTT, 0.6 M sorbitol, and 10 mM
Tris-HCl, pH 7.5. The cells were then pelleted and resuspended in 1.5 ml of ice-cold 1M sorbitol, transferred
to a 1.5 ml microtube, then washed three times with 1.5
ml ice-cold 1 M sorbitol, and finally resuspended in 1 M
ice-cold sorbitol at a final concentration of about 1010
cells ml-1. The cell suspension was added with 5-10 µg
of DNA in 1 µl of water. The electroporating pulse was
applied at 1.5 kV, 25 µF, 186 Ω. The resulting electroporated cells were immediately diluted in 1 ml of icecold 1 M sorbitol, and were spread on plates containing
YPDS medium (1% yeast extract, 2% peptone, 2%

2.1.2. Cloning of scFv-GFP conjugate gene into
αB
pPICZα
Finally, scFv50AD1-GFP and scFv50AD1-(Gly8)GFP genes were amplified by PCR with modified primers
VHRevSE / GFPForNotI to introduce appropriate restriction sites (SfiI and NotI) for cloning into the vector
pPICZαB (Invitrogen). The fusion genes were ligated
into pPICZαB and propagated in Escherichia coli DH5α
with 25 µg/ml zeocin according to the manufactuer's
protocol (Easy Select Pichia Expression Kit, Invitrogen).
The vector pPICZαB also contains the α factor secretion
signal sequence from the Saccharomyces cerevisiae for
secreted expression and sequences encoding the polyHis6 and c-myc epitope so that foreign proteins can be
easily epitope tagged at their carboxyl termini, if desired.
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dextrose, plus 1 M sorbitol). Transformants were plated
(200 µl) on YPDS agar plates containing 100 µg/ml
Zeocin and grown at 30°C for 3 to 5 days to isolate
Zeocin resistant transformants. Positive colonies were
selected, purified to extract DNAs. These DNAs were
used as templates for PCR screening with primers PrαFac and GFPForNotI.

the chemiluminescent substrate ECL (Amersham Biosciences). Three washing steps with PBS-T were carried
out between all incubation steps.
2.3 Biological activity of the recombinant immunoconjugate using cell culture test
Monolayers of BHK-21 cell line were cultured in eightchamber slides (Nalgene Nunc International, Lab-Tek)
for detection of rabies virus samples. Four hundred µl of
BHK-21 cell suspensions containing 1.5x105 cells/ml
were added to the chambers; followed by 50 µl of rabies
virus PV suspension. After gentle mixing, the plates were
incubated at 37 °C in 5% CO2. Eighteen hours after infection, the cells were fixed in 80% cold acetone for 30
min on an ice bath. The chambers containing infected
cells were incubated for 30 min at 37 °C with 100 µl of
a crud preparation extract containing the scFv50AD1GFP conjugate (5 µg/ml). After washing with PBS, the
specific immunocomplexes were directly detected using
conventional light microscopy after incubation for about
30 min at 37 °C. A positive control was tested with direct
fluorescent-antibody assay using the FITC-rabies antinucleocapsid conjugate (357-2112, Bio-Rad). Uninfected
cells were used as a negative control. The slides were
then mounted and examined with magnification X400
using conventional light microscopy; photomicrographs
were prepared.

2.2.2. Small scale expression of Pichia transformants
The experiments were carried out according to Pichia
expression kit manuafacture. The Zeocin-resistant transformants of pPICZαB-scFv50AD1-GFP and pPICZαBscFv50AD1-(Gly8)-GFP were incubated in a 1 litre baffled
flask containing 100 ml of BMM (Buffered Minimal
Methanol: 100 mM potassium phosphate, pH 6.0,
1.34% YNB, 5% biotin, 0.5% methanol) at 30°C in a
shaking incubator (250 rpm). Fresh methanol was added
to a final concentration of 0.5% every 24 hours to maintain induction. After 5 days, cells were eliminated by
centrifuging at 3000 x g for 10 minutes.
2.2.3. Selection of over expressed fusion protein
strains
After the transformation, all the resistant zeocin
colonies were collected and spread on YPD plates with
different zeocin concentration at 100, 500, 1000, and
2000 µg/ml. The resistant colonies at 2000 µg/ml zeocin
were selected and transferred to the other fresh agarplates. Then the fusion protein expression was carried
out in BMM medium with 0.5% methanol.

3. Results and Discussion
3.1. Cloning of the fluorescent immunoconjugate gene
into pPICZαB

2.2.4. SDS-PAGE and Immunostaining

To determine the optimum conditions for expression
of a functional scFv50AD1-GFP chimera in P. pastoris,
we synthesized two plasmid constructions, consisting of
scFv50AD1 genetically fused at N'-terminal of the GFP
with or without (Gly8) a short flexible linker (Figure 1A,
1B). These designs were intended to provide high flexibility between scFv and GFP for correct quarternary
folding, or a rigid connection so as to keep these protein
elements from interfering with each other. The fusion
constructs of scFv50AD1-GFP and scFv50AD1-(Gly8)GFP were cloned into the methanol-inducible pPICZαB
expression vector (Figure 1C) after PCR-amplification
using pET22-scFv50AD1-GFP and pET22-scFv50AD1(Gly8)-GFP as DNA matrices with modified primer
VHRevSE / GFPForNotI to introduce appropriate res-

After 72 h of methanol induction, the clarified culture
supernatant samples were separated on a 12% denaturing
SDS-PAGE according to standard protocols. The gels
were either directly stained with Coomassie brilliant
blue or proteins were electrotransferred to a nitrocellulose
membrane. In this case the membrane was blocked for
30 min at 24°C with 5% skim milk powder in PBS-T
(137 mM NaCl, 27 mM KCl, 81 mM Na2HPO4, 15 mM
KH2PO4, 0.05% (w/v) Tween 20, pH 7.4), then incubated
for 1 h at 24°C with 100 ng/ml monoclonal antibody
anti-GFP (Biosciences Clontech), in blocking solution.
The membrane was then incubated with 100 ng/ml of
anti-mouse IgG (Fc-specific) conjugated to horse radish
peroxidase (Sigma, St Louis, MO) in PBS-T buffer for
1 h at 24°C. Bands were visualized by incubation with
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GFP and pPICZαB-scFv50AD1-(Gly8)-GFP) were transformed into the E. coli strain DH5α. The pPICZαB
plasmid contained the zeocin resistance gene for selection
in E. coli. Plasmids carrying the insert were selected on
LB plates containing zeocin. The final construct contained an expression cassette encoding scFv-GFP fused
to an N-terminal S. cerevisiae α-factor prepro leader
peptide for efficient secretion and a C-terminal His6-Tag
affinity purification on metal-chelating resin under the
control of the alcohol oxidase 1 (AOX1) promoter.

Figure 1. Design of expression cassettes for the production of
recombinant fluorescent scFv50AD1-GFP fusion proteins and
schematic presentation of the expression plasmid pPICZαB.

Figure 2. Construction of a synthetic gene
encoding scFv-GFP fusion proteins.

(A) scFv50AD1-GFP fusion protein. (B) scFv50AD1(Gly8)-GFP fusion protein, eight additional glycine
residues (Gly)8 were added as a short linker between the
scFv and GFP. These constructs were cloned downstream
of the α-factor leader sequence to direct the proteins to
cultures supernatants and for detection and purification a
hexahistidine tag and a c-myc Flag peptide were present
at the C'-terminus of each construct. (C) Gene map of
pPICZαB expression vetor. 5' AOX1, alcohol oxidase 1
promoter; AOX1 TT, transcriptional terminator from
Pichia pastoris AOX1 gene; TEF1 promoter, transcriptional
elongation factor 1 promoter from Saccharomyces cerevisiae; EM7 promoter, synthetic prokaryotic promoter;
Zeocin, Zeocin resistance gene; CYC1 TT, transcriptional
terminator from S. cerevisiae CYC1 gene; pUC ori, origin
of replication of the plasmid in E. coli.

PCR amplification scFv-GFP fusion
genes, each sample (15 µl) was checked
on 1% agarose gel and stained with ethidiumbromide. Lane 1: scFv50AD1-GFP
gene and Lane 2: scFv50AD1-(Gly8)-GFP.
Lane M: 1KbDNA ladder (Promega).

The positive clone, pPICZαB containing a DNA
fragment that encodes for fusion proteins, was used for
DNA plasmid extraction. For efficient integration into
the Pichia genome at the AOX1 locus, pPICZαBscFv50AD1-GFP and pPICZαB-scFv50AD1-(Gly8)GFP were lineared by BstXI restriction enzyme before
the transformation. The digested recombinant vectors
were then purified and transformed into the host strains
P. pastoris KM71H by electroporation method. The
transformant KM71H yeast strain was grown well on
YPDS containing 100 µg/ml zeocin. To determine the
presence of scFv50AD1-GFP gene in transformants, the
DNA from several colonies were isolated and used as
templates for the PCR screening with primers α-factor
and GFPForNotI (data not shown).

triction sites SfiI and NotI. The resulting PCR product
migrated as a 1.5 Kb fragment on agarose gel (Figure 2).
The fusion genes were purified then cleaved successively
with SfiI/NotI and inserted into the multiple cloning site
region downstream of the P. pastoris AOX1 promoter
and the α-factor secretion signal sequence into the
pPICZαB vector linearized with the same restriction
enzyme. The resulting plasmids (pPICZαB-scFv50AD1-
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Multiple gene insertion events at a single locus in a
cell will generate multicopy recombinant strains which
have a lot of expression cassettes in genome. Genetically,
the number of expression cassettes is integrated to genome of P. pastoris leading recombinant strains produce
high protein concentration [15]. In order to screen multicopy recombinant strains for scFv-GFP over expression,
all zeocin-resistant transformant colonies were collected
and spreaded on YPD plates with zeocin concentration
of 100 µg/ml, 500 µg/ml, 1000 µg/ml, and 2000 µg/ml.
After 2-3 days incubation, on the plate with 2000 µg/ml
of zeocin there were several colonies of P. pastoris
KM71H appeared (data not shown).

3.2. Small scale expression and screening of Pichia
transformants
Since protein expression levels in Pichia from integrated pPICZαB-derived plasmids can vary depending
on site of integration and copy number, we screened
multiple transformants for scFv-GFP expression levels.
Four clones apiece of the pPICZαB-scFv50AD1-GFP
and pPICZαB-scFv50AD1-(Gly8)-GFP Zeocin-resistant
transformants (along with pPICZαB as a control) were
grown and induced with 0.5% methanol in 100 ml of
BMM media at 30°C for 72 h as described in Materials
and methods. Cultures supernatants were analyzed on
SDS-PAGE under reducing conditions followed by
Coomassie brilliant blue stain detection. Results show
that a new band appears in the media with an apparent
molecular weight of 65 KDa, in good agreement with
the predicted 62 KDa molecular weight of a reduced
scFv-GFP fusion (Figure 3 panel A and B). Western
blotting analysis demonstrates that these bands react
with an anti-GFP specific antibody (Figure 3 panel C
and D). No anti-GFP reactive species were seen in Pichia
KM71H cells transfected with the control plasmid
pPICZαB.

The expression of the multicopy recombinant strains
P. pastoris KM71H was investigated at flask scale by
using the BMM medium and then 0.5% methanol was
added to the culture broth at every 24h during 5 days.
The aliquots of the culture broth were taken at the intervals for determination of scFv-GFP expression quantification. Cultures supernatants were analyzed on SDSPAGE under reducing conditions followed by Coomassie
brilliant blue stain detection. As shown in Figure 4, no
significant improvement in the expression of the recombinant scFv-GFP is observed up to 5 days post-induction.

Different recombinant clones (Lane 1 to 4) of P. pastoris
scFv-GFP KM71H cells for each plasmidic construction
pPICZαB-scFv50AD1-GFP (panel A) and pPICZαBscFv50AD1-(Gly8)-GFP (panel B) were selected as described in the text and a crude culture supernatant preparation were analysed by SDS-PAGE under reducing conditions followed by Coomassie Blue staining. Westernblotting analysis with anti-GFP antibody was used for each
sample (panel C and D) followed by ECL development.
(+) recombinant GFP expressed in P. pastoris was used as
positive control. (-) Pichia KM71H cells transfected with
the plasmid pPICZαB used as negative control. (M)
Molecular weight markers in kDa indicated on the left.

Figure 3. Analysis of scFv-GFP fusion proteins expression in
Pichia pastoris KM71H strain.
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Figure 4. Estimation of expression levels from Coomassie-stained
SDS-PAGE at different induction time.

Twenty-five µL of clarified supernatant taken at the times
(hours) indicated above were loaded to each slot. The
Arrow indicates bands corresponding to the expected size
of scFv-GFP. Lane M: Protein molecular weight markers
(kDa) are shown in central margin.

Figure 5. Visual appearance of
P.pastoris expressing scFvGFP fusion proteins under UV
transilluminator.

3.3 Determination of functional scFv-GFP fusion
protein

A) Direct fluorescent emissions of the suspension of P.
pastoris expressing chimeric scFv-GFP were observed
under UV transilluminator irradiation. Sample A1: cells
not expressing recombinant GFP; Sample A2: recombinant
GFP as positive control; Sample A3: scFv50AD1-GFP;
Sample A4: scFv50AD1-(Gly8)-GFP; Samples A5 and A6:
non-induced cell culture. B) Analysis of isolated scFvGFP fusion proteins by modified SDS-PAGE. In addition
to the conventional method, a modified procedure with
0.1% SDS in the sample buffer and without thermal denaturation was also employed. This procedure enabled GFP
fluorescence to be observed on SDS-PAGE gels. Sample
B1: non-induced preparation; Sample B2: recombinant
GFP as positive control; Sample B3: scFv50AD1-GFP a
crude culture supernatant preparation.

3.3.1 GFP fluorescence activity observed under
UV illumination
The fluorescent fusion protein production levels were
directly examined in the recombinant P. pastoris KM71H
strains after 3 days post-induction. As shown in Figure 5A,
a strong fluorescent emission was observed under UV
illumination in the suspension of cells expressing the
scFv50AD1-GFP and the scFv50AD1-(Gly8)-GFP after
a quick centrifugation. The similar fluorescence was
obtained when we use the recombinant GFP, as positive
control, produced in P. pastoris KM71H and in the same
conditions. This fluorescence was absent in non-induced
cell culture. This first result strongly indicates that the
recombinant conjugate scFv-GFP is fully fluorescent.
The fluorescent signal of the recombinant conjugate
scFv-GFP from crude extract was confirmed further by
non-denaturating SDS-PAGE and was observed under
UV transilluminator in which a strong fluorescent
emission was be detected (Figure 5B). No fluorescent
signal is present in non-induced preparation.

3.3.2 Direct fluorescent-antibody assay to detect
rabies virus antigen using a scFv50AD1-GFP
fusion protein
The bifunctionality of the recombinant fusion protein
was investigated by cell culture using direct fluorescentantibody assay. We developed immunofluorescent system
to localize the rabies virus in infected cells using con-

8

I. Turki and M. Mousli / ISESCO Science and Technology Vision - Volume 7, Number 11 (May 2011) (2-10)

Panel A: after incubation infected BHK-21 cells with rabies
virus PV, a crude culture supernatant scFv50AD1-GFP
conjugate was added and incubated for 30 min at 37 °C.
The interaction was directly analysed using conventional
light microscopy with FITC filter. Panel B: a positive
control was tested with direct fluorescent-antibody assay
using the FITC-rabies anti-nucleocapsid conjugate. Negative controls without PV infection are shown on the right
panel (panel C and D). Magnification: 400X with conventional light microscopy.

directly revealed using FITC filter. The photomicrographs
(Figure 6) show: (i) a small fluorescents spots in cellular
membrane corresponding to RV particles immunodetection. The same fluorescent pattern was observed
when the FITC-rabies anti-nucleocapsid conjugate was
used as positive control. (ii) in contrast, no immunofluorescent viral inclusions were observed in the same conditions but without RV infection. Thus, the scFv50AD1GFP fusion protein has dual activity and can be used for
rapid and specific detection of the rabies virus in cell
culture in a one-step procedure.

Figure 6. Direct fluorescent-antibody assay to detect rabies virus
antigen using a scFv50AD1-GFP fusion protein.

ventional light microscopy. After incubation infected
cells with rabies virus PV, a crude extract scFv50AD1GFP conjugate was added and the immune complex was

Conclusions
In conclusion, the present study demonstrates that recombinant fluorescent anti-rabies virus glycoprotein
scFv50AD1-GFP conjugate produced in Pichia pastoris is bifunctional, it makes possible single-step immunoassay
which does not require a secondary immunoconjugate and no co-factors or staining substrate and finally the genetic
approach used to synthesize recombinant antibody-enzyme conjugates allows the improvement of the antibody
affinity by genetic engineering in order to reach or exceed the sensitivity level.
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Abstract

Establishing of West African
Solar Radiation Atlas:
Primary Study of Solar
Radiation Climatology in
Côte D’Ivoire

correlation of the daily
irradiations and instantaneous radiations respectively about 0.82 and 0,94
and one precision of the
absolute deviations of about
20% were obtained. This
relatively low value of the
daily coefficient of correlation obtained and its variability especially according to the month are due
to the fact that the zone is
subjected to strong meteoclimatic disturbances.

he knowledge of the
solar radiation at
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from November 2001 to March 2002. Coefficients of

T

1. Introduction

in-situ of weather stations should make it possible to lay
out available values of daily or hourly irradiations with
a space resolution of roughly 10 kilometers and the relative errors (RMSE) of daily irradiation should be less
than 20%. For that purpose, methods of interpolation/
extrapolation are used to reach constantly the value at
any geographical place, but they lead to evaluations of
lower quality. Thus, since the setting on orbit of meteorological satellites (GOES, METEOSAT and NOAA),
several methodologies of estimate global irradiation known
as “exploitation of the satellite imagery” were born
[Cano et al. (1986), Abdel Wahab et al. (2009)]. It is in
this objective that methodology “Gistel” of estimate of
the solar layer was focusing by using images of satellite
METEOSAT on stations in France [Delorme et al. (1988)],
Tunisie [Ben Djemaa et Delorme (1992)] and Côte
d'Ivoire [Mohamed 1992), N'goran (2005)], within the

Networks of measuring stations of solar radiation at
ground level which must provide well controlled
measurements of the solar irradiation are only available
in a limited number of sites. Moreover, the investments
and the maintenance costs for each site are important.
That is why in certain parts of the world, as in Africa,
the stations are rare, whereas enormous profits in terms
of effectiveness, costs, etc. should be reached by engineers, companies, agencies and institutes and research
centers if suitable information were more easily and
constantly available for practically any geographical
place.
Atlas [Bachari et al. (2001), Wald et al. (2000), Diabate et al. (2004)] carried out from satellite data image
processing and calibrated by time series of measurements
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framework of an international collaboration. Gistel is a
synthetic methodology (physical and statistical) initially
elaborate with images of the types B2 (Gistel-B) [Lefèvre
et al. (2007), 18] and WEFAX (Gistel-W) [Delorme C.
et al., (1992)]. But with this version, it was impossible
to have access to the average brightness of the ground
from the methods of minima of the brightnesses used,
more than great uncertainties are to be taken into account.
Other similar methods were described with alternatives
especially with regard to the choices of the parameters
of entry, for example “Heliosat 1 or 2” [Dribssa et al.
(1999), Rigollier et al. 2004)] which consists in ennuagement calculating the index of correspondent to “a pixel
image” from the apparent albedos of the ground and cloud.

a- image of 2001/12/08

b- image of 2002/03/29

Figure 1. Example of P.D.U.S. images (512x384 pixels) obtained at
12:30 TU in Côte d'Ivoire area; the right one (a) corresponds to
day of better sunning and the left one (b) a day of total cloudy sky.

those acquired on the site of the University of Cocody
located at Abidjan (latitude 5°20'24'' N, longitude
3°59'24'' W). These data relate to two distinct periods:
firstly from November 2001 to March 2002, with for ony
measurement global solar radiation on horizontal level
carried out using a pyranometer KIPP & ZONEN provided with a SEFRAM DATALOGER system of acquisition PC compatible which can receive 21,000 points of
data. This station placed on the roof of the building of the
Physics Laboratory of the Condensed Matter and Technology (elevation 70 m given using a GPS 38 GARMIN)
and secondary since October 2009, a new site measuring
is located at ground (elevation 46 m) in the course of same
laboratory with “STATION VANTAGE PRO 2 PLUS”
equipment of DAVIS INSTRUMENT which contains
integrated sensors (speed and direction of wind, pressure,
temperature, hygrometry, pluviometer, solar and UV
radiations), a module of interface of sensor, a console of
radio reception, a Data Logger suitable PC connection by
USB cable, a software WeatherLink version 5.8.2, a computer allowing to data exploitation and a server of publication on Internet network. This unit constitutes the chain
of the meteoclimatic station of the University of Cocody
whose fitting is shown on Figure 2 with URL to Internet:
http://meteo.univ-cocody.ci.

This paper thus describes methodology Gistel-P, a
new version improved of Gistel one, worked out from
primary data images (P.D.U.S.) [N'goran (2005)] and its
application to a comparative study of the values estimated with data of measurement collected on the site of
university of Abidjan station (Southern of Côte d'Ivoire)
during five months, from November 2001 to March
2002. Just as an outline on the turnover of the data of
measurement (October 2009 to September 2010) of the
new climatic weather station is provided.
2. Data and methodology
2.1. Data used
2.1.1. Data base of PDUS images of METEOSAT
satellite
We acquired, on CD ROM support, data of five months
images in the three channels “visible, infrared and steam”
of satellite METEOSAT-7, with 11 images per day
(1 image per hour of 7:30 to 17:30 TU). Only images of
the channels “visible” are treated in this study. For each
image, a portion smaller size 512x384 pixels useful centered on the Côte d'Ivoire country of 4° for 11° N and 2°
to 9° W, was extracted to reduce quantity of data stored
and also time of data processing. The result of this pretreatment gives a database of 1650 images without defects. Figure 1 gives an example of presentation of these
images obtained.

2.2. Gistel-P methodology
The total methodology of treatment (MGT) of Gistel-P
used, taking into account the assumptions of original
“Gistel” methodology, contains three models (Figure 3):
“Data and Parameters of Entry” (ENTRE), “Atmospheric
Transmission” (ATMOS) and “Estimate of global solar
Irradiations” (IRRAD).

2. Data of ground measures
The data of measurement having been used for the
validation of our methodology in wet tropical climate are
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Figure 2. The chain of
meteoclimatic at University of
Cocody in Abidjan.

Figure 3. Synoptic of algorithm of
Gistel-P method.
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- ENTRE model: The model “ENTRE” considers a
point image Pi(l, p, bi, a, m, d, h) or Pg(lat, long, bi,
a, m, d, h) where the parameters are the line (l), the
pixel (p), the value of the pixel called brightness (bi),
the year (a), the month (m), the day (d) and the
hour (h) in a given site. The coordinates (l, p) of a
point image are converted into their geographical
equivalents (long, lat). Then, it also defines two other
important parameters which are, for a completely
cloud sky, the brightness So threshold (higher limit)
and, for clear sky, the factor of disturbance of
Linke (TL) of the studied area.

between Crq and Crc and Cro according to the
following relations:
If Crq ≤ Crc then Ki(lat, long, d, h) = 1 (100% of
irradiance by clear sky)
If Crq ≥ Cro then Ki(lat, long ,d ,h) = Ko = 0,2 (of
irradiance by clear sky)
If Crc < Crq < Cro

then
(5)

This classification leads to the calculation of instantaneous global irradiance Gi(lat, long, d, h) such given
by most methods [Delorme et al. (1988), Ben Djemaa
and Delorme (1992)]:

- ATMOS model: The atmospheric model of transmission exploits also the O.M.M. model [1981] by
clear sky to calculate global irradiance and the transitivity ground-satellite. The following formulas are
used:

(6)
The total daily irradiation Gdi(lat,long,d) is the summation of instantaneous global irradiance of day d (12
images per day):

(1)
for global irradiance by clear sky and,

(2)

(7)

for transitivity ground-satellite corrected by the
factor of correction of the distance Ground-Sun,
given by:

3. Results (period 2001 November to 2002
March)
The results presented and the discussion which
follows relate to the application of Gistel-P methodology
for period of November 2001 to March 2002 by observing
the solar irradiations in two kinds of studies.

(3)
where Qj is the day of the month of the year since
January 1st, with hs the angular height of the sun, hv
the angular height of the satellite.
Then the model calculates three coefficients of reflection as given in the original methodology which is:

3.1. Algorithm
Figure 3 illustrates the algorithm for a treatment
sequence pixel by pixel per image developed in
language Turbo Pascal 7.0. All the results are stored in
files format “.text” directly recoverable under Microsoft
Excel for the statistical studies. The study leads to fix
various parameters of reference which are: the basic
component Ba fixed at 12, the brightness So threshold
fixed at least 75 CN (Numerical Count: unit used to
express the brightness) used to determine completely
cloud sky coefficient of reflection.

(4)
Where i=c for a clear sky, i=o for a cloudy sky and
i=q for other intermediate sky, Gc(lat, long, d, h)
and Tv(lat, long, d, h) are respectively obtained by
the equations (1) and (2), d the date, Nk a numerical
factor of calibration of the detector of METEOSAT
equal to 0,554 and Ba the atmospheric component
of the brightness (due to the Rayleigh diffusion),
supposed constant ≈12 [Ben Djemaa and Delorme
(1992)].

3.2. Daily global solar irradiations
Figure 4 gives the synthesis of the curves of evolution
of daily global irradiations from 2001 November to 2002

- IRRAD model: Finally, the attenuation coefficient
Ki(lat, long, d, h), is deduced from the comparison
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March. In general, the
curves of the estimated
values follow those of
measurements. Some
variations in November
however are observed
according to the value
of TL or S0. All global
daily irradiations estimated are close to the
measured ones. We represented (Figure 5) the
graphs of the groups of
dots of global daily irradiations calculated IGJcal
versus measured IGJmes.
It arises for the totality of
the 151 available couples
a great dispersion of the
points around the median. Determination of
the statistical indicators:
coefficient of correlation
(r), mean bias (MBE),
mean absolute (MAE)
and root mean square
(RMSE) errors, was made
from the formulas suggested by DAVIES et al.
[1988].

Figure 4. Curve of evolutions of synthesis betweem estimated and measured global daily irradiations at
University of Cocody in Abidjan from 2001 November 2001 to 2002 March (r ≈ 0,82).

Table 1 shows the results of these indicators.
The coefficients of
correlation vary from
0.60 to 0.80 and the
better is obtained when
mixing TL where rsyn=
0.82. The study of the

Figure 5. Dot representation of synthesis betweem estimated and measured global daily irradiations at
University of Cocody in Abidjan from 2001 November 2001 to 2002 March (r ≈ 0,82).

TABLE 1. Coefficient of correlation (r) and mean bias (MBE), mean absolute (MAE) and root mean square (RMSE) errors
belong to TL (2.5, 3.5 and 4.5) and S0 (55 to 160 CN).

TL

S0

r_Nov01

r_Dec01

r_Jan02

r_Fev02

r_Mar02

r_total

MBE

MAE

RMSE

2.5

75

0.63

0.66

0.74

0.62

0.77

0.68

0.016

0.185

0.228

3.5

100

0.60

0.65

0.72

0.63

0.79

0.70

0.003

0.172

0.212

4.5

150

0.55

0.66

0.70

0.64

0.83

0.73

0.000

0.157

0.195

0.63

0.66

0.72

0.63

0.84

0.82

-0.001

0.135

0.169

rsyn
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distribution of the mean bias error (MBE) shows that,
for daily values fluctuating between 1 and 8 kW/m2, a
proportion of 80% is located between ±1.4 kWh/m2.
Seemly, the relative average deviations in mean absolute
error (MAE), shows a proportion approximately 85% is
lower than 1.4 kWh/m2. But, the relatively low value of
the coefficient of correlation obtained and especially its
variability according to the month are probably due to
strong disturbances observed in wet tropical area, because
we are not any more in clear sky situation. So, we think
that the results of our methodology are underestimated.

irradiances between calculated and measured values
with TL (2.5, 3.5 and 4.5) and thresholds of S0 brightness
varying from 55 to 160 CN. Figure 6 shows an example
of the curves of daily variations of the estimated monthly
averages like those measured from 7:30 to 16:30 TU.
Figure 7 represents the dots chart of the instantaneous
global solar irradiances estimated according to those
measured for these days. One observes a very good
agreement between these curves. For profiles of the
maxima values of global solar irradiances a triad is
observed between measurement and estimate, while for
the minima, it is a great dissension between measurement
and estimate which is explained by the fact that one is
in bad weather situation, sky completely covered by
clouds. The statistics, concerning the distribution of the
coefficient of correlation r, are presented in Table 2.

3.3. Instantaneous global solar irradiances
Studies were undertaken by looking at the daily profiles of the monthly averages, maxima and minima and
days of better sunning of the instantaneous global solar

Figure 6. Examples of curves of synthesis
betweem estimated and measured global
instantaneous irrdiance at University of
Cocody in Abidjan from 2001 November
2001 to 2002 March (TL and S0 variable).

Figure 7. Dot representation of mounthly
averages estimated and measured global instantaneous irrdiance at University of Cocody in Abidjan from 2001 November 2001
to 2002 March (TL=3.5 and S0=100).
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TABLE 2. Statistical results of the distribution of the coefficient of correlation r.

Range

Jan 2002

Feb 2002

March 2002

Nov 2001

Dec 2001

Total

(%)

r>=0,9

15

13

22

3

11

64

43

0,7<r<0,9

11

10

7

14

7

49

33

r<=0,7

4

5

2

13

12

36

24

These results confirm the theoretically announced
classification of the days in three distinct classes: days
of clear sky, days of sky completely covered and days of
intermediate time. The mean bias (MBE), mean absolute
(MAE) and root mean square (RMSE) errors calculated
vary from 15 to 10% for the monthly averages, from 20
to 15% for monthly maxima and from 30 to 1% for the
days of better sunning (1% for the 12/27/01) of instantaneous global solar irradiances. Deducting that our Gistel
model is able to reproduce the form of daily irradiation
by making a classification according time. But it needs
more precisions on local conditions, This is why, since
2009 October, we have been considering a systematic
locally acquisition of some parameters with ISESCO
support.

cloud cover (cloudy time) and days of other cases (intermediate time). This representation is important because
it will be useful for the development of the models as
well for the estimate and the prediction of the solar
radiation as for dimensioning photovoltaic solar systems.
However, it hides more realities because such data do
not take into account the fluctuations in the local meteorological conditions, as observed in tropical climate,
which can provoke large variation of solar radiation. The
amplitude of these variations can reach 700 W/m2 and
occur within a short time interval, from a few seconds to
a few minutes depending on the geographical location.
These variations fundamentally depend on cloud size,
speed and number. Although, it has been shown that, the
fractional time distribution for instantaneous radiation
differs significantly from that obtained with daily values.
Thus, these important fluctuations, observed over one
period of a few minutes (Figure 9), can cause instabilities
in the distribution networks of energy to strong density
of statement. Whereas the management of the electrical
communication and the alternative energy sources
require a better identification of these variations with
small scales.

4. Synthetic view of measure data of the
new meteoclimatic station
A study of the daily profiles of the curves of daily
global irradiations (averages, maxima and minima) from
2002 October to 2009 September has been conducted. It
confirms a classification in three classes of days
(Figure 8): days of clear sky (good weather), days of

Figure 8. Curves of the evolutions daily
irradiances (in W/m2) for three types of
days pour 3 journées types (new station
at University of Cocody in Abidjan
latitude 5° 20' N, longitude 3° 59' W et
elevation 46 m).
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Figure 9. Comparative curves of theorical extraterrestral solar irradiance
versus those of days of better sunning,
low sunning and cloudy sky (new station
at University of Cocody in Abidjan latitude 5° 20' N, longitude 3° 59' W et
elevation 46 m).

Conclusions
At the end of this project, it was proven, through a methodology known as Gistel-P, that it is possible to evaluate
rather correctly the daily global irradiation with an estimate of relative error of about 20%. Insufficiencies, moreover, were raised. It remains however that a good knowledge of the variation of the factor of Linke disturbance is
essential, especially in tropical area. So, the established relations of estimate would be good quality provided that
they take into account the seasonal formulas which with these latitudes, correspond to the dry season and the rain
season. A finer study of these data a longer period of time would be essential to validate the estimates by satellite
imagery in order to be able to establish, by satellite, solar charts of these areas to weak density of measuring sites
at the ground level. That is the reason, this work has been undertaken in Abidjan with ISESCO'S support. Whose
preliminary result presented here is a good start which should in the future make it possible to improve these results
by taking the pyranometric measurements adapted in wet tropical area. The advance to be followed will be then to
carry out an estimate and/or a prediction of the solar irradiation by treatment of satellite images and to propose a
set of strategies for the solar irradiation using the Gistel-P method.

[5] Davies J.A et al. Validation of models for estimating solar radiation on
horizontal surfaces, vol. 1, IEA Task IX, Final Report Atmospheric Environnment Service of Canada, Ontario, Canada, 1988.
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Abstract

Study of the effect of highAlbedo coatings on roof,
facades and pavements on
energy consumption (case
study of Ekbatan town in
Tehran)

rates of energy losses. In
this study Ekbatan town in
Tehran, due to high population density, vast area of
construction and diversity
of architectural orientation
has been chosen. Effects of
using high-Albedo materials as the primary solution have been investigated
in this study. High-Albedo
materials have been installed on roof, facades and
pavements in order to control their effects on heat
transfer, energy loss, air
ventilation and VOC
emissions.
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to higher indoor temperatures; consequently, higher

I

1. Introduction

human life and as the major part of our life-time is spent
inside the buildings, creating a desirable environment
inside the building is very important. Effect of using
high-Albedo materials as the primary solution to reduce
internal energy loss has been investigated in this study.

Energy is considered as the most important and substantial issue of human life. Resources limitation, increase
of energy consumption, irregular consumption in addition
to environmental pollution and waste of national assets
has endangered the future of human's life. Experiences
show that economic growth and industrial development
of countries as a precondition of political authority,
national independence and cultural prosperity need
various factors, including energy and optimum use of
energy resources. Although Iran has rich energy resources,
improper use of them has led to irreparable damages on
the annual budget of the country. Hence, rational use of
energy resources and planning in the area of energy
optimization has a particular priority.

2. Energy consumption and buildings
Experts believe that more than one third of national
energy is consumed in different building in any country.
Numerous statistics have presented energy consumption
rates in different building sectors. The least reported rate
is about 35% of national energy while some statistics
have reported more than 50% in some countries. It is
noticeable that the portion of energy consumption is
high in building's part, so we should use the method of
decreasing intensity of energy consumption.

Environmental conditions influence on all aspects of
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TABLE 1. The energy consumption in different parts/sections by decennial average (1997-2007) [1]

Consumer sections

Building & urban

Industry

Agriculture

Transportation

Non-energy uses

Energy expenditure
(%)

39.3

15.5

4

26.7

13,5

Table 1 presents the energy consumption ratio in
different sectors, according to the decennial average
(1997-2007). [1]

expansion has led to cover the areas previously home to
variety of plants with concrete and asphalt (low-Albedo
materials). This issue has made significant effect on air
quality in areas. One of the apparent consequences is the
increase of temperature points especially in areas including more buildings. Studies show that temperature
difference is about 10 to 15 °C between downtown and
its surroundings. One of the effective methods for lowering the urban surfaces temperature is planting suitable
trees, increasing albedo and using light colors in Urban
Planning. [3]

As Table 1 shows the highest portion of energy consumption is in building and urban sector which is about
39.3%. In the mean time, according to international
standards, the highest percentage of energy consumption
in building and urban sector should be limited to 25% of
the total annual consumption of a country.
Based on the information published by Iran National
Building Research Centre, lack of commitment to fulfil
building standards and implementation of inappropriate
materials which are incompatible with climatic conditions
of different country regions has lead to the waste of
almost 79% of energy provided in buildings. About 21%
percent of energy loss has been through windows, 21%
from building floors and finally 36% from the walls. [2]

2.2 Ekbatan town
Ekbatan town is one of the largest of its kind in the
Middle East and the largest residential complex in
Tehran. Tehran has been surveyed in Figure 1. Ekbatan
is a planned town structure as a project of modern apartment buildings in western part of Tehran. The Construction of the Ekbatan complex started in 1975 for the
purpose of mass housing. The beneficial life-period of
this town has been estimated at 300 years. Ekbatan has
3 sets of buildings called phases with 15,593 units on an
area of 2,208,570 m2 which can house about 100,000
people (Figure 2). Table 2 presents additional information about Ekbatan town.

According to Iran National Building Research Centre,
energy consumption in Iranian building sector is
580kWh/m3; meanwhile, the rate of energy consumption
in building sector of developed European countries is
120kWh/m3 which is expected to decrease to 50kWh/m3
in modern buildings.
2.1 Tehran
Tehran as the largest urban area and the largest city
in western Asia is the 20th largest city in the world. That
is the main reason this city has been selected for this
study.

Figure 1.
Location of
ekbatan town
in Tehran [5]

Tehran is the capital of Iran. With a population of
almost 8400000 people and an area of 730 square kilometres, functions with an area equal to 18,814 square
kilometres.
Although only 11 percent of the population of Iran
live in Tehran, this mega-city is the centre of most Iranian
industries such as automotive, electrical, military, weaponry, cement, and chemical and etc. Tehran metropolitan has expanded terribly in vertical and horizontal
sides during the three past decades. This horrendous

Figure 2. Residential
units in Ekbatan town
[4].
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TABLE 2. General information of Ekbatan town [5]

Area of the land

Total residential
substructure

Total number of
residential units

2,208,570 m2

2,670,000 m2

14,747 units

As it was previously noted, using the high-albedo
materials is one of the methods used for saving energy,
which has been analyzed specifically on Ekbatan town
case in this paper.

Structure
Concrete, employing tunnel
system,7meters opening and
facade of prefabricated
concrete panels

Cooling heating
system
Fancoil, central
heater + cooling
tower

High-albedo materials can have a large impact on the
surface temperature regime. High-albedo roof coatings
can be utilized to reduce building air-conditioning use
and, if implemented at large-scale, might reduce summer
urban temperatures. By lowering the absorption of solar
energy, high-albedo coatings reduce building surface
temperatures, and heat-transfer to the building interior.
The lower surface temperatures also reduce the building's
contribution to urban air temperature.[6]

2.3 Albedo and thermal conductivity
Albedo is the ratio of reflected to incident electromagnetic radiation. It is known as surface reflectivity of
sun's radiation. The term has its origins from a Latin
word albus, meaning “white”. It is quantified as the proportion, or percentage of solar radiation of all wavelengths reflected by a body or surface to the amount
incident upon it. When an object absorbs most of the
light that hits it, it looks dark. Dark objects have low
albedos. An ideal white body has an albedo of 100%
which is has a high albedo, while an ideal black body
has 0%. [9]

According to the explanation of Albedo, Table 3 is
presented here.
TABLE 3. Solar energy absorption surface and albedo [14]

Surfaces
Series

As industrial activities increase air pollution, the
atmosphere itself is becoming more reflective because
there are more aerosols to reflect insulation. Urban areas
in particular have unnaturally low values for albedo
because of the many manmade structures which absorb
light before it can reach the surface.In addition; the low
albedo of the world's largest cities sometimes creates
urban heat islands which impacts city planning and
energy consumption. Concrete surfaces absorb heat
from sunlight due to their low solar reflectivity (albedo).
This increases the local ambient temperature in urban
areas (the so-called "heat-island" effect). The heat-island
effect leads to a waste of energy because of increased
cooling costs. It also adversely affects air quality, which
in turn can be detrimental to human health. Regardless
of the sun's efficiency in electricity generation, though.
The study of solar radiation and albedo is essential to
the understanding of Earth's weather cycles, ocean
currents, and locations of different ecosystems. Using
materials with a high albedo, such as light concrete, can
reduce the impact of development and reduce the heat
island effect.

Solar energy Albedo%
absorption
surface%
15

85

Ordinary bright colors such
as cream or light gray

40-50

50-60

3

Dark colors like dark gray,
green and red

60-70

30-40

4

Black

80-90

10-20

1

White and shiny

2

Table 3 indicates that solar energy absorbed in building
external walls depends on the colour of the surface. Based
on Table 3 Ekbatan building materials is consonant with
dark levels by albedo of 30-40 percent (Figure 3). Any
method such as using white-coloured surfaces (albedo
about 85%) which can increase albedo of building materials in Ekbatan town can lead to energy consumption
optimization.
By using (Eq.1) it is possible to calculate the waste
of heat energy through walls and roofs.
Q = λ d ∆T (1)
Where Q is the heat flow rate (w), λ is thermal conductivity (w/m .c˚ presented in Table 4), d is the thickness (m), ∆T= (T1-T2) is the subtraction of indoor and
outdoor temperature (c˚). [15]
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Based on the graphs presented in Figure 1 and Figure 2
the mean value of the maximum temperature of each
dark or white surface has been extracted to calculate ∆T.

Figure 3. Ekbatan building
materials with dark surfaces [4]
TABLE 4. Thermal conductivity of concrete [15]

λ
Thermal conductivity
(W/m .c˚)

Concrete with
silica greval

Light concrete
with Perlit

1.75

0.31

3. Results
3.1 Calculation of walls energy loss:
d parameter is the thickness of walls which is 0.22m
in this case.

Figure 4. Outdoor temperature of dark surface [14]

∆T parameter is (T1-T2) which T1 is the comfort temperature, temperature of 22˚c with humidity of about 50%
and T2 is the outdoor temperature of dark or white surface,
which has been extracted from Figure 4 and Figure 5.
The calculation of energy loss is based on graphs
presented for days and night on (8-10 Aug) in summer.
The average of air temperature in these days (8-10 Aug)
has been 28 c˚ while the comfort temperature was 22 c˚.

Figure 5. Outdoor temperature of white surface [14]

TABLE 5. Estimation of energy loss through a dark surface in daytime

12 o'clock

Outdoor temperature

Indoor temperature

Dark surface
temperature

∆T(T1-T2)

Q= λ d ∆T

North Wall

28

22

36

∆T=(36-22)

Q=1.75*0.22*14=5.39

South Wall

28

22

47

∆T=(47-22)

Q=1.75*0.22*25=9.63

East Wall

28

22

40

∆T=(40-22)

Q=1.75*0.22*18=6.93

West Wall

28

22

41

∆T=(41-22)

Q=1.75*0.22*19=7.32
Q(total)=29.2

TABLE 6. Estimation of energy loss through a white surface in daytime

12 o'clock

Outdoor temperature

Indoor temperature

White surface
temperature

∆T(T1-T2)

Q= λ d ∆T

North Wall

28

22

29

∆T=(29-22)

Q=0.31*0.22*7=0.49

South Wall

28

22

32

∆T=(32-22)

Q=0.31*0.22*10=0.7

East Wall

28

22

29

∆T=(29-22)

Q=0.31*0.22*7=0.49

West Wall

28

22

28

∆T=(28-22)

Q=0.31*0.22*6=0.42
Q(total)=2.1

23

M. Nouri, S.K. Ahmar, M. Singeri / ISESCO Science and Technology Vision - Volume 7, Number 11 (May 2011) (20-25)

As it can be noted, the amount of energy loss through
a dark surface in daytime can be about 14 times greater
than the amount of energy loss through a white surface.

At night, the temperature of all directions is the same
so:

TABLE 7. Estimation of energy loss through a dark surface at night

24 o'clock

Outdoor temperature

Indoor temperature

Dark surface
temperature

∆T(T1-T2)

Q= λ d ∆T

North Wall

24

22

21

∆T=(21-22)

Q=0.31*0.22*-1=0.07
Q(total)=1.95

TABLE 8. Estimation of energy loss through a white surface at night

24 o'clock

Outdoor temperature

Indoor temperature

White surface
temperature

∆T(T1-T2)

Q= λ d ∆T

North Wall

24

22

23

∆T=(23-22)

Q=1.75*0.22*1=0.39
Q(total)=0.28

The negative values show that energy could be saved
in order to reduce the energy consumption by controlling
ventilation systems.
3.2 Calculation of roofs energy loss:
Roof energy loss can be estimated the same way it
was estimated for walls. Temperatures are extracted from
Figure 6.
As the results presented in Table 9 and Table 10 show,
we may have energy saving through the covering of roofs
with high-albedo materials. Similarly, we would have a
considerable rate of energy saving through the covering
of pavements because they are the roof of places like
garner and lots.

Figure 6. The outdoor surface temperature variation of dark
and white roof [14]

TABLE 9. Energy loss through a dark surface

Month

Outdoor temperature

Indoor temperature

Dark surface
temperature

∆T(T1-T2)

Q= λ d ∆T

12 o'clock

28

22

58

∆T=(58-22)

Q=1.75*0.15*36=9.45

24 o'clock

20

22

15

∆T=(15-22)

Q=0.31*0.15*-7=-0.32

TABLE 10. Energy loss through a white surface

Month

Outdoor temperature

Indoor temperature

White surface
temperature

∆T(T1-T2)

Q= λ d ∆T

12 o'clock

28

22

29

∆T=(29-22)

Q=0.31*0.15*7=0.32

24 o'clock

20

22

15

∆T=(15-22)

Q=0.31*0.15*-7=-0.32
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Conclusions
4.1 The analytical results of the study show that employing high-albedo materials on the building was an active
and effective approach to mitigating the high temperatures in the urban environment and its consequences.
4.2 covering surfaces with High-albedo materials (roofs, walls and pavements) can effect ventilation.
4.3 The overall energy loss of dark surface for walls and roofs would be 40.35w during the day.
4.4 The overall energy loss of white surface for walls and roofs would be 1.82w.
4.5 Increasing the covering of surface with albedo, from 30% to 85%, can reduce energy loss about 22 times.
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Abstract

T
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Keywords: Overflow, Solar Water, Disinfection

1. Introduction

radiation intensity within three hours when the contaminated water temperature has reached the disinfection
temperature. The objectives of the present study can be
summarized in the following points:

This research aims to study the performance of solar
water treatment system theoretically and experimentally.
Many researchers have been carried out to design and
study of various solar disinfection systems optically and
thermally. Heating and exposing to ultraviolet radiation
are two of the most common technique for disinfecting
contaminated water. It is not necessary to boil water to
make it safe to drink. Heating water for a few minutes
above 65 °C will make the water safe from pathogenic
activity [1]. Saitoh T.S., et al. (2002)[2] designed,
constructed and tested solar water disinfection under the
environmental conditions of Sendai city, Japan. The solar
water sterilization system is mainly a hot box solar cooker
by using the double effect of solar energy (i.e. ultraviolet
and thermal effect). They have shown that the coliform
bacteria, which are considered as an indicator of infectious
bacteria, are eliminated after being exposed to solar

a) To experimentally verify the presented study of the
suggested system under the environmental conditions of Giza, Egypt.
b) Microbiogical evaluation for the performance of
the suggested system.
2. Methodology
The solar thermal water disinfection system must be
properly designed to meet particular application requirements. The system consists mainly of a flat plate solar
collector and two water storage units. A flat plate solar
collector can be divided into four parts, which are the
glass cover, the absorber plate, the heat tubes, and the
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Where

working fluid tube. Each of those parts is divided into a
number of strips in direction the water path. Photograph
of the system is shown in Figure 1. The variation of the
temperatures of the solar collector components with time
can be found by solving the energy balance equations.

∆ PLcl is the pressure loss in the collector fluid channel
and is determined from fluid mechanics point of view
for straight pipe and fittings and can be presented as [4]:
∆ PLcl = 128 νLm / π Di4

(5)

The pressure losses in the connecting tubes, ∆PLct,
can be calculated as the summation of pressure loss at
the entrance to the collector, pressure loss at the exit
from the collector, and pressure loss in the bends [4].
∆PLct= (1.5 + 2.5 n) {8m2 / ρπ Di4}

(6)

Where n is the number of bends.
By equating equation (3) and (4), the outlet water
temperature from the system can be represented as:
Tov = Ti +

The buoyancy pressure and the pressure losses in the
system are presented to calculate the minimum outlet
water temperature and mass flow rate from the system.
The buoyancy pressure in the system consists of two
parts, the pressure difference due to density variations in
the collector and the pressure difference due to density
variations in the connecting tubes.

3. Results and Discussion
According to the theoretical analysis, the computer
program is constructed to study the thermal behavior of
the system for different parameters as the weather conditions and outlet water temperature from the system at
different overflow heights. The experimental results and
the corresponding computed ones, are compared to five
selected overflow tube heights (h2 = 0, 4, 8, 12 and 16 mm)
and are investigated during the test period. The experimental results include bacteriological examinations for
inlet and outlet water samples. Figure 2 shows the comparison between experimental and theoretical of the solar
radiation intensity, the ambient temperature, and outlet
water temperature from the system at (h2 = 4 mm) along
the standard local time of the day. As a sample day of
experiments, the amount of water outlet from the system

(1)

While the buoyancy pressure due to density variations
in the connecting tubes can be written as [3]:
(2)

The total buoyancy pressure responsible for the flow
is calculated by adding equations (1) and (2) as follows:
∆ Pt = g ρo β(Tov-Ti) (L sin ϕ +h1+h2) - g ρo h2 (1 βTi)

(3)

The total pressure losses due to friction in the collector and the connecting tubes are calculated as follows:
∆ PL = ∆ PLcl + ∆ PLct

(7)

An experimental setup was designed, constructed and
assembled in the Solar Energy Department, National
Research Center, Giza. The setup is provided with
necessary measuring instruments to carry out the
required tests.

The buoyancy pressure in the collector is calculated
through integration over the total length of the tubes
from the inlet water tank to the overflow level and can
be presented as:

∆ Pct = g ρo {(h1+h2) β (Tov - Ti) - h2 (1 - βTi)}

g ρo β (L sin ϕ +h1+h2)

The presented mathematical model can be solved to
find out the collector components temperature as well as
the outlet water temperature from the system at different
overflow heads. As sample calculations, the outlet water
temperature from the system is calculated and compared
with its experimental values.

Figure 1. Photograph of solar thermal water
disinfection system.

∆ Pcl = g β ρo sin ϕ (Tov - Ti) L

(128 νLm/π Di4)+(1.5+2.5 n) {8m2/ρπ Di4}- g ρo h2 (1-βTi)

(4)
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over 85 °C along the standard local time with the accumulated quantity is shown in Figure 3 throughout the
test run at the same conditions of Figure 2 (h2 = 4 mm).
It can be observed from Figure 2 that, the presented
model of solar radiation intensity, ambient air temperature
and outlet water temperature from the system can be
used effectively for theoretical calculations since it has
agreement with experimental ones for clear sky areas. In
that experiment, it is found that the amount of hot water
accumulated at the end of the experiment is about 16
liters with a temperature over 85 °C. In the five studied
experiments at different overflow heights, the time interval and the amount of accumulated outlet water from
the system over 85 °C theoretically and experimentally
are shown in Figure 4 and Figure 5 respectively. It is
noticed that the amount of the accumulated water increases through summer season (June) at overflow tube
height of 4 mm that has the highest value of the time
interval. The accumulated quantity of the disinfected
water is about 16.3 liters/ day through June. Similarly,
the amount of the accumulated water increases through
the spring season (April and May) at an overflow tube
height of 8 mm which has the highest value of the time
interval. The accumulated quantity of the disinfected
water is about 13 liters/ day. It is noticed that the experimental results show acceptable agreement with the
computed ones. The bacteriological examination was
conducted on water samples for eight different parameters.

These parameters include total bacterial count at 22 °C
(TBC 22) and at 37 °C (TBC 37), total coliform (TC),
fecal coliform (FC), fecal streptococci (FS), aerobic and
anaerobic spore-former (SF), Aeromonas sp. (AE) and
Pseudomonas sp. (Ps) were determined as new indicators
of water quality [5]. These parameters expect of total
bacterial counts and anaerobic spore-formers were disappeared at water temperature above 65 °C, while total
bacterial counts and anaerobic spore-formers still detected
at 75 °C [6]. To evaluate the unit of water disinfection,
different experiments have been carried out during the
period of study, especially at different temperatures and
different climate conditions. Table 1 represents the data
of bacteriological analysis and the effect of temperature
in the removing bacteria. To achieve our aim, total bacterial counts at 22 °C and 37 °C, in addition to aerobic
and anaerobic spore-former were determined. When the
temperature is increased and has reached 85 °C for one
hour, mostly all tested organisms are inactivated and the
spore-formers read zero counts as shown in Table 1. For
the removal percentage of total bacterial and sporeformers counts are shown in Table 2. When the temperature is increased and has reached over 85 °C for one
hour, mostly all tested organisms are inactivated and the
spore-formers read zero counts. As a final result of this
study, the temperature over 85 °C was the best in killing
bacteria that were under examination and producing
disinfected water that can be used for different purposes.

Figure 2. Comparison between
experimental and theoretical of
the solar radiation intensity, the
ambient temperature, and outlet
water temperature from the system through a test run on June
(at h2 = 4 mm).
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Figure 3. The amount of accumulated
outlet water from the system with a
temperature over 85 °C through a test
run on June (at h2 = 4 mm)

Figure 4. Time interval for outlet water
temperature from the system over 85 °C
at different overflow heights through five
test runs theoretically and experimentally.

Figure 5. The amount of accumulated
outlet water from the system with
temperature over 85 °C at different
overflow heights through five test runs
theoretically and experimentally.
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TABLE 1. The effect of high temperature on the total
bacterial and spore-former counts.

Total bacterial Count
/ml
Sample 37 °C
Inlet
Outlet
Inlet
Outlet

22 °C

Spore-former /ml

4

4.2x10 9.1x10
4

2

Total bacterial Count

Temperature

Aerobic Anaerobic

1.4x104 9.6x105
7

TABLE 2. The removal percentage of bacterial and sporeformer counts at different temperatures.

5

2

27

29

3

3

4

4

0

0

Stage

80 °C

37 °C

22 °C

Spore-former

Temperature

Aerobic Anaerobic

I

99.95 % 99.99 %

88.9 %

89.7 %

80 °C

II

99.97 % 99.99 %

100 %

100 %

85 °C

85 °C

Conclusions
From the theoretical analysis and the experimental investigation of the solar water disinfection system, it is
concluded that:
1- The theoretical model has proved to be an effective tool for the prediction of the outlet water temperature of
the system.
2- The optimal overflow tube height is varying from 4 mm on summer season to 12 mm on winter season that
gives the maximum value of the disinfected water for a larger time interval.
3- The system produces the disinfected water from 7.7 to 16.3 liters per day at temperature over 85 °C through
the year.
4- The system is suitable for the disinfection of drinking water for small families living in remote regions with
poor quality source water.
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Nomenclature
Di

Inner diameter of overflow tube, m

Ti

Inlet water temperature to the system, K.

g

Acceleration due to gravity, m/s2.

Tov

Outlet water temperature from the system, K.

h1

Overflow tube height, m.

φ

Tilt angle of collector to the horizontal, deg.

h2

Pressure head of inlet decontaminated water, m.

β

Coefficient of thermal expansion, K-1.

L

Length of the tubes from inlet tank to overflow level water, m.

ν

Kinematic viscosity, m2/s.

m

Mass flow rate, kg/s

ρο

Density of water at 0 °C, kg/m3.

World Renewable Energy Congress XI, 25-30 September 2010,
Abu Dhabi, UAE.
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Microhydro Development
in Indonesia
Abstract

Erwin S. SADIRSAN1, Prof. A. SAYIGH2

microhydro.

Some METI members have
ndonesia became one of
1
Insitution
Relation
Support
Lead
got business in micro-hydro
the countries that have
(IRS PT. Medco Energi Internasiaonal Tbk
generating equipment (turabundant run of river which
bines) in Indonesia, e.g PT.
gives very large potential
and Executive Director of
Heksa Prakarsa Teknik,
for microhydro Run of RiIndonesian Renewable Energy Societ (METI-IRES),
IBEKA dan PT. Cihanjuang
ver. The total potential of
2
Chairman of World Renewable Energy Network
Inti Teknik. Several promicrohydro is 458.75 MW
(WREN)
ducts have been exported
and the actual capacity now
to various countries of
is only 84 MW. Indonesian
Uganda, Zaire, Papua New Guinea, Tanzania, SaraPresidential Regulation No. 5/2006 on National Energy
wak, Cameroon, Nepal, Philippines and Sabah.
Mix Policy stated that the Renewable Energy will be
17% in 2025.
Micro-hydro in Indonesia is successful enough because

I

Micro-hydro programs in Indonesia are supported by
many institutions including Micro-hydro Integrated Development Program (IMIDAP) UNDP-GEF, IMIDAP
Proposals submitted to the UNDP GEF about US$ 5.6
million (Phase I = US$ 2 million and Phase II = US$ 3.6
million with a 5-year period to increase the use of microhydro in Indonesia and Microhydro Power Program
(MHPP) cooperation between the Indonesian government
and GTZ-Germany. Micro-hydro Project in Indonesia
e.g Mini-Hydro Power Schemes for Sustainable Economic Development (GTZ-DJLPE), 2008 and MHPP2 Participatory Capacity Needs Assessment in 2009. Indonesian Renewable Energy Society (METI-IRES) is being
an effective way in order to pursue the development and
utilization of renewable energy to meet national energy
needs in a sustainable program and contribute efforts to
overcome the effects of global climate warming. METIIRES supports Renewable Energy sources such as

these projects get funding assistance from countries of
the European Union. It's not only a cash funding but in
the form of seminars and training in Swizerland followed by associations of microhydro. In training, we learn
about the making of machines (turbines) micro-hydro,
capacity building, socialization in rural areas making
the best in Indonesia of micro-hydro supported by UNDP
to provide capacity building i.e sustainable assistance
funds. UNESCO provide interactive training directly to
the development of Renewable Energy program Self
Sustain Energy Village (E3i). Developing countries do
not need sophisticated technology but more social engineering with a sustainable program. Developed countries
can raise funds (endowment Fund) for the development
of Renewable Energy in the developing countries.

1. Introduction

large potential for microhydro run of river. Indonesia is
currently facing a problem that is quite difficult in terms
of sustainable energy supply because it is still dependent
on fossil energy. On the other hand, the availability of
energy resources, especially fossil energy such as petroleum, natural gas and coal are limited and the production

Keywords: Microhydro, Systems, Programs, Regulations,
Investment, Member of METI.

1.1 Indonesian Geography
Due to the geographical conditions in Indonesia that is
mountainous and being at the equator, Indonesia becomes
one of the countries that have abundant water and very
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is always down. This is the reason why the government
has decreed the Presidential Regulation no. 5 / 2006 on
National Energy Policy that changed the map of Primary
Energy use in Indonesia:
Petroleum from 50% (in 2005) less to 20% (in 2025)
Non Fossil from 5% (in 2005) up to 15% (in 2025)

List of MicroHidro Power Plants in Indonesia:

Microhydro is a renewable energy source as well as
an environmentally friendly energy source because of its
0 emission. It has proven reliable to meet the electricity
needs, especially in remote areas that can not be reached
by PLN. Furthermore, it does not need fuel in their production process so that production costs become very
cheap. Indonesia has the potential to reach 458.75 MW
microhydro but now the actual capacity is only 84 MW.

5. Nusa Tenggara: 6.65 MW

1. Java & Bali: 2374 MW
2. Sumatra: 891.8 MW
3. Sulawesi: 815 MW
4. Maluku & Papua: 84.6 MW
6. Kalimantan: 65 MW
2. Microhydro Development
2.1 Microhydro Scheme Development
Basically, microhydro power development is implemented through two system: first they are off-the grid
scheme of development carried out in villages not reached
by the electricity network, and second on-the grid scheme
of development carried out in villages or regions that
have already been reached by the electricity network; so
that the resulting electricity can be sold to PLN.

1.2 Why Microhydro
Power Plant Project in Indonesia is required to meet
the electric needs because it has many advantages:
1. The available energy will not run out while we
keep the cycle as well as catchment areas, rivers
and vegetation.
2. Environment-friendly because it has 0 emissions.
3. The process is easy and cheap, the price of turbines,
generators, control panels until the construction of
approximately civilian Rp. 5 million/kW
(conditional)
4. No dangerous pollutant effect.
5. It can be produced in Indonesia so that if damage
occurs, it will not be difficult to get the spare parts.

a. Off-Grid Scheme
Off-Grid microhydro development is implemented
in areas that are not affordable to the electricity network
within a period of 10-50 years. However, if the electricity
network has been reached, the generators can be interconnected to PLN network with on-grid scheme. Referring
to past experience, the development of off-grid microhydro schemes are conducted using participatory method
of community-based approach (community-based development), ie the community acts as a subject in the
planning, implementation and operation of development
projects.

The Challenge of Microhydro in Indonesia :
1. Keep cost for the Indonesian economy low.
2. Develop decentralized power generation.
3. Increase the use of non-exportable energy sources.
4. Attract the private sector to participate in this
program.

b. On-grid Scheme
In the scheme of on-grid, electricity generated from
the power plant is sold to PLN with the rules in accordance with the Minister of Energy and Mineral Resources of PSK Tersebar. Broadly speaking, the PSK
Tersebar scheme is as follows:

The Opportunities of Microhydro in Indonesia :
1. Huge potential for low cost RE (e.g hydro ,10MW
enough to cover Indonesian demand growth
for>5years).
2. Big potential for oil substitution (e.g PLN's generation >25% based on oil).
3. Capable private sector (motivated local investor &
capable local industry).
4. Willing Goverment (e.g PSK tersebar).

1. the local PLN announced the Cost of Goods Sold
(BPP) in the PLN system that is at the point of
Low Voltage (TR) and Medium Voltage (TM).
2. community, both public individuals, small companies and cooperatives, building small-scale
electricity generating renewable energy with a
maximum capacity of 1 MW.
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3. Electricity generated and purchased by PLN connected to the network on High Voltage or Low
Voltage with pricing terms as follows:
- When they are interconnected at medium voltage
(TM) is 0.8 (eight-tenths) x BPP TM
- If interconnected at low voltage (TR) was 0.6 (six
tenths) x BPP TR

3. Ministerial Regulation No. 002 in 2006 concerning
Commercial Power Generation Renewable Energy
Medium-Scale.
Article 1 Paragraph 1:
Renewable Energy is generating geothermal,
biomass, mini/microhydro, wind, solar and other
energy.
Article 2 Paragraph 2:

3.2 Microhydro as a Government Programs:

To meet the energy needs required to purchase
electricity from Renewable Energy.

Program of New and Renewable Energy Utilization:
1 . Integrated Microhydro Development Program
(IMIDAP): UNDP-GEF

4. Ministerial Regulation No. 001 in 2006 concerning
procedures for the Purchase of Electricity & Natural
Resources in Electric Power Supply Enterprises
for Public Interest.

IMIDAP proposal submitted to the GEF UNDP
about US$ 5.6 million (Phase I = US$ 2 million
and Phase II = US$ 3.6 million) with maturities of
five years to improve the utilization of microhydro
in Indonesia. Microhydro potential that was listed
so far has reached the equivalent of 460 MW, but
only used about 54 MW.

5. Regulation of the Minister of No. 010 in 2005
concerning Licensing Procedures for Inter Provincial Electric Power.
6. Government Regulation No.003 Year 2006 on the
Supply and Electricity.

2. Microhydropower Program (MHPP):
Cooperation between the Indonesian and German
Government through GTZ

4. Financial Sector

Microhydro projects in Indonesia:

4.1 Funding Scheme (Government Fund for Rural
Electricity)

1. Mini-Hydropower Schemes for Sustainable Economic Development (GTZ-DJLPE), in 2008

a. Off-Grid

2. MHPP2 - Participatory Capacity Needs Assessment
in 2009

Funding pattern of off-grid Microhydropower development is done through various ways depending on the
condition of each area. Funding patterns that developed
among them are:

3. Regulation Sector
Microhydro developments in Indonesia were strongly
supported by the government and the state as evidenced
by the existence of laws that govern renewable energy.

- Self-supporting people.

3.1 Renewable Energy Sector - microhydro

- Its combination.

- National & Regional Budgets.
- Soft loans from existing financial institutions.
In general, the development of microhydro constraints
are:

No. Act. 30 years in 2009 on Electricity
3.2 Electricity Selling Price

- The potential in rural areas is from the load center
with a relatively difficult terrain, so its development
requires high investment costs that are estimated to
range between Rp. 7.5 million - 15 million per kW.

Regulation which regulates the supply utilization, and
Licensing Procedures for Power Purchase Procedure:
1. Minister of Energy and Mineral Resources Regulation No. 31 in 2009 concerning the Establishment
of Electricity Selling Price.

- Low Load factor is the electricity produced and used
only at night for lighting purposes.
Based on these constraints, It will be eligible for
banks to finance the construction of an off-grid Microhydro Power Plant that is associated with productive

2. Ministerial Regulation No. 269 in 2008 concerning
Capital Cost Supply (CPP) of Electricity in 2008
that is provided by the PT. PLN.
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activities (to improve load factor), which utilizes Microhydropower Plants irrigation channels and lower its
lending rates of interest prevailing.

Price Detail for MHPP 1 MW (data on 1st September 2008)

Java

Sumatra

Kalimantan

Maluku

Bali

Sulawesi

Nusa Tenggara

Papua

fk = 1

fk = 1.2

fk = 1.3

fk = 1.5

1-5

655

786

852

983

6-15

415

498

539

622

Levelized

567

681

738

851

Years

b. On-Grid
The investment cost on-grid Microhydropower Plants
are usually cheaper than off-grid Microhydropower Plants
(MHPP) because it is financially feasible to develop.
The pattern of funding that can be achieved include the
Following:

Price Detail for MHPP 10 MW (data on 1st September 2008)

a. All investment costs are funded through a lowinterest bank loans (under the applicable interest).

Java

Sumatra

Kalimantan

Maluku

Bali

Sulawesi

Nusa Tenggara

Papua

fk = 1

fk = 1.2

fk = 1.3

fk = 1.5

1-5

620

745

807

931

6-15

394

473

512

591

Levelized

539

647

700

808

Years

b. Public Private Partnership scheme (PPP). Project
funding comes from public and private funds where
the amount depends on the agreement. Public funds
are derived from Government grants or bank loans.
4.2 Electricity Selling Price
Pricing Policy

4.3 Microhydro Investment Cost in Indonesia

- Applied to the highest reference price (ceiling price),
for s / d 1 MW and> 1 MW to 10 MW, which is
Levelized.

Small/Micro/Mini/Pico Hydro Condition in Indonesia

Electricity Investment
Investment Scheme
Cost / kW
Prices
Small Hydro > 500 kW
C5P Empowerment
BUMD

- For capacity> 10 MW, the price of relevant project
based on its HPS project.
- As an incentive for Staging Price principles applied
in accordance to life time as follows:

Mini Hydro

< 500 kW

CP or C5P
Empowerment BUMD

* Up to 10 MW: 5 th & 10 th following the first

Microhydro

< 100 kW

* More than 10 MW: 10 th & 20 th following the
first

CP Empowerment
BUMD Organization

Pico Hydro

< 10 kW

Individual & DASA
Wisma

- The price of the first five years (up to 10 MW) and
the first 10 years (> 10 MW) higher than the price of
remaining life time in the next, to shorten the payback
period.

5. Member and non-Member of METI/IRES
Focuses in Microhydro
Members & Non Member of METI-IRES focus in
microhydro are as follows:

- Differences in conditions of Jamali & Overseas
apply different tariffs for the regions:
* Jamali (Java-Madura-Bali island)
* Sumatra & Sulawesi
* Kalimantan, West Nusa Tenggara & East Nusa
Tenggara
* Maluku & Papua

1. IMIDAP
2. PT. Heksa Perkasa Teknik (Member)
3. IBEKA (Member)
4. CV. Cihanjuang Inti Teknik (Member)
5.1 IMIDAP

- Tariff up to 10 MW in Rupiah, while for more than
10MW It could be in US$.

IMIDAP is a joint venture project between the Directorate General of Energy & Electricity Utilization (DJLPE)
and UNDP. The project was funded by Global Environment Facility (GEF). IMIDAP project objectives are

- The final price in the contract is through negotiations
and according to the conditions of project location.
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to assist the Indonesian government to accelerate the
development of microhydro and optimize their use by
eliminating the constraints that exist. With the increasing
number of microhydro being built in Indonesia, it could
participate to reduce greenhouse gas emissions that
affect global climate change. This project is designed to
minimize the constraints that deal with issues of policy,
market, technical and financing.

to work with rural communities to create a more conducive environment for the growth of community-based
economic system that promotes environmental sustainability and improving livelihoods. As only 50% of Indonesian population has access to electricity, so IBEKA
specializes in micro-hydro electricity with emphasis on
rural electrification. IBEKA has extensive experience
working with rural communities throughout Indonesia,
from Aceh to Papua, to promote and develop sustainable
and renewable energy projects, to wean society off the
diesel generator. Preformance and Its team have successfully implemented a number of rural electrification
projects, and was awarded the World Wildlife Fund for
Nature (WWF) as a "WWF Climate Hero" in 2005.

5.2 PT. Heksa Prakarsa Teknik
It was built in 1992 with technical support and technology transfer from the GTZ-Germany and skate / entec
ag-Swiss engineering to manufacturing microhydro turbines, Smith Associates English for manufacture Induction
Generator Controller, GP British Electronic to manufacture-ELC. Since 1992 It has built and supplied hex to
more than 70 locations with a capacity of 1kW microhydro-240kW. Some products of PT. Hex Engineering
Initiative have been exported to various countries as
Uganda, Zaire, Papua New Guinea, Tanzania, Cameroon,
Nepal, Philippines and Malaysia (Sabah, Salahsatunya,
Sarawak).

5.4 CV. Cihanjuang Inti Teknik
CV. Cihanjuang is abbreviated to CIT with a trademark "HANJUANG" that was established on August 23rd,
2005 which is a private company owned by Mr Eddy
Permadi. CIT is the vision of Energy as a source of economic empowerment of the community. The mission of
CIT is HANJUANG product as a driver of rural economies. The philosophy of the CIT is a technology to empower people in Cihanjuang Inti Tehnik seeks to move
people that are able to manage and develop it. Microhydro technology is our choice for the economic empowerment of the community.

5.3 IBEKA
People Centered Economic & Business Institute
(IBEKA) founded by Tri Mumpuni and his husband:
Iskandar Budisaroso Kuntoadji. IBEKA's main goal is

Conclusion
Hydropower in Indonesia represents a major energy/electricity contribution to the country. The exciting capacity
is 4237.05 MW, while the potential can reach 20,000 MW. It is reliable since it is one of the best forms of renewable energy. The government is maintaining it as well as training engineers and personnel to operate the various
electricity power stations around the country. Mini hydro has not fully realized its potential and this can be as large
as the Mega hydro schemes especially in remote areas where the population density is less than in other cities.
Recommendation
The government and the public are required to achieve the following recommendations:
Guiding Principles of Effective Renewable Energy - Regulations :
- Safety first - increase investor's confidence.
- Strong political backing.
- Standardization of procedures (e.g non-negotiated PPAs).
- Money is spent only upon Positif results.
- To Reassess Renewable Energy Policy & Regulations.
- To Learn from the experiences of other countries - (get networked).
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Abstract

A

1. Introduction

with the main difference merely being the operation
range of heat carrier pumps; and none of them offers
solar collectors with control systems based on various
parameters.

The operation modes of solar collectors and techniques for their control have been investigated at the IPE
solar energy polygon for different parameters. The authors
studied most common types of solar collectors and compared them. The theoretical and practical advantages and
disadvantages of each control technique were analyzed.

2. The operation modes of solar collectors
The control systems of solar collectors are designed
for controlling the circulation pumps depending on the
changing weather conditions. Solar collectors can be
controlled manually or automatically. Automatic solar
collectors can be operated: by the time; by the difference
in temperatures at the input and the output; by the solar
radiation intensity; using various combinations of the
above mentioned techniques.

Currently, a large number of companies offer solar
collectors - about 1/3 of them offering a complete set
fitted with all the necessary equipments for connection
of a solar collector to the hot water supply or house
heating systems. Only a few of trade companies make
solar collectors operating in two or three control modes,
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conditions and the energy amount that can be received
from the collector workplace and respectively to adapt
for all that. Therefore, in cloudy and rainy days such
solar collectors would cool down the accumulation tank.

2.1. Operation by time
Except the manual operation mode, the weakest
among the control techniques for solar collectors is the
technique based on time. As a rule, equipment of such
operation systems is primitive; it does not allow the use
of an individual program for each day, so one and the
same program is applied for all days of a solar collector's
operation time.

2.2. Operation by difference in the input and output
temperatures

For the operation of a solar collector based on the
difference between the input and output temperatures two
Therefore, since the weekly average value of solar
temperature sensors are required - one for measuring the
radiation varies and the sunshine hours differ, it is
input and another the output temperature. The tempeimpossible to fully use the solar energy obtained in
rature difference is obtained if the heat sources are kept
sunny days as well as the full time of a solar collector's
close to a solar collector, and, if we know the heat carrier
operation in the spring and autumn periods; the heat
flow value we can determine the energy produced by the
storage tank in such periods will be more cooled than
solar collector. At the same time, if the heat source is
heated.
located very close to
the heat exchanger,
to obtain the value
energy produced by
the solar collector,
the heat losses in
pipes between the
heat exchanger and
solar collector should
be taken into account.
This technique is
suitable for continuous heat carrier
Figure 1. Heat depending on the total daily average solar radiation value, and solar radiation deviations.
flows.
Owing to the above mentioned flaws, these solar
collector operation types are not widely used anymore.

A system can operate by a temperature difference in
the case when one heat temperature indicator is placed
at the warmest point of the solar collector. If there is no
If the operation program could be determined for each
such place, one of the heat temperature indicator is kept
day, still a serious disadvantage of these collectors would
at the gate of the solar collector. This technique helps to
be the system's disability to take into account weather
determine the temperature
of the heat carrier in solar
collector even in the stationary phase. The second heat
temperature indicator should
be placed in the water accumulation tank - the output
pipe of the heat carrier. The
pump is activated by a relay,
which provides the necessary
temperature difference. Unfortunately, this operation
Figure 2. Heat depending on the average solar radiation value of each day, and potential of solar
technique does not allow
radiation deviation of cloud activities.
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for account of the heat losses between the accumulating
tank and the solar collector.

2.2.1. Operation by heat flow rate
To obtain the maximum efficiency it is necessary to
provide the optimum heat flow rate. The heat flow rate
fall increases the heat losses in pipes, especially in those
between the solar collector and the accumulating tank.
However, with increasing flow rate the efficiency of the
heat exchanger decreases, and the coolant flow will be
heated, which will lead to increased energy losses in all
pipes.

If this condition is not met, due to low temperature
variations, the heat pumps are often switched on and off,
which leads to accelerated aging and measuring inaccuracies due to thermal inertia.
A third temperature sensor can be placed on top of
the water heat accumulating tank; this sensor will send
signal about the accumulation tank's overheating. In the
case of overheating it is necessary to switch off the SC
circulation pump, which will stop the temperature rise
in the accumulation tank.
Nevertheless the temperature of a solar collector will
rise sharply. The tests carried out at the IPE show that in
the Baltic region during a stationary phase the temperature in some solar collectors in the sunniest days can
climb up to 180 º C. Consequently, solar collectors in
the Baltic Sea region are not at risk of overheating.
It is more profitable to use a temperature sensor with
high thermal resistance even in our climate conditions
when a short-term temperature rises above 140 º C (e.g.
the PT100 or PT1000 platinum temperature sensors
operating in the -200 º C to 850 º C range).

Figure 4. The principle of automation control depending on the
heating temperature difference.

The heat losses may even be greater than the solar
energy absorbed by a SC at too small or too large flow
rates. Particularly large losses in the testing mode are
associated with inappropriate weather parameters, when
all the flow rates are under suitable for heat productivity.
Therefore, the testing mode and the related heat losses,
as well as deviations from the operational conditions of
the system present the
main weaknesses of this
operation technique.

The task of the risk management is to determine the
optimal temperature difference, reasoning from a compromise between the instantaneous system's performance
benefits and the opportunity to adjust the solar collector
operation; in fact, the system allows the maximum efficiency to be reached instantaneously.

2.3. Operation by solar
radiation intensity

Figure 3. Dependence of flow variations on the temperature difference at varying test conditions.

Very seldom, only on
a special order, the solar
collectors are controlled
by the heat source, i.e.
by solar radiation intensity and the temperature
of the accumulation tank

bottom.

For each step, the main energy losses and output
were tested at different flow rates.

The operation by solar radiation intensity of a solar
collector should be adjusted for the lowest boiler and

40

SHIPKOVS, KASHKAROVA, LEBEDEVA, … / ISESCO Science and Technology Vision - Volume 7, Number 11 (May 2011) (38-42)

outdoor air temperatures, with precisely determined its
efficiency depending on the parameter variations. It is
worthwhile to supply the system with the sensors of
flow and return temperatures for precise calculation of
the system size required for the flow, and for better
accuracy and reliability of the estimates.

Finally, we obtain the heat loss coefficient for single/one
stage:
(8)
Here l is the pipe length, ΣR is the full thermal resistance of isolated pipeline, d1 is the inner diameter of
pipe, α1 is the heat conductivity coefficient for inner
surfaces, λk is the heat conductivity coefficient for a
given pipe layer, dk is the inner diameter of a pipe layer,
dk +1 is the outer diameter of a pipe layer, d2 is the design
diameter of the insulation, α is the design thermal
conductivity of the insulation surface.

The amount of energy from the solar collectors can
be described as:
(1)
where q is the amount of energy, c is the heat capacity
of the substance, m is its mass, and ∆t is the temperature
difference; as related to
time, this formula will
be:
(2)
and the flow rate (i.e.
quantity of the substance
divided by time):
(3)

Figure 5. Dependence of heat flow variations on solar radiation.

In turn, the flow rate is:

The accuracy of solar collector operation (not taking
into account the heat losses and the solar collector output calculation accuracy) depends on that for: the solar
radiation metering, interval between the adjustment times,
and, as before, the heat pump productivity.

(4)
or
(5)

The main weaknesses are: no data on the solar collector
output for different values of solar radiation and solar
collector heat losses. These are due to imprecise heat
loss calculation, high cost of solar radiation measuring
instruments, fast erosion processes, the necessity of
regular calibration, etc.. At the IPE solar energy polygon
also series of experiments have been carried out to
determine the solar collector output for different values
of the solar radiation intensity and solar collector heat
losses.

where Ps is the solar radiation intensity, ηc is the solar
collector's absorption efficiency, Pc.hl is the solar collector heat loss, and Pp.hl denotes the piping heat losses;
hence:
(6)
where Kc is the solar collector heat loss coefficient, tc is
the temperature in the solar collector, ta is the ambient
temperature, and
(7)
where tn is the temperature in a given pipeline stage (e.g.
at conditional or reversing flow), KP. n is the pipeline heat
loss coefficient in a given stage [3].
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Conclusions
To achieve the most possible efficiency of a solar collector system the automation is required that would
regulate the capacity depending on weather conditions.
The most precise method of solar collector operation is combination of techniques by heat carrier temperature
differences and by solar radiation intensity.
The automation accuracy depends on the complexity of a system. By contrast, the complexity of a system makes
it less protected from damages and increases its cost. It is possible to get accurately determined the solar collector
system activation time and the required capacity without energy use for the testing regimes if it is used the latest
automated technology.
The automatically operating systems are especially important for the regions with low solar radiation.

[3] V. Ledins (2007), Udens un kanalizacija (in Latvian), Riga, RTU, pp. 3052;
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Abstract

Design Construction and
Study of Direct and Indirect
Natural Circulation Solar
Dryer in Costa Rica

Onions and Tomatoes. We
have measured solar intensity, temperature, humidity
of air at different points
and air velocity. Increase
in air temperature of 4060 °C was observed in the
solar dryer. Also the humidity of ambient air was reduced from 80-60 % to 1015% at the exit of air collector and to 10% inside
the solar dryer.

this study we have
a Solar
dryer that include both
Shyam S. NANDWANI
types of known dryersdirect and indirect and in
Lab. De Energia Solar, Depto. de Fisica,
the modular form and first
Universidad Nacional, Heredia, Costa Rica.
of this type at least in
Costa Rica. The circuE-mail: snandwan@una.ac.cr,
lation of air through the
snandwan@yahoo.com
products is via natural
circulation using chimney.
This dryer can be used for
Keywords: Solar thermal, Natural Direct Solar dryer,
both normal as well as light sensitive products. In the
Natural Indirect Solar Dryer, Air Collector.
present study we report some results on drying of

Indesigned

1. Introduction

(no load) but now we will report the study with Onion
and Tomatoes, although many other products are dried
too.

The purpose of drying is to separate the water contained in solids. When products are dried (dehydrated)
to 14 -20%, significantly decreases respiratory activity
and controls associated microorganisms, which allows
the storage of the products in the closed environment for
a period of 6 to 12 months, without losing its nutritional
and organoleptic properties [1].

2. Methodology
Figures 1 shows the schematic scheme of the integrated solar dryer designed and studied.
The complete system has the following components:
1. Air collector
2. Direct Solar dryer
3. Chamber to place/ to dry the light sensitive products.
4. Chimney to increase the heat flow rate.

The drying of products using solar energy has many
benefits, energy, cash, social, environmental among others.
In order to use the dryer for more time and more uses,
the author has designed and studied various direct solar
dryers [2, 3] and with integrated Solar Cooking [4].
Direct dryers are simple to make and operate; however
can spoil the light sensitive products. In this study we
have designed a solar dryer that include both direct and
indirect. The circulation of air through dry products is
via natural circulation. To increase air flow, we used a
chimney. This dryer can be used for standard products
and other highly sensitive with regard to light. In previous study [3] we have studied the dryer with only air

Here is a brief explanation of each of the components:
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2 C: Drying Chamber
Inside the chamber there are four trays each separated
by 20 cm to place the product to dry, especially those
sensitive to direct sunlight. In this case, warm air from
the air heater and direct dryer passes through the trays,
and removes the moisture from the product, which goes
through a hole at the top of the chamber. In order to
increase the flow of air and hence performance of the
dryer, we use a chimney (height 80 cms).
Figure 2 shows the photo of complete system and
Direct Solar Dryer.
Figure 1. Schematic drawing of Solar Dryer under studied.
1- Air Collector, 2- Direct Solar Dryer, 3- Chamber for light Sensitive products, 4- Chimney, B1, B2 , B3 and B4 are Drying trays.

2A. Air Collector
The basic principle is similar to the collector to heat
water, but with some differences. The metal plate is a
corrugated sheet placed on a flat plate. This metal plate
is kept inside a box with heat insulation on four sides
and below the plate. The front has a mesh to prevent
entry of insects and a door to prevent entry of moisture
during the night or in the rainy season. The back of this
box is connected with Part 2B - Direct Solar Dryer.
2B. Direct Solar Dryer
It consists of a metal box whose bottom is insulated
and has a sloping single glass cover, which is arranged
on the box to receive / transmit solar radiation (Figure 2).
At the bottom of this box instead of metal sheet painted
black, some stones were used. The materials to be dried
are placed in a metal tray with mesh placed over the
stones. The front of the dryer (box) is connected to the
air heater and the back of this dryer is connected directly
to the Drying chamber (component 2C). This allows the
entrance of ambient (preheated) air and exit of moist air
(from air collector) and direct solar dryer to the drying
chamber (2C).

Figure 2. Photos of complete solar drying system and
direct solar dryer.

3. Results
As mentioned already, in the previous study we
studied the system without any load, just air. In this
study, although we have dried different products, like
onions, tomatoes, corianders, cacao, shrimp etc, but we
will mention only onions and tomatoes. One of the
reasons for choosing these vegetables was that the prices
of these products fluctuate, some time cheap so that these
items could be bought at that time, then these products
can be dried and used later in vegetables, salad or soup
etc.

The direct dryer has some inconveniences like exposure from direct sunlight which can be harmful to food
in terms of quality (natural color loss, destruction of
vitamins and nutritional value). Therefore, it is not
recommended for drying light sensitive products like
coriander and other herbs.
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The initial humidity (Hi) of both Onions and tomatoes
were measured using the Moisture balance and came
out to be 96.3 % (onions) and 97.5 % (tomatoes).
To get more reliable experimental data, the air heater
and dryer were directly covered with an opaque thick
sheet last night and took off when starting the experiment (8:30 to 9:00 a.m.). Also the holes at the entrance
are closed during the rainy or at night to avoid the
entrance of humid air.
The speed of drying, depends on internal and external
factors. The internal factors are the quality and quantity
of the products, initial moisture and final moisture are
necessary. The external factors are the solar intensity,
ambient air temperature, relative humidity and air velocity etc. Therefore, we measured these variables.
In the first experiment with onions, 1096.8 g of peeled
and cut onions were taken for drying, whereas 161 g
were put in a small tray (sample) for the measurement
of mass every 4-5 hours and the rest 935.8 g were put in
a bigger drying tray (Figure 3).

Figure 3. Onions before and after drying.

Some of the results are,
- The inlet air temperature of 27-29 C, increased to
40-42 C while passing the air collector.
- The maximum air temperature in the solar dryer
was 55 C,
- The inlet air humidity of 45-65% reduced to 2135% in the direct solar dryer.

The experiment was done during 28, 29 and 30 April
2009. None of the three days were very sunny. The
Figures 4a and 4b show the results of variation of temperatures and humidity with local time, measured only on
the 30th of April.

Figure 4a. Variation of Temperature and Solar Intensity with local time.
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Figure 4b. Variation of Humidity of ambient and exit air with local time.

Table 1 shows the mass of the onions in sample trays.
TABLE 1. Variation of onions (sample) mass with time.

Date

Ho ur

Mass
(g)

Date

Hour

Mass
(g)

28/4/09

10:15

161

28/4/09

14:00

110

28/4/09

17:30

92.5

29/4/09

09:00

77.3

29/4/09

13:00

35.2

29/4/09

17:00

25.1

30/4/09

09:00

21.3

30/4/09

13:00

14.6

The Mass of the Total fresh onions was 1096 g where
the Total Mass of the dried product was 140.7 g.
Thus, the loss of water in a total of 2 days and 3
hours, is about 89%. As the climate was not very sunny
and it was also raining after midday (as usual during
these months in Costa Rica), the final humidity of the
dried onions was measured with moisture balance and
found to be 55.8%.
In the case of tomatoes, 1847.5 g of tomatoes cut
were taken for drying, whereas 333.5 g of tomatoes
were put in a small tray (Sample) for mass measurement
and the rest 1514 g were put in a bigger drying tray
(Figure 5).

Figure 3. Tomatoes before and after drying.

The experiments were done during 21, 22 and 23
May 2009. Again, none of the three days were very
sunny. Some of the results are as follows:
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Thus, the loss of water reduction is about 94%. Again
the climate was not very sunny and it was also raining
after midday, the final humidity of the dried tomatoes
(Hf) was calculated from initial humidity Hi, Initial
(MTi) and final (MTf) total mass of the products, as
follows:

- The inlet air temperature of 24-30 ºC, increased to
40-53 ºC while passing the air collector.
- The maximum air temperature in the solar dryer was
60 ºC,
- The inlet air humidity of 55-70% reduced to 2035% in the direct solar dryer.

Hf = 1- (MTi/MTf)(1- Hi) = 54.8 %. (as compared to
initial moisture content of 97.5%).

The Mass of the total fresh Tomatoes was 1847.5 g
where the Total Mass of the dried product was 102.2 g.

Conclusions
Our study indicates that the additional solar air heater helps in increasing the temperature and decreases the
humidity of air passing in Solar Dryer. Also with other products (Coriander), we could also notice the better quality
of products dried in hot air chamber, as compared to dried in direct solar dryer. However from the consumer/
practical point of view, to insure that the product should be dried in a given time and with saving of conventional
fuel, its very important that the system should be hybrid, with one of the fuel as Solar energy. Considering the fact
that in Costa Rica, almost 90-92% of electric energy is generated by Renewable fuels (Hydro, Geothermal and
Wind), we thought of designing a Hybrid Solar Dryer, using Electricity as backup fuel. The system is already made
and constructed with automatic temperature control. It is still under study.
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Relaxation Oscillations of
Superluminescence in
Semiconductor
Abstract
he intensity modulation of superluminescence, with a period of
about a few picoseconds
in a semiconductor, which
is subject to an ultra-short
high-power light pulse, is
shown to occur due to the
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1. Introduction

relaxation oscillations of
radiation caused by local
perturbations of the quasiFermi distribution of nonequilibrium electrons in
energy space.
Keywords: Superluminescence; Rate equations;
Relaxation oscillations.

A high concentration of electron-hole pairs is generated in a direct gap semiconductor whenever the interband absorption of short pulses of high-intensity light
takes place. Electron-electron collisions establish a quasiFermi distribution of nonequilibrium electrons and holes
over a quite short time of about 10-14 s. Further behavior
of electron-hole plasma during the action of the light
pump pulse is determined by the kinetics of its cooling
and by the recombination of electrons and holes. If the
conditions of population inversion is maintained in the
electron-hole plasma, then the amplification of spontaneous radiation in the form of superluminescence will
be possible (Pankove, 1971).

Over the past decade, various properties of dense
electron-hole plasma generated in a semiconductor under
high-power ultra short light pulse received notable
attention of experimentalists. Among those properties is
the superluminescence of short-lived plasma generated
in a GaAs sample by a very intense 10 ps light pump
(Ageeva et al. 2005). When the total (over time) energy
of stimulated radiation escaping from the butt of the
sample is plotted against the distance between the active
region and the end, it reveals a sort of spatial periodicity.
The similar periodicity is shown to exist when the total
energy of the stimulated radiation is measured against
the photon energy and the delay time between two
consecutive pumping pulses. It was suggested that the
found periodicity could be due to some modulation of
the output radiation with a period of about 4 ps. However,
any coherent theoretical explanation of this phenomenon
has not been yet proposed.

Earlier, it had been suggested that the picosecond
stimulated radiation and its modulation were determined
by the deviation of the distribution of carriers from the
quasi-Fermi distribution (Ageeva et al., 2007; Altybaev
et al., 2004; Altybaev et al., 2009]. According to Altybaev
et al. (2004), the disturbance of the quasi-Fermi distribution of nonequilibrium electrons takes place at certain
energies of electrons, e and e + hw0 (where hw0 is the
energy of optical phonon). The disturbance of the quasiFermi distribution of nonequilibrium electrons close to
the bottom of the conduction band is due to the radiative
transitions of electrons with energy e to the valence band

In the present paper, we show that the amplitude
modulation of superluminescence in semiconductor with
a characteristic time scale of order 1 ps could be caused
by the relaxation oscillation of local disturbances of the
quasi-Fermi energy distribution of nonequilibrium
electrons.
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Taking into consideration the abovementioned
mechanisms leads to the following coupled rate
equations for the densities of photons and electrons:

as well as to the emission of optical phonon with energy
e + hw0. The disturbance of the electron distribution at
energy e + hw0 occurs due to the emission of optical
phonon by electron with energy e + hw0 and the absorption
of optical phonon by electron with energy e. As to the
distribution of nonequilibrium holes, it remains almost
similar to the Fermi type because of the huge difference
in density of states between the conduction and valence
bands bearing in mind the momentum and energy
conservation in hole-phonon interactions.


Sɺ = g(N − N )S − S ,
th

τs



N − N0
N
−
.
Nɺ = P − g(N − N th )S −
τ sp
τh


(1)

(The dot denotes d/dt.)
The typical values of the different parameters in the
model (1) are given in Table 1. Hereinafter we assume
τsp τh.

2. The Model
Our approach takes advantage of the rate equations
formalism (Carroll, 1985). Let N and S be the respective
densities of electrons and photons.

TABLE 1. The parameters of the model.

The dynamics of N is governed by the following
processes:
(i) Pumping. Each second the optical pump creates
P carriers in the unit volume of the active region
and this inflow of carriers can be considered
constant while the light pulse lasts;
(ii) Stimulated radiation. Due to the stimulated
radiative transitions, the density of electrons tends
to relax to the threshold of transparency Nth (corresponding to the onset of population inversion)
with the rate gS, where g = ca/µ is the differential
gain, c is the speed of light in vacuum, a is the
gain constant, µ is the group refractive index, and
S is the density of photons;

Constant

Value

Reference

a

2.5x10-16 cm2

Agrawal and Dutta (1993)

m

5.1

Ageeva et al. (2005)

Nth

1018 cm-3

Agrawal and Dutta (1993)

ts

10-13 s

Agrawal and Dutta (1993)

tsp

10-9 s

Agrawal and Dutta (1993)

th

10-13 - 10-12 s

Gantmacher and Levinson
(1987), estimate

Eqs. (1) can be converted into dimensionless form
by performing the linear scaling

(iii) Spontaneous recombination of carriers.
Electrons and holes recombine with the time
constant τsp. This process results in spontaneous
radiation;

S→

s
,
g τh

N →

n +1
+ N th ,
g τs

P→

p + 1 N 0 − N th
,
−
g τs τ h
τ th

(2)

and they become


sɺ = ns ,

τs


p − (n + 1)s − n
.
n =
τh


(iv) “Healing” of a disturbance in the quasi-Fermi
distribution. The quasi-Fermi distribution of
electrons is characterized by the density of
electrons N0. Electron-electron collisions tend to
“heal” any deviation from the quasi-Fermi distribution with the time constant τh (Gantmacher
and Levinson, 1987).

(3)

Note that now the dimensionless n and p are no
longer proportional to their dimensional prototypes, but
rather are deviations of the corresponding absolute
quantities from the threshold of the stimulated radiation.

The dynamics of S is determined by a generation of
photons owing to the stimulated radiation and by their
loss due to the propagation of light in the medium and
intraband optical absorption with the effective time
constant τs.
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According to Eq. (5), in steady state dimensionless
pump p simply equals dimensionless density of photons
s . The latter can be converted to the dimensional density
S using Eq. (2). This yields for the frequency

3. Results and Discussion
System (3) has two steady-state solutions:

s1 = 0,

n1 = p;

(4)

s2 = p,

n2 = 0.

(5)

2

Steady state (4) is always a saddle, since eigenvalues
of the Jacobian matrix J of Eq. (3), being the roots of the
characteristic polynomial det(J − λI) = λ2 − λ tr J − det J ,
have opposite signs: λ1 = −τ h−1, λ2 = p / τs .

ω=

−p − 1 ± (p + 1)2 − 4 p τ h / τs

ω=

2τ h

States (4) and (5) switch their stability via transcritical
bifurcation when the parameter p passes through 0.

I = 12 (h ν )(c / µ)S

This inequality is equivalent to the conditions
(6)

where

τs .
τh

(10)

In work of Ageeva et al. (2005), the flux of the stimulated radiation is reported to be at least 100 MW/cm2
with the energy of individual photons 1.4 eV. Interpreting that as a steady-state flux, we get for S the
estimate 1.5x1017 cm-3. Putting this value in Eq. (9)
yields ω = 1.36↔1012 s-1 for τh = 1 ps, that corresponds
to a period of 4.6 ps.

∆ = (tr J)2 − 4 det J = (p 2 − 2p(2τ h / τs − 1) + 1) / τ h2 < 0

ε=

gS
τs

The steady-state density of photons is related to
measurable quantity - the intensity of light, I , escaping
from either end of the sample - by equation

For steady state (5) to be a focus (corresponding to
the damped oscillations), the discriminant of the quadratic
characteristic equation has to be negative:

 2
 − 1 − 2 1 − ε < p < 2 − 1 + 2 1 − ε,
ε
ε
ε
ε

ε < 1,


(9)

In the extreme case of ε2 ≪ gS τs ≪ 1 , Eq. (9) reduces
the formula obtained earlier by Lau and Yariv (1985) for
lasers:

Steady state (5) is always a stable focus/node, because
λ1,2 =

gS  gS τ h + 1
−

τs  2τ h 

Figure 1 illustrates that at large, the frequency of the
damped oscillations weakly depends on the characteristic
time of “healing” (except in the vicinity of the very
onset of the stable focus) and quickly comes to a plateau
where it is solely controlled by the photon loss rate.

(7)

Thus, the existence of oscillations requires the
“healing” rate to be slower than the photon loss rate. It
also imposes restrictions on the intensity of pump. The
allowed range of p is wide when ε ≪ 1 : 0 < p < 4 / ε ,
and it shrinks to 1 − 2 1 − ε < p < 1 + 2 1 − ε as ε gets
closer to 1.
The angular frequency of oscillations is given by
formula
ω = ℑλ =

4p τ h / τs − (p + 1)2

(8)

Figure 1. Frequency of relaxation oscillations as a function of the
characteristic time of “healing”.

2τ h

Estimating the frequency and the period from Eq.
(8) involves knowledge of pump rate used in the experiment, but it is lacking. Instead, we have to resort to a
kind of a trick.
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Conclusion
Experimentally observed amplitude modulation of superluminescense stimulated in a semiconductor by an
ultra-short high-power light pulse is likely to be explained by the relaxation oscillations. Those damped oscillations
with the natural period of a few picoseconds are the manifestation of intrinsic resonance in which energy stored in
the nonlinear system oscillates back and forth between the carrier and photon populations. The remarkable feature
of the oscillations is that their frequency is essentially controlled by the photon loss rate and rather weakly depends
on the rate with which the disturbances in the quasi-Fermi distribution of nonequilibrium electron-hole plasma fade
out.
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and the results were compared with the experimental
results for the turbine. The experiments were earlier
conducted in a subsonic wind tunnel available in the
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ratio, Lift coefficient, Drag coefficient.

1. Introduction

selecting its important geometric parameters like height,
diameter, overlap ratio, end plate dimensions etc. Katsua I.
& Toshio S [2] simulated numerically the flow over a
two-bucket Savonius turbine by solving 2D finite volume
equations with an upwind scheme for the unstructured
(triangular) mesh. The results showed good matching
with the experimental values of efficiency and aerodynamic coefficients. Tangtonsakulwong J & Chitsomboon T [4] simulated wind flow over an untwisted threebladed H-Darrieus turbine and obtained maximum
power coefficient of 20%. Takao M. et al. [9] utilized a
guide vane row just before a straight bladed turbine as a
measure to improve the performance of the turbine.
They obtained a peak power coefficient of 0.205, which

Twisted blades for wind turbines have the potential to
be superior to the untwisted blades for their better performance. Evaluation of the performance and the aerodynamic coefficients such as lift and drag coefficients
for such twist bladed turbine is important from a design
aspect that directly influences the economies of the
turbine once installed. The applications of CFD in the
aerodynamic analysis of vertical axis wind turbines are
found in the literature [1-8]. Menet J. & Bourabaa N. [1]
did a parametric investigation on the efficiency of
Savonius type vertical axis wind turbine and concluded
that the efficiency can be improved by judiciously
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was measured with the help of pitot-static tube connected
to U-tube manometer. There was a traversing mechanism
by which pitot-static tube was traversed vertically and
horizontally. Two pitot-static tubes were employed: one
on upstream side of the turbine and the other on downstream side of it. Pitot-static tubes were kept in the mid
plane of the turbine. Wind velocity was adjusted by controlling the gate opening at the exit of the wind tunnel.
The turbine was allowed to rotate from no load speed.

was approximately 1.8 times higher than that of the
original turbine that had no guide vane. Jiang Zhi-chao
et al. [10] developed 2D CFD models for an untwisted
asymmetric 2-bladed H-Darrieus turbine having different blade radii. The proposed design had only an
averaged power coefficient of 0.19.
Twist blades can be a good field of research. The
separation of vortices occurs at the ends of the blades for
adverse dynamic pressure gradient and angle of attack.
Tip geometry can locally modify the angle of attack and
the inflow dynamic pressure and hence can minimize
separation. Moreover, performance of the turbine could
also improve since twist would increase the positive
wetted part in the side-projected area of the blades and
thus increase the overall projected area. Keeping these in
view, blade twist of 300 was adopted for 10% of chord
length from the trailing end of the blades. The objective
of the present study was to study the performance of a
two-bladed airfoil chord H-Darrieus turbine with blade
twists through 2D CFD simulation of such turbine using
fluent 6.0 CFD software.

3. Design of the Turbines Blades
The aluminium blades were designed and fabricated
in the departmental workshop. The chord length of the
blades was 5 cm. The actual shape of the airfoil of unit
size is shown in the Figure 2. An angular twist of about
300 was provided at the tips of the chords. The latter tip
was swept-forward by 300 above the axis for 10% of
chord length from the trailing end, and twist on each blade
was symmetrical. Although such cambered sections at
negative incidence (which happens in the downwind pass)
develops little lift, such blades are better off than symmetrical NACA airfoil blades where upwind and downwind phenomenon are more or less even especially at
low Reynolds number flows [11]. The support arms
(circular bolts) on which the blades were mounted were
8.34 cm in length and 0.5 cm in diameter. The diameter
of the central shaft was 1.5 cm.

2. Experimental Description
The tests were conducted in an open-circuit subsonic
wind tunnel available in the department. The crosssectional area of the test section was 30cm x 30cm. As
shown in the Figure 1, there is a settling chamber of
length 100 cm ahead of the test section of the wind tunnel
having damping screens inside and contracting cone at
its end. Their functions are to break the large-scale disturbances and eddies upstream the test section and hence
produce negligible level of turbulence in the test section.
The turbulence intensity of the wind tunnel was around
±1%. The turbine rpm was measured by a digital tachometer having least count of 1 rpm, and the wind velocity

4. The Computational Methodology
The CFD simulation software used was fluent 6.0
while the mesh was generated in gambit of the package.
The computational model of the two-bladed H-Darrieus
turbine along with the boundary conditions is shown in
the Figure 3. Velocity inlet and outflow conditions were
taken on the left and right boundaries respectively. The
top and bottom boundaries of the computational domain,

Figure 1. Schematic layout of open circuit subsonic wind tunnel
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gular) meshing was done on the face external to the turbine, but bounded within the square. The computations
were initially carried out with various levels of refinement for the mesh until the Grid Independent Limit
(GIL) mesh [12] was attained. The resolution of the mesh
at the important areas was varied in an attempt to reach
grid independent limit mesh. Each refinement level was
solved in Fluent with the same set of input parameters.
The computed y+ value of the mesh considered for final
simulation was less than 15. The unstructured triangular
mesh around an airfoil blade is shown in the Figure 4(a)
and the overall mesh within the computational domain
is shown in the Figure 4(a). The various levels of refinement used to conduct this study are given in Table 1.
In the present case, pitching moment coefficient (Cm) was
considered as the parameter for which GIL mesh was
determined. Each level was solved in Fluent with the
same set of input parameters. The Figure 5 shows the
variation of Cm with different refinement levels. The refinement level 7 was considered for the final simulation.

Figure 2. The airfoil section with twist at the trailing end.

Figure 3. Computational domain and boundary conditions of the
two-bladed airfoil chord H-Darrieus turbine.

which signify the sidewalls of the wind tunnel, had symmetry conditions on them. The blades, central shaft and
the support arms were set to standard wall conditions.
The vertical axis wind turbine blades rotate in the same
plane as the approaching wind. For an H-Darrieus type
turbine, the general geometric properties of the blade
cross-section are usually constant with varying span
section. Both uniform and non-uniform meshing was
done. On the four surrounding edges of the computational domain, uniform grid spaces were taken. The density of the mesh was kept higher at the blade ends since
sudden change in blade section at the ends required more
dense nodes on them. On the blade surfaces, near the
wall boundary layers were built in gambit such as the
distance of the first row of grid points (i.e. nodes) in a
direction normal to the solid boundary which was
0.0001 cm. There were 28 rows of boundary points on
each blade surface such as the total number of cells
within the boundary layer was around 5300 for a total
depth of boundary layer of 0.01 cm. Unstructured (trian-

4(a)

4(b)
Figure 4. Computational mesh: (a) around an airfoil blade (zoomedin) and (b) around 2-bladed airfoil chord H-Darrieus turbine.
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According to the eddy viscosity concept of the Stokes'
hypothesis for Newtonian fluids, the Reynolds stress
tensor, can be expressed as

TABLE 1. Details of refinement levels of the grid of the
2-bladed airfoil chord H-Darrieus turbine having Al blades

No. of Cells (Triangular)

Refining Level

No. of Nodes

1

3868

7443

2

15705

30917

3

25616

50609

4

40692

71978

5

42107

74808

6

59749

107592

7

61376

110846

(3)
The simplest and most widely used two-equation turbulence model is the standard k-ε model that solves two
separate transport equations to allow the turbulent kinetic
energy and its dissipation rate to be independently determined. These can be represented as
(4)

(5)

The values of the five constants of the standard k-ε
turbulence model are taken as:
(6)
In this study, steady state, incompressible flow was
considered. The numerical simulation was carried out
through solving the conservation equations for mass and
momentum by using an unstructured-grid finite volume
methodology coupled with moving mesh technique [13].
The standard k-ε turbulence model with enhanced wall
function was utilized. The method of dynamic grid or
rotating reference frame was implemented in which the
blade is fixed in the view of an observer who is moving
with the rotating frame of reference. Single rotating reference frame was considered, where the blades along with
the support arms and the central shaft rotate relative to
the incoming fluid stream. The sequential algorithm,
Semi-Implicit Method for Pressure-Linked Equation
(SIMPLE) [14], was used for solving all the scalar
variables. For the convective terms of the momentum
equations and also for the turbulence equations, the second
order upwind interpolating scheme [15] was adopted in
order to achieve accurate results. The iterations are continued until the residual values had dropped to 1x10-3.
The solution controls of the fluent solver considered for
simulating the flow are represented in a flow chart as
shown in the Figure 6.

Figure 5. Variation of pitching moment coefficient with refinement
levels of the grid of the 2-bladed airfoil chord H-Darrieus turbine
having Al blades.

5. CFD Formulation of H-Darrieus Turbines
Any computational formulation of a physical process
is based on mathematical modelling, and mathematical
model can be defined as the combination of dependent
and independent variables and relative parameters in the
form of a set of differential equations, which defines and
governs the physical phenomenon. In the CFD formulation as well, the conservative form of Navier-Stokes
equation in finite difference form for incompressible
flow of constant viscosity is solved by the in-built
functions of the fluent CFD package. Similarly, the finite
difference forms of continuity and k-ε turbulent model
equations are solved. The equation for conservation of
mass, or continuity, can be written in vector form as:
(1)
Where, value of

is zero for steady-state flow

The vectored momentum equation in terms of relative
velocity, can be written as

(2)
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Figure 6. Flow chart of solution controls of fluent solver.

The simulations were run for five tip speed ratios, as
recorded during experimentations. After the solutions
had converged, the steady state values of lift coefficients
and drag coefficients were obtained for the five sets of
input parameters. The net tangential thrust coefficient,
Cq, which is the difference between the tangential components of lift and drag, was then evaluated as follows:

Finally, torque coefficient of the turbine was determined using the following:
(10)
The computational and experimental values of Cp and
Ct for the five tip speed ratios were compared for the
turbine. For this, the standard deviations of the computational Cp and Ct from the corresponding experimental
Cp and Ct values were evaluated using the following
expressions:

(6)
The power output from the turbine, Pturbine, was determined from the CFD analysis as follows:

(11)

(7)
Where

Thus, power coefficient of the turbine was determined
computationally as follows:

(12)

(8)
Where,

Similar for torque coefficient,

(9)

(13)

The blockage factor for the two blades of the turbine
is the ratio of the total blade span to the width of the
wind tunnel. Now, the blockage factor of the turbine is
0.33 (i.e. 2*5/30), for which the blockage correction
factor is 0.0833. Therefore, ε = 0.0833 was taken for the
eqn 9.

Where
(14)
The Figure 7(a) show the comparison between computational and experimental Cp with respect to tip speed
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ratio and the Figure 7(b) shows the standard deviation
of the computational Cp from the experimental Cp. The
Figure 8(a) shows the comparison between computational and experimental Ct with respect to the tip speed
ratio and the Figure 8(b) shows the standard deviation
of the computational Ct from the experimental Ct. The
maximum computational Ct is 0.239 while the maximum

experimental Cp is 0.237 both obtained at the same tip
speed ratio of 2.524, and the standard deviation of computational Cp from the experimental Cp is 3.12%. The
maximum computational Ct is 0.099 while the maximum
experimental Ct is 0.102 both obtained at the same tip
speed ratio of 1.636, and the standard deviation of computational Ct from the experimental Ct is 1.15%.

Figure 7(a). Experimental Cp versus computational Cp for
H/D=1.10 for 2-bladed airfoil chord H-Darrieus turbine (Al blade).

Figure 7(b). Percentage deviation of computational
Cp from the experimental Cp for H/D = 1.10

Figure 8(a). Experimental Ct versus computational Ct for H/D =
1.10 for 2-bladed airfoil chord H-Darrieus turbine (Al blade).

Figure 8(b). Percentage deviation of computational Ct from the
experimental Ct for H/D= 1.10.

6. Pressure and Velocity Contours of TwoBladed H-Darrieus Turbine

angle: 90° & 270°. The Figure 9(c) shows static pressure
contour for blade angle: 105° & 285°, and the Figure 9(c)
shows static pressure contour for blade angle: 125° &
305°. The blade angles are to be counted starting from
the left, i.e. upstream side and then moving in the clockwise direction. The contour plots were obtained for a tip
speed ratio of 2.524 at which the power coefficient of
the turbine was the highest. The pressure contour plots
show a decrease of static pressure from the upstream side
to the downstream side across the turbine. As the blade

The study of contour plots in colour coding can be
quite helpful to understand the flow physics of the turbine for different blade angles of rotation. The information on power production mechanism by means of
pressure distribution, blade vortex interactions etc can be
obtained through contour plot analysis. The Figure 9(a)
shows static pressure contour for blade angle: 5° & 185°.
The Figure 9(b) shows static pressure contour for blade
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angle of rotation increases, the difference of static pressure between upstream side and downstream side
increases up to a maximum level for certain blade angles,
but then it decreases. For blade angles of 5° & 185°,
Figure 9(a), the static pressure changes from 4.41 x 102
Pascal in the upstream side to 2.02 x 102 Pascal in the
downstream side across the turbine. For blade angles of
105° & 285°, the Figure 9(c) shows that the static pressure decrease from 6.37 x 102 Pascal in the upstream side
to 2.03 x 102 Pascal in the downstream side. Thus, the
difference of static pressure across the turbine increases
with the increase of blade angle of rotation. However, for
still higher blade angles of 125° & 305°, the Figure 9(d)
shows that the static pressure decreases from 4.24 x 102
Pascal in the upstream side to 2.09 x 102 Pascal in the
downstream side; therefore, the gap of static pressure
between upstream and downstream sides decreases. The

contours further show that the static pressure is negative
at the blade ends where vortices have generated like for
those blade angles of 90°, 105°, 125°, 270° and 305°.
Since these vortices have developed close to the blade
ends, blade-vortex interactions will augment power production for the blades. However, the pressure at the exit
of the computational domain is positive meaning the
resultant flow was outwards and came out of the computational domain. The dynamic pressure contours for the
turbine for different blade angles of rotation (Figure 10(a)
to Figure 10(d)) show that the dynamic pressure is positive throughout the domain meaning the flow physics are
correct. Moreover, theses contours show that the dynamic
pressures are high at the blade ends where static pressures are negative since the total pressure is always
constant for any location within the flow domain.

Figure 9(a). Contour plot of static pressure of 2-bladed airfoil
chord H-Darrieus turbine for blade angle: 5° & 185°.

Figure 9(b). Contour plot of static pressure of 2-bladed airfoil
chord H-Darrieus turbine for blade angle: 90° & 270°.

Figure 9(c). Contour plot of static pressure of 2-bladed airfoil
chord H-Darrieus turbine for blade angle: 105° & 285°.

Figure 9(d). Contour plot of static pressure of 2-bladed airfoil
chord H-Darrieus turbine for blade angle: 125° & 305°.
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Figure 10(a). Contour plot of dynamic pressure of 2-bladed airfoil chord H-Darrieus turbine having Al blades for blade angle:
90° & 270°.

Figure 10(b). Contour plot of dynamic pressure of 2-bladed airfoil chord H-Darrieus turbine having Al blades for blade angle:
105° & 285°.

Figure 10(c). Contour plot of dynamic pressure of 2-bladed airfoil chord H-Darrieus turbine having Al blades for blade angle:
125° & 305°.

Figure 10(d). Contour plot of Dynamic pressure of 2-bladed airfoil chord H-Darrieus turbine having Al blades for blade angle:
165° & 345°.

The Figure 11(a) to the Figure 11(d) show velocity
contours for the turbine through same blade angles of
rotation as static pressure contours. The velocity contours
show that there is a decrease of velocity magnitude from
the upstream side to the downstream side. The Figure
11(a) shows that velocity decreases from 22.7 m/sec upstream to 7.9 m/sec downstream. The Figure 11(b) shows
that velocity decreases from 21.5 m/sec upstream side to
7.23 m/sec downstream. Finally, the Figure 11(d) shows
that velocity decreases from 17 m/sec to 7.38 m/sec. The
difference of velocity magnitude causes lift for the blade.
The contours also in show high velocity distributions on
the order of 32 m/sec near the blade ends for blade angles
of 90°, 105°, 270° and 305°, resulting from the bladevortex interactions. The Figure 12(a) shows the velocity
distribution on airfoil blade at a blade angle of 105°, and

the Figure 12(b) shows the velocity distribution on the
airfoil blade at a blade angle of 355°. These figures show
that velocity changes from the untwisted end to the twisted
end of the blades for which a velocity gradient is created
between the blade ends. A velocity gradient between the
ends will generate lift for the blade. The Figure 12(a) &
Figure 12(b) show that, for blade angle of 355°, the
velocity gradient is much steeper than that for the blade
angle 105°. This means lift on the blade in the upstream
side is higher than in the downstream side. The velocity
gradient between the blades ends for blade angles of
105° and 355° are 30/sec and 177.77/sec respectively.
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Figure 11(a). Contour plot of velocity magnitude of 2-bladed
airfoil chord H-Darrieus turbine having Al blades for blade
angle: 5° & 185°.

Figure 11(b). Contour plot of velocity magnitude of 2-bladed airfoil chord H-Darrieus turbine having Al blades for blade angle:
90° & 270°.

Figure 11(c). Contour plot of velocity magnitude of 2-bladed airfoil chord H-Darrieus turbine having Al blades for blade angle:
105° & 285°.

Figure 11(d). Contour plot of velocity magnitude of 2-bladed airfoil H-Darrieus chord turbine having Al blades for blade angle:
125° & 305°.

Figure 12(a). Velocity plot for airfoil chord blade at 105°
blade angle of 2-bladed airfoil chord H-Darrieus turbine.

Figure 12(b). Velocity plot for airfoil chord blade at 3550
blade angle of 2-bladed airfoil chord H-Darrieus turbine.
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7. Aerodynamic Coefficients for the HDarrieus Turbines

induced drag coefficient and minimum drag coefficient
as represented below:

Ideally, lift and drag coefficients of a vertical axis
wind turbine as function of an angle of attack and tip
speed ratio are determined from the lift and drag forces
respectively, which themselves are determined from the
normal and axial loads on the blades as recorded by
force balance positioned at different blade angles of the
turbine. However, in the present study, a different
approach was adopted for the reason that wind tunnel
tests are too complex to engage such force balance at all
angular positions. In fact two different approaches were
adopted; one using Prandtl lifting line concept and the
other CFD approach in which equations of Cl & Cd as
functions of an angle of attack were generated for the
input of a tip speed ratio.

Cd = Cdi + Cdmin

(17)

The induced drag coefficient, Cdi is given by
(18)
Where, value of e for rectangular blade is 0.7. The
minimum drag coefficient, Cdmin is given by
(19)
Where, Cf is skin friction coefficient of an airfoil
blade.
7.2 CFD Approach
CFD approach for the evaluation of lift and drag
coefficients was based on the fluent simulation of Cl &
Cd as functions of angle of attack obtained for different
tip speed ratios. The simulations were carried out using
standard k-ε turbulence model with enhanced wall condition. The numerical methodology adopted is similar to
the one discussed in the previous section. The angle of
attack varies cyclically with the blade angle (azimuthal
angle), θ and tip speed ratio as:

7.1 Prandtl Lifting Line Concept
Prandtl lifting line theory was adopted to evaluate the
lift and drag coefficients of the turbine. The lift coefficient
of an airfoil after Prandtl can be expressed as:
(15)
Where
(16)

(20)

The value of Aspect Ratio (AR) of the blades of the
turbine is 4. Cl0 was determined by simulating the flow
over the H-Darrieus turbine placed within the test
section. The computational domain of the H-Darrieus
turbine along with various boundary conditions has
already been shown in the Figure 3. Grid independent
limit mesh was used for the computational model. The
simulations were carried out for different tip speed
ratios using standard k-ε turbulence model with
enhanced wall condition. The standard k-ε model is
particularly suitable for flows though sharp corners,
straight and curved edges like the turbine blades, and it
uses wall functions based on the law of the wall. From
the simulation, Cl was determined for different angle of
attack for both positive and negative incidences. The
plot of Cl versus α was drawn. The slope of the 2D lift
coefficient curve, Cl0 was evaluated. Then the value of
slope was put in the eqn 14 to obtain the lift coefficient
at an angle of attack. The drag coefficient is the sum of

Once the values of Cl & Cd were obtained for different
angle of attacks for both positive and negative incidences,
matlab 6.5 software was used to fit a polynomial for all
the data points of (Cl, α) and (Cd, α). Thus, the fourth
order polynomial was found to be the best fit of the data
points.
7.3 Aerodynamic Coefficients of Two-Bladed Airfoil
Chord H-Darrieus Turbine having Al blades
The aerodynamic coefficients like, lift and drag
coefficients were evaluated using Prandtl lifting line
concept and the CFD approach. The plots of the
aerodynamic coefficients with respect to an angle of
attack (α) are drawn using both Prandtl lifting line
concept and the CFD approach. The Figure 13(a)
shows the variation of lift coefficient, Cl with α using
both Prandtl lifting line concept and the CFD approach.
Similarly, the Figure 13(b) shows the variation of drag
coefficient, Cd with α using both Prandtl lifting line
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concept and the CFD approach. These are drawn for the
tip speed ratio of 2.524 at which the power coefficient
of the turbine is the highest. These figures include the
variations of Cl and Cd for both positive and negative
incidences. The Figure 13(a) shows that Cl increases
with the increase of α for both cases. However, Prandtl
lifting line concept works well up to the stall, i.e. the
point where Cl is the maximum as compared to the CFD
result. CFD approach shows that Cl decreases after stall
while the Prandtl lifting line Cl increases after stall. The
maximum Cl at the stall angle of attack 21.91° as per
CFD approach is 0.11, whereas the corresponding
maximum Cl as per Prandtl lifting line concept is 0.062.
At the same time, the lift in the upstream side (positive
incidence) is higher than the lift in the downstream side
(negative incidence). The Figure 13(b) shows that CFD
generated Cd increases with the increase of α up to the
maximum and then decreases, but Prandtl lifting line Cd
are higher than the former increasing marginally with
respect to α. The maximum Cd through CFD approach
is 0.078 as obtained at α = 21.41°, while the maximum
Cd for the latter is 0.108 at α = 21.41°.

Figure 13(a). Variation of lift coefficient with angle of
attack for 2-bladed airfoil chord H-Darrieus turbine.

The fourth degree Cl & Cd equations obtained from the
CFD approach are as given below:
Cl = -0.0038 α4 - 0.066 α3 - 0.0026α2 + 0.09α + 0.024 (21)
Cd = -0.012 α4 -0.033 α3 + 0.0018α2 + 0.05α + 0.027
(22)

Figure 13(b). Variation of drag coefficient with angle of
attack for 2-bladed airfoil chord H-Darrieus turbine.

Where angle of attack, α is in radian.

Conclusion
A steady-state two-dimensional CFD simulation was performed for the flow over a twisted two-bladed HDarrieus turbine using fluent 6.0 software. The power and torque coefficients of the turbine were evaluated and
compared with the experimental results and then, the standard deviations of the computational results from the
experimental results were found out. Furthermore, the contour plots of static pressure, dynamic pressure and velocity magnitudes were generated from the CFD results of the H-Darrieus turbine. Moreover, the aerodynamic coefficients, like lift and drag coefficients were evaluated with respect to an angle of attack using CFD approach and
Prandtl lifting line concept. For this, one correlation equation each for lift and drag coefficients was derived. From
the present study, the following conclusions are summarized:
i) It is found that there is a close agreement between the computational results and experimental results of both
Cp_ and Ct. The agreement for Cp is within ±3.12%, and the agreement for Ct is within ±1.15%.
ii) The pressure contours of the turbine confirm that the static pressure decreases from the upstream side to the
downstream side across the turbine, which results in useful lift for the turbine. As the blade angle of rotation
increases, the difference of static pressure between upstream side and downstream side increases up to a
maximum level for blade angles of 105° and 285°, but then it decreases.
iii) The velocity contours show that there is a velocity difference between blade ends. The difference of velocity magnitude across the blade causes lift for the blade. The velocity and dynamic pressure contours also
show high velocity distribution near the ends where blade-vortex interactions occur.
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iv) Furthermore, it can be concluded that the power augmentation of the H-Darrieus turbines with twisted blade
end is controlled by the pressure difference between the upstream and downstream sides of turbine, interactions of vortices at the blade ends and high velocity gradient about the blade ends, especially in the upstream
side. For this, the power coefficient of the H-Darrieus turbines with twist at the blade ends is higher than the
power coefficient of H-Darrieus turbine without twist of blades.
v) The results of the CFD analysis matched well with the Prandtl lifting line concept up to the stall.
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Nomenclature
R
H
c
n
n1
A
AF
AS
Pturbine
Pmax
u
λ
ρ
Vfree
Vfree_block
Cp
Ct
Cq
Cl
Cl0

radius of the turbine
blade height
blade chord
number of blades
number of Cp or Ct points
turbine swept area
frontal area of the H-Darrieus turbine
blade planform area (ncH)
power output from the H-Darrieus turbine
maximum power contained in wind for same turbine swept area
circumferential speed of the blades
tip speed ratio
density of air
free stream velocity uncorrected for blockage
free stream wind velocity corrected for blockage
power coefficient
average power coefficient
torque coefficient
average torque coefficient
tangential thrust coefficient
lift coefficient
slope of 2D airfoil lift coefficient
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Cd
Cdi
Cdmin
Cf
α
θ
ε
e
vr
Sm
Ps
μ
CFD

GIL
AR

drag coefficient
induced drag coefficient
minimum drag coefficient
skin friction coefficient
angle of attack
blade azimuth angle or blade angle
blockage correction factor
efficiency factor
relative wind velocity
mass source
static pressure
stress tensor
eddy viscosity
standard deviation of Cp
standard deviation of Ct
gravity force
Coriolis force
centrifugal force
Computational Fluid Dynamics
Grid Independent Limit
Aspect Ratio
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1. Introduction

miniaturization, packaging density, quality demands and
reduction in life costs will put an ever-increasing pressure on the solutions of these problems.

The analysis of heat transfer characteristics of a submerged heated object in fluid such as transformers in
fluid, crops in Green house, human body in atmospheric
air, room electronic parts in enclosure, food grains in cold
storage etc… have attracted for a long time the researcher's interest. The study of heat transfer characteristics is very important in engineering applications.

The solution of such heat transfer depends on successfully solving the nonlinear Navier-Stokes equation
along with the energy equation. Various attempts have
been made in obtaining approximate solutions based on
simplifying the Navier-Stokes equations. With the advent
of high speed computers, numerical modeling of complex
free convective heat transfer solutions has become simpler.
The specific problem dealt with here is dependent on a
number of parameters, and an optimization of which is
necessary to yield reasonably accurate results.

The cooling of mechanical or electronic devices is of
an ever growing importance in almost every branch of
industry due to the wide application. Introduction of
microelectronics together with increasing demands on
cryogenic engineering, especially in the field of refrigeration with micro fins is growing up. The ever increasing

The demand of high performance heat exchanger
having spatial dimensions is increasing due to their need in
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applications such as transformer cooling, comfortableness
of human body, electronic equipments and so on. Enhancement technique that improves all heat transfer characteristics are important to heat exchanger designers.
However, it is important to have a knowledge of the
characteristics of laminar free convection heat transfer
from isothermal surface of objects in order to exercise a
proper control over the performance of the heat exchanger
and to economize the process.

a large water pool such as gravity driven water pool
(GDWP), the approach followed is the study of natural
convection in rectangular heated enclosures. Appropriate
boundary conditions relevant to the system are imposed
to form specific cases of study. The cases considered
include single immerged heater plate or object geometry
in particular reference to heated enclosures. Singh et al.
[5], numerically studied the mixed convective cooling
of two dimensional rectangular cavity with differentially
heated side walls. The locations of inlet and outlet is
sought for most effective cooling and maximum cooling
effectiveness is achieved if the inlet is kept near the
bottom of the cold wall and the outlet is placed at the top
of the hot wall. Venkatachalapathy et. al. [6], numerically
investigated natural convection heat transfer from multiple heat sources. A 4 by 5 array of heat sources are embedded in the bottom wall of the enclosure. It is observed
that the heat sources inside the array are hotter and the
heat transfer increases almost linearly with heat source
surface temperature. Rahman et al. [7], numerically investigated mixed convection flow in a vented enclosure
by finite element method. Various inlet port configurations are extensively investigated for different flow
parameters. It is observed that the heat transfer from the
heated wall depends on the position of the inlet port.
Suman et al. [8], investigated numerically free and forced
convection from a flash-mounted uniform heated source
in a horizontal rectangular enclosure with side openings.
The results show that the heat transfer are affected by
Reynolds number and Richardson number. However, few
results have been reported for natural convection caused
simultaneously by both external heating in partially open
enclosures and an internal local heat sources eventhough
problems of this type are frequently important and their
study is necessary for understanding the performance of
complex natural convection flow and heat transfer.

Natural air ventilation in partially open cavities is encountered in many practical applications such as energy
conservation in buildings and the heating or cooling of
environmental systems. In this work, natural convection
heat transfer in a partially open cavity is investigated. A
vertical isothermal object that is placed inside the enclosure, acts as the thermal source responsible for the buoyant
force of the inside fluid and the lighter fluid exits from
the enclosure through the ventilators. At the same time,
cold surrounding fluids enter into the container through
the lower portion of the same openings, becomes hot, and
then exit through the openings again. Thus, the process
is repeated.
2. Literature Review
Nara [1], was one of the first researchers to perform
numerical simulations of air circulation within Greenhouse. He used the vortices and stream functions as
field variables to solve the finite difference scheme of
the Navier-stokes equation for a two dimensional crosssection on a mono span greenhouse with a fixed temperature difference between a warm soil and a colder roof
to simulate soil surface heated by solar radiation. Aubinet
et al. [2], studied natural convection for heating pipes in
greenhouse tomato canopy and characterized the plume
generated by the heating pipes in the crop rows. Only
source data, most of them on closed greenhouse are
available on the heat and water vapor exchanges between
crops and greenhouse air.

3. Model Description
The geometry for the configuration is shown in
Figure 1. The model considered here is a rectangular
enclosure with two side openings with an object that is
isothermally heated and placed on the bottom surface.
The enclosure dimensions is L=6 and H=5 and opening
width, W=1. All walls of the enclosure are assumed to
be adiabatic. The outflow openings are located on the
top of the left and right vertical walls as shown in the
Figure 1.

Davidson [3], found the displacement ventilation as
the convenient way to improve IAQ. Batchelor [4], has
been done about analyzing the complicated system in
which the flow visualization of heat transfer characteristics is expected, and it is imperative to make a few
basic case studies which fundamentally represent the
main system under consideration in one way or the other.
Towards the understanding of complex flow patterns in
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Now, putting this value in the above equations

Figure 1. Schematic diagram of the problem considered and
coordinate system.

4. Mathematical Formulation
Thermo physical properties of the fluid in the flow
model are assumed to be constant except the density
variations causing a body force term in the momentum
equation. The Boussinesq approximation is invoked for
the fluid properties to relative density changes to temperature changes and to couple in this way the temperature
field to the flow field. The governing equations for
laminar, steady, free convection flow using conservation
of mass, momentum and energy can be used. The two
dimensional, steady state, incompressible, constant properties laminar flow from the heated object in a container
with two sides ventilators, have been investigated.

Boundary conditions:
At all walls: Since the Velocity Component, u and v
both are zero at the walls and applying no-slip conditions,
U=0 and V=0 then stream function Ψ=c and ω=c.
The walls are considered as adiabatic.
At the object: Since the velocity component, u and v
both are zero at the walls and applying no-slip conditions,
U=0 and V=0 then, stream function Ψ=c and ω=c. The
object is assumed to be heated. So, the dimensionless
temperature θ=1.0

5. Governing Equations
Now, for incompressible fluid and for two dimensional flow the above two equations can be written as
follows:

At for both openings: Velocity gradients are assumed
to be zero for the flow variables as:

6. Results and Discussion
The grid independency test has been performed. It is
observed that more than 120x120 grid size does not give
a more accurate result but rather increases only the computational time. The maximum error is obtained as 10-11.
Figure 2 shows the comparison between present investigation and the published work of Mariani et al. [9]. It
is observed that there is a good agreement between the
two results.

The two dimensional energy equations are:

Now, to make this above equation in non dimensional
form, the width of two equal openings W is considered
as the characteristic length, maximum velocity, umax as
the characteristic velocity and initial pressure p0 as the
characteristic pressure

Figure 3, shows the stream function pattern at Ra=
1.0x102. It is observed that there are two forms of recir-
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Figure 2. Comparison between present work and V.C. Mariani
and L.S. Coelho[9].

Figure 3. Stream function at Ra=1.0x102.

counter-clockwise direction and also at the right side of
the object rotating occurs clock-wise direction. The
recirculation region is the result of the pressure gradients
normal to the stream lines. The desired rate of mixing
increases considerably because of any recirculation.

culations on both sides of the heated object and it extended up to the exit openings. The fluid becomes heated
as it comes to contact with the heated object, becomes
lighter and goes up due to the buoyancy force and exit
from the opening. As a result a vacuum is created inside
the enclosure and fluid comes from the surrounding
through the opening to fill up that vacuum inside the
enclosure.

Figure 10 to Figure 13, shows the velocity vector
plot of heated objects at different locations and at
different heights for Ra=1.0x102. A similar flow phenomena is observed as a stream function pattern. Two
recirculations are formed on either sides of the heated
object. The fluid is going out from the enclosure and
some fluid is coming in the enclosure from the surrounding. Figure 14 to Figure 18 show the temperature contour at different locations and heights for Ra =1.0x 102.
It is observed that at the middle position of the heated
object, fluid becomes heated uniformly on either sides
of the heated object. If the heated object is placed eccentrically, the fluid gets heat from the heated object non
uniformly. Green color shows cold fluid whereas blue
color presents maximum heated fluid. The fluid in the
upper portion of the enclosure is cold and heavier which
comes from the surroundings.

Comparing Figure 3 and Figure 4, it is observed that
as the Ra is increased the stream lines are become flatter
and two larger eyes are formed on either sides of the
heated object. Figure 3 and Figure 5 to Figure 7 show
the stream function pattern at different locations of the
enclosure. It is observed that the eyes of the recirculation
shifted with the opposite of the heated object. Figure 3,
Figure 8 and Figure 9 show the effect of height of the
heated object at Ra=1.0x102. It is observed that as the
height of the heated object decreases the pattern of the
recirculation, it becomes flatter and the eyes become
sharper. The eyes going downwards near the heated
object. A separating stream line separates two recirculations at the middle of the heated object. The main flow
is symmetric from hot surface zone of object to upper
zone near to the top wall and outlet zone. The other flow
from the left side of the object also swept by the rotating

Figure 19 shows the variation of average nusselt no.
with Rayliegh no. for different object heights. It is observed that the average Nusselt no. decreases with in-

Figure 4. Stream function at Ra=1.0x104.

Figure 5. Stream function at Ra=1.0x103.
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Figure 6. Stream function at Ra=1.0x103.

Figure 7. Stream function at Ra=1.0x103.

Figure 8. Stream function at Ra=1.0x102 at object height=1.5.

Figure 9. Stream function at Ra=1.0x102 at object height=0.75.

Figure 10. Velocity vector at Ra=1.0x102 at object height=3.0.

Figure 11. Velocity vector at Ra=1.0x102 at object height=1.5.

Figure 12. Velocity vector at Ra=1.0x102 at object height=3.0.

Figure 13. Velocity vector at Ra=1.0x102 at object height=3.0.
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Figure 14. Temperature contour at Ra=1.0 x102 at object
height=3.0.

Figure 15. Temperature contour at Ra=1.0x102 at object
height=1.5.

Figure 16. Temperature contour at Ra=1.0x102 at object
height=3.0.

Figure 17. Temperature contour at Ra=1.0x102 at object
height=3.0.

Figure 18. Temperature contour at Ra =1.0x 102 at object
height=3.0
Figure 19. Variations of average Nusselt no. at different Ra
& different heights.

creasing Rayleigh no., but for Hobj.=0.75 the average
Nusselt no. remains constant for all values of Rayleigh
no. Figure 20 shows the variation of heating efficiency
with Rayleigh no. Ra. It is observed that the heating
efficiency decreases with the increase of Rayleigh no.
because the buoyancy force is higher at upper Reynolds
no. Again, for smaller object size the heating efficiency
is higher because the temperature difference between
the object and fluid is higher.

Figure 20. Variations of heating efficiency at different Ra
& different heights.
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Conclusion
Finite difference numerical method is developed for laminar free convection in a rectangular container with
adiabatic side walls and heated object on bottom. The study carried out for the range of Rayleigh number from
1x102 to 2x104.
This investigation led to several conclusions:
The size of the heated object and Rayleigh no. has a significant effect on heating efficiency. Average heat
transfer decreases with Rayleigh no. However, average heat transfer becomes more or less constant for small size
objects. The location of heated object at the bottom of the enclosure has a significant effect on the flow phenomena
of the fluid.

[6] S. Venkatachalapathy and M. Udaykumar, “Numerical investigation of
natural convection heat transfer from multiple heat sources in a square
enclosure”, Vol. 5, No. 1, ARPN Journal of Engineering and Applied
Sciences, January 2010.
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Nomenclature
c

Constant

u, v

Velocity components

H

Height of the container

U, V

Dimensionless velocity component,

Hobj

Height of the object

Umax

Maximum velocity

L

Length of the container

W

Width of Inlet and Outlet opening of the container

Lobj

Length of the object

x, y

Cartesian coordinates

P

Pressure of the flowing fluid

X, Y

Dimensionless Cartesian coordinates,

Pr

Prandtl Number

ρ

Density of fluid

P

Pressure in the dimension less form,

ω

Vorticity

Re

Reynolds number =

υ

Kinematics viscosity of fluid

Ra

Rayleigh Number, Gr.Pr

θ(x,y)

Dimensionless temperature,

T∞

Ambient temperature

ψ

Stream function

Tobj

Temperature of the object

ψo

Initial value of Stream function
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Abstract
xperimental data reveals an apparent improvement in the internal
quantum efficiency (IQE)
and the open circuit voltage (Voc) of dilute nitride
n+ GaAs/p Ga(In)NAs solar cells after indium incorporation and certain annealing process. In this article we have investigated
quantitatively various influential parameters including absorption coefficient (α), depletion width
(W), minority carrier dif-
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fusion length (L) and trap
depth energy level (Ea) affecting on these quantities.
The detailed data analysis
showed applying both these
processes tend to wider
active region (W+L) and
shallower N-related trap
levels. These results are
consistent with the improvement of the material
quality.
Keywords: Solar Cell, Dilute Nitride Ga(In)NAs,
Annealing, Quantum Efficiency, Open Circuit
Voltage.

substantial decrease of the fundamental energy gap.
However, poor minority carrier properties, associated
with dilute nitrides have hindered the success of these
approaches. The degradation of the InGaAsN crystal
quality is, at least in part, due to native point defects
with deep levels in the band gap, which could act as
recombination or compensating centres [2, 3].

1. Introduction
Recently, the III-V alloys InGaAsN and GaAsN have
attracted considerable attention due to their unique
physical properties and the wide range of their possible
application in optoelectronics and multijunction solar
cells. The monolithic series-connected GaInP/GaAs/Ge
three junction solar cell manufactured by Spectrolab, has
demonstrated efficiency in the order of 39.0% (under
concentration) making this cell the preferred device for
space applications [1]. Even higher efficiencies could be
achieved in a next-generation device by introducing an
additional junction of ~1-eV bandgap between the GaAs
and Ge junctions and would allow for an even better
exploitation of the solar spectrum. The leading candidate
material for the realization of this junction is Ga1-3xIn3xNxAs1-x
which can be fabricated lattice matched to GaAs and Ge
with a band gap in the range of 1.0-1.25 eV. Nitrogen
incorporation, in the order of a few percent leads to a

To increase the photocurrent in such devices, two
ways are employed: an intentional addition of indium
atoms to the dilute nitride GaNAs material, i.e. GaInNAs
and investigating for their annealing recovery behaviour.
Here, we have focused on both these considerations in a
n+/p heterostructure made of GaAs/Ga(In)NAs, as reported by Khan et al [2]. These samples were grown by
metal organic chemical vapour deposition (MOCVD). The
device structure was 0.1 µm 1018 cm-3 Se-doped GaAs
grown on ~1017 cm-3 Zn doped 3-µm-thick Ga(In)NAs
and is the same as the n-on-p structure. The experiment
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was designed to evaluate the effect of annealing on
samples with (3%) and without indium. The as-grown
GaInNAs sample was annealed at 700 °C for 30 min
under 1 atm of hydrogen at the time of growth. Some
measured and evaluated quantities including the open
circuit voltage (Voc), band gap (Eg) and the modelled
diffusion length (L) are given in Table 1.

In order to analyze these data we have used the theoretical expression [3]:
(1)
where L is the minority carrier diffusion length, W is
the depletion width and α(λ) is the absorption coefficient
as a function of wavelength. According to Eq. (1) to find
IQE of these devices we have to know the absorption
coefficient spectrum, α(λ), for each sample. Figure 2
shows the energy dependence of this quantity for GaAs
and Ga(In)NAs on the basis of procedure suggested by
Ptak et. al. [4]. According to this method, the absorption
coefficient of the diluted Ga(In)AsN material could be
approximated by shifting the GaAs absorption coefficient
spectrum [5], so it matches with the band gap of the
material, Table 1.

TABLE 1. Data summary of band gap, open circuit voltage
and electron diffusion length of the interested as-grown
and annealed (annl.) samples [2].

Sample ID

Material

Eg (eV)

Voc (V)

µm)
L(µ

MF374

GaNAs

1.19

0.58

0.02

MF373

GaNAs (annl.)

1.21

0.62

0.11

MF371

GaInNAs

1.24

0.665

0.06

MF370

GaInNAs (annl.)

1.23

0.675

0.21

Absorption coefficient (cm-1)

In this article, which can be complementary to the
source paper, we intend to analyse the IQE data in these
samples to find out more careful explanation for their
variations.
2. Results and Discussion
Figure 1 shows the energy spectrum of IQE of the
reported samples [2]. The open and solid circles are corresponding to the as-grown and annealed GaNAs samples
and the open and solid squares representing these variations for the as-grown and annealed GaInNAs samples,
respectively. As it is notable from these experimental
data annealing operations and In incorporation processes
are very efficient in raising the IQE of samples.

Figure 2. The calculated variations of absorption coefficient vs.
photon energies for GaAs, GaNAs and GaInNAs samples, before
and after annealing process (see the text).

Internal Quantum Efficiency

Now, using the calculated variations for α vs. photon
energy, also considering the minority carrier diffusion
length, Table 1, in Eq. (1) we could find the depletion
layer width (W) in each sample as the fitting parameter.
Our results are shown in Figures 3 (a, b, c and d). For
more clarity, we have also shown the expected IQE
spectrum for other depletion widths around the optimum
value in each sample.
Table 2 represents the calculated results for W and
simply provides comparison with corresponding L values,
and the width of active region (W+L) in these cells. For
more clarity, we have shown the variations of active
width in Figure 4. These results are completely compatible with the sequence of IQE data above 1.25 eV shown
in Figure 1.

Figure 1. The compiled IQE data in the studied samples [2].
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Figure 3. IQE vs. photon energies in :(a) as-grown GaNAs, (b) annealed GaNAs, (c) as-grown GaInNAs,
and (d) annealed GaInNAs sample. Each curve in these figures shows the theoretical IQE for a given
depletion width (W).

sample
GaNAs

GaNAs
(annl.)

GaInNAs

GaInNAs
(annl.)

MF374

0.131

0.142

0.136

0.163

MF373

0.02

0.11

0.06

0.21

MF371

6.6

1.3

2.3

0.8

MF370

0.151

0.252

0.196

0.373

parameter

µm)
Active width, W+L (µ

TABLE 2. The modelled W and L values, W/L ratio and
active width (W+L) of studied samples.

The variations of these important quantities, i.e. L and
W can be explained under the following three statements:
Figure 4. The calculated active width region in as-grown and
annealed GaNAs and GaInNAs samples.

(1) According to data reports in Table 1, as In atoms
are added to GaNAs, i.e. GaInNAs samples, the
electron diffusion length (L) has increased by a
factor of 3. Interestingly, this quantity has risen
again by a factor of ~3.5 after annealing process.
According to the well-known theories, L is related
to the diffusivity (D) of the carriers (
), and
D itself is proportional to the mobility (µ) of the
carriers [D=(kBT/q)µ] where kB is the Boltzmann

constant and q is the electronic charge. Therefore, as
indium atoms are introduced to the material the strong
scattering mechanism made by the Ga-N clusters tend
toward random scattering of nitrogen atoms as a result
of more randomly distribution of In-N bonds [6], which
enhance the carriers' mobility correspondingly. The
mobility enhancement may improve even more by heat
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treatment due to the reduction of N-related scattering
mechanisms, including cluster alloys, traps and dislocations [7-11].

~ -0.37 eV, given Na ≈ 1017 cm-3, Nv = 9x1018 cm-3
and Nc = 5x1017 cm-3. For GaNAs considering all
traps are ionized:

(2 ) Comparing the optimum depletion width (W) in
various samples, it is obvious that although addition
of indiums has improved this quantity (only by a
factor of ~1.04), but after annealing the GaInNAs
sample it has raised more efficiently, a factor of
~1.24. By these evidences, one should say that
incorporation of indiums plus heat treatment have
profound effect on reduction of N-related acceptorlike traps [2] acting as recombination centres in
the material, which in turn tends for a wider W.

(3)
where Et is the trap energy, nt the concentration of
electrons in the trap level and Nt is the trap
concentration. If nt/Nt in GaNAs is approximately
equal to n/Nc in GaAs then:
(4)
where Ea (= Ec - Et) is the trap depth energy level
relative to the conduction band edge (Ec). Therefore, the variations in Voc, Table 1, could be due
to the depth degradation of nitrogen related trap
energy levels from deep nature in GaNAs from ≈
(0.24) / (0.22) eV, (as-grown) / (annl.), to shallow
characteristic in GaInNAs , ≈ (0.205) / (0.185) eV.
This explanation is consistent with other experimental and theoretical research reports in these
samples [9, 13, 14].

(3 ) According to reported Voc data in these samples,
Table 1, a systematic increment is evident. A
rough theoretical estimation for this quantity has
been made by Kurtz et. al. [12] in GaAs and dilute
GaNAs materials. They showed Voc, the difference
between the electron and hole quasi-Fermi levels
under illumination, for GaAs can be given by:
(2)

The above facts strongly indicate that the processes
of indium incorporation in the dilute nitride GaNAs and
heat treatments then are very effective in improving the
material quality for achieving high internal quantum
efficiency in such solar cell based devices.

where n is the electron concentration, Nc is the
density of states at the conduction-band edge, Ec
is the conduction-band electron energy, k is
Boltzmman's constant, and T is the temperature.
Then, the logarithmic term could be estimated as

Conclusions
In this article, we have investigated quantitatively various influential parameters including absorption coefficient
(α), depletion width (W), minority carrier diffusion length (L) and trap depth energy level (Ea) affecting on IQE
and Voc in n+ GaAs/p Ga(In)NAs dilute nitride semiconductor solar cells, after indium incorporation and certain
annealing process. The detailed data analysis showed applying both these processes tend to wider active region
(from 0.151 to 0.373 µm, a factor of ~x2.5, Figure 3) and shallower N-related trap levels (from 0.24 to 0.185 eV).
These results are consistent with the improvement of the material quality.

[4] A. Ptak, D. J. Friedman, S. Kurtz and R. Reedy. Appl. Phys. Lett. 98,
094501 (2005).
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1. Introduction

a LV 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 [ combined
heat and power (CHP)] [3]. The MG is intended to
operate in the following two different operating
conditions:

The need of reducing CO2 emissions in the electricity generation field, recent technological developments
in the micro generation domain and electricity business
restruction are the main factors responsible for the
growing interest in the use of micro generation [1-2]. In
fact the connection of small generation units- micro
sources ( MS ), with power rating less than a few tens of
kilowatts- to low voltage (LV) networks, potentially increases the reliability to end users and brings additional
benefits for global system operation and planning,
namely, regarding investment reduction for future grid
reinforcement and expansion [3].

●

●

In this context, a Micro grid (MG) can be defined as
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Normal Interconnected Mode: the MG is connected to a main medium volatge (MV) network,
either being supplied by it or injecting amount of
power into the main system.
Emergency Mode: the MG operates autonomously,
in a similar way to physical islands, when the disconnection from the upstream MV network occurs.
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All references mentioned before used EMTP/ATP
and PSCAD/EMTDC software Packages to analyze the
dynamic behavior of the micro grid components. Those
packages when used to simulate inverter and other micro
grid components, many assumptions are taken into
consideration. So that, the main goal of our work to
build our own model for simulation and analyzing all
micro grid components more accurately. The work
discussed in this paper describes and implements three
models of inverter control schemes:

It will not be common to find fully controllable
synchronous generators in a MG, which are normally
responsible for voltage and frequency control in conventional power systems. Most micro sources (MS)
technologies that can be installed in a MG are not
suitable for direct connection to the electrical network
due to the characteristics of the energy produced. Therefore, power electronic interfaces (dc/ac or ac/dc/ac) are
required. Inverter control is thus the main concern in MG
operation as shown in Figure 1.

I. Active and reactive powers (PQ) control scheme.
II. Active power and voltage (PV) control scheme.
III. Voltage and frequency (Vf) control scheme.
The remaining components of MG will be discussed
and implemented in the next steps of our research.
To conduct the proposed studies, a general aspect of
inverter interfaced generation system is described in
section II. Section III discuses theoretical consideration
on active and reactive powers control. Section IV shows
the voltage source inverter (VSI) model. The three proposed control schemes are described in section V.
Section VI gives the Matlab® simulation of each model.
Results of the study and discussion are reported in
section VII. Conclusions are stated in section VIII.

Figure 1. Illustration of a micro grid with several micro sources,
inverters and electrical loads.

A. General Overview
In references [4] and [5], a control scheme based on
droop concepts to operate inverters feeding a standalone
ac system is presented. Fault events that may lead to
islanding of a distribution system are discussed in reference [6]. In references [7] and [8], the behavior of Distributed Generators (DGs) connected to distribution networks has also been addressed. However, the dynamics
of the primary energy sources has not been considered,
not allowing obtaining the full picture of the MG longterm dynamic behavior, which is largely influenced by
the MS dynamics. The feasibility of the MG islanding
mode concept was laboratory tested in a prototype
installed in the National Technical University of Athens
(NTUA), which comprises a photovoltaic generator,
battery energy storage, loads, and a controlled interconnection to a LV grid [9]. The converters used to couple
the photovoltaic generator and the battery storage to the
LV grid allows MG operation either in a LV grid interconnection mode or under islanded conditions. Also,
experimental tests for islanding and synchronization
were presented in reference [9].

2. General aspects of inverter interfaced
generation systems
There are two basic classes of DC and AC micro
sources. DC micro sources such as fuel cell, photovoltaic
cells, and battery storage, and AC micro sources such as
micro turbine that generate power at a frequency of a
few kHz. The output voltage of the first category of micro
sources is converted to AC at the desired 50 or 60 Hz
frequency by means of voltage sources inverters (VSI)
where as the output of the second category should first
be rectified and then, VSI is applied. For both classes of
micro sources, the voltage source inverters (VSI) play a
vital role in the system when the interference of the micro
sources with the AC power system occurs [10-11]. The
configuration of the basic inverter interfaced generation
system or briefly micro sources is shown in Figure 2.
The key components of the system are: energy source,
DC link capacitor, voltage source inverter (VSI), and
coupling inductance [8].
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4. Voltage Source Inverter (VSI) model
As the ultimate aim is to analyze generation control
in isolated system (MG), it would not be advantageous
to consider the details of inverter switching. If such details
are considered then, extra effort should be done to compensate the undesired effects of generated harmonics.
So, in this paper an ideal model is considered for VSI and
inverter voltage and is represented using three controlled
sinusoidal voltage sources defined as [11]:

Figure 2. Basic inverter interfaced generation system.

3. Theoretical considerations on active
and reactive powers control

(3)

The basic and minimum requirement of voltage
source inverters is to control the flow of active and
reactive powers between the micro sources and AC
power system. So, the first step in studying the subject
of generation control in a small isolated power system
(MG) is to see how individual energy sources, which are
coupled through VSI, contribute to providing active and
reactive powers which variables influence the flow of
active and reactive powers [11]. The voltage source
inverter controls both the magnitude and phase of its
output voltage (V in Figure 2). The vector relation-ship
between the inverter voltage (V) and the local MG
voltage (E in Figure 2) along with the inductor's reactance
determines the flow of active and reactive powers from
the micro sources to the MG. The corresponding mathematical relations for P and Q magnitudes are the following equations:
(1)

In this case the control variables are V and δV.
5. Various control schemes of Voltage
Source Inverter (VSI)
5.1 Voltage Source Inverter with PQ Controller
Scheme
The basic structure of VSI PQ controller is shown in
Figure 3. [5,13].

(2)
Figure 3. Basic Structure of the inverter PQ control scheme.

Concerning above expressions the following points
can be raised [11]:

As it was previously stated that active and reactive
powers can be controlled independently to a good extent,
then as shown in Figure 3, two PI controllers would
suffice to control the flow of active and reactive powers
by generating the proper values of V and δV based on the
instantaneous values of voltages and currents which are
measured from local micro grid voltage (Ebus).

- For small changes, P is predominantly dependent
on power angle (δV - δE) and Q is dependent on the
magnitude of the inverter's voltage (V) and as consequence the control of active and reactive powers
flow reduces the control of power angle and the
inverter's voltage level.
- Based on the previous point, although the flow of
active and reactive powers is not completely
decoupled, they are independent to a good extent.
In other words, the control of each one has only a
minor impact on the other one [11].

If the ideal model is considered (Inverter switching
details are ignored) for the inverter, the control system
will be simplified to the configuration shown in Figure 4
[11].
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(4)
And as a consequence
(5)
The value for Vmin is found in a similar way:
(6)
Eref is the reference voltage.
Qmin stands to represent the minimum value that the
unit has when operating as an inductor. Such operation
may be needed to depress the voltage V swells i.e. when
E tends to be larger than its required value [12].

Figure 4. Simplified inverter PQ control scheme.

5.2 Voltage Source Inverter (VSI) with Active PowerVoltage (PV) Control Scheme

5.3 VSI Voltage-Frequency (Vf) Control Scheme

The previous section discussed about PQ control
scheme, the similar scheme can be developed when the
controller is regulating active power injection and supporting bus E voltage magnitude. As shown in Figure 5,
active power control loop will be similar to the previous
scheme, and to regulate the voltage, the set point is compared with the measured voltage E and a PI controller,
which is responsible for generating the adequate voltage
magnitude V [11].

As its name suggests, in order to develop a model for
voltage-frequency controlled inverters, two control loops
are needed. Voltage control loop is the same as the one
which was previously developed for PV controlled
inverter. Frequency controller can also be a PI controller
which is driven by subtraction of the system frequency
from 50 or 60 Hz. As shown in Figure 6, frequency of
the system can be measured by a PLL (phase locked
loop), and in order to get a better performance, a feedforward controller can be implemented.

Figure 5. Inverter PV control scheme.
Figure 6. Frequency regulation part in Vf control scheme.

The voltage V is limited by some maximum and minimum value which both can be estimated by the maximum and minimum injection of reactive power. Briefly
speaking, maximum and minimum values of voltage at
V- bus corresponds to maximum and minimum values of
injected reactive power [12]. The maximum value for
this voltage (Vmax) is required when the inverter injects
maximum reactive power and zero active power. Zero
active power injection implies δV = δE or cos (δV - δE) =1,
so based on equation 2, Qmax and Vmax satisfy the following relation [12]:

6. Implementation of various VSI controller
schemes in Matlab® Simulink®
environment
6.1 PQ Controlled VSI
Details of the models developed for implementation
of an ideal voltage source inverter with PQ control
scheme is shown at the end of the paper. Figure 7 shows
the model blocks diagram input and output terminals.
The input terminals are Pref and Qref which represent the
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amount of active and reactive powers desired to be
injected in the power system. The output terminals are
Pout, and Qout is the amount of active and reactive power
actually injected in the power system (MG). The voltage
terminals Va, Vb and Vc which will coupled to the power
system(MG).

Figure 9. Vf controlled VSI block.

7. Results and discussions
7.1 Results for the PQ Controlled VSI
Figure 10, shows PQ controlled VSI connected to
AC system and also feeds a fixed load with rating
(40[kW], 40 [kVar]). A disturbance load is inserted (or
shedded) by means of 3-phase breaker. Different cases
are considered as follows:

Figure 7. PQ controlled VSI block.

6.2 VSI with PV Control Scheme

Case 1: Figure 11 shows the response of the PQ

Details of the model developed for implementation
of PV control scheme for an ideal VSI is shown at the
end of the paper. Figure 8 shows the model block
diagram with its input and output terminals, in this
scheme the input terminals are the voltage (Eref) and
active power (Pref) desired to be injected in the power
system. The output terminals are the voltage (Vout) and
active power (Pout) which are actually injected in the
power system, also the inverter voltage terminals (Va, Vb
and Vc) which is used to couple the inverter to the MG.

controllers when the inverter connected to
AC source (1 MVA) and a disturbance load
with the same size of the fixed load is
inserted at (t =1sec.).

Case 2: Figure 12 shows the response of the PQ
controllers when an extremely large disturbance load (400[kW], 400 [kVAR]) inserted
at (t=1sec.).

Case 3: Figure 13 demonstrates output results
when a disturbance load (400[kW], 400
[kVAR]) is inserted at (t=1sec.) then shedded
at (t=1.5sec.).

Case 4: When the voltage source inverter (VSI) is
connected to more stiff AC system (10 MVA),
the response of PQ controllers during the
disturbance will be better than before (AC
system with 1 MVA) as shown in Figure 14.
Figure 8. PV controlled VSI block.

6.3 VSI with Vf Control Scheme
The detail of Matlab® Simulink® model developed for
implementation of VSI voltage-frequency (Vf) control
scheme is also shown at the end of the paper. Figure 9
shows two ports block diagram with its input and output
terminals. The input terminals are reference frequency
(f0 = 50 or 60 Hz) and the reference voltage (Eref). The
output terminals are the network frequency (f), the network voltage (Vout) and the output voltage terminals of
the inverter which couple the inverter to the power system.

Figure 10. PQ controlled VSI connected to load, AC system and
disturbance load.
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Figure 14. Response of PQ controllers with (400[kW],
400 [kVAR]) disturbance load inserted at (t=1sec.) and
VSI is connected to more stiff AC system (10 MVA).

Figure 11. Response of PQ controllers with disturbance load
(40[kW], 40 [kVAR]) inserted at (t=1sec.).

Concerning the results, the following observations
can be obtained:
●

●

Figure 12. Response of PQ controllers with (400[kW], 400
[kVAR]) disturbance load inserted at (t=1sec.).

Both controllers (P&Q) demonstrate an excellent
response.
Both P&Q controllers are not influenced by the
insertion of a load with the same value of the fixed
load (40[kW], 40 [kVAR]) as shown in Figure 11,
while inserting or shedding an extreme load
(400[kW], 400 [kVAR]) has a certain effect on the
controllers but it will return to its steady state in a
short time, and this occur when the inverter is connected to non stiff (1 MVA) AC system as shown
in Figure 12 and Figure 13. When the inverter is
connected to a more stiff AC system, inserting or
shedding an extremely load has negligible effect
on the response of PQ controllers as shown in
Figure 14, because any extra power more than that
of supplied by the inverter is provided by the AC
system.

7.2 Results for the PV Controlled VSI
Figure 15 shows PV controlled VSI connected to
AC system and also feeds a load with rating (40[kW],
40 [kVAR]). A disturbance load is inserted (or shedded)
to the network by closing or opening of 3-phase breaker.
Different cases are considered as follows:

Figure 13. Response of PQ controllers with (400[kW],
400 [kVAR]) disturbance load inserted at (t=1sec.)
then shedded at (t=1.5sec).
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The effect of load shedding on the response of PV
controller is observed in Figure 18.

Figure 15. PV controlled VSI connected to load, AC system and a
disturbance load.

Figure 18. Response of PV controllers when a disturbance load
(400 [kW], 400 [kVAR]) is shedding at (t=2sec.)

Figures 16 and 17 show the response of PV controllers
when load insertion is considered, and the VSI is connected to AC system with (1 MVA).

If the PV controlled VSI is connected to more stiff
AC system (10 MVA), the effects of disturbance on the
controller response has a negligible effect and this is
shown in Figure 19.

Figure 16. Response of PV controllers with a disturbance load
(40[kW], 40 [kVAR]) inserted at (t=1sec.).
Figure 19. Response of PV controllers when VSI connected to
stiff AC system (10MVA) and a disturbance load (400[kW],
400 [kVAR]) is inserted at (t=1sec.).

Concerning the results, the following observations
can be obtained:
●

●

Figure 17. Response of PV controller with a disturbance load
(400 [kW], 400 [kVAR]) inserted at (t=1sec.).
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The results prove that the response is quite fast and
stable.
It is to be emphasized that the response of voltage
controllers is influenced by Vmax of inverter, as
achieving E=1[p.u.] may require a huge amount of
reactive power injection or large increase of V that
may not be allowed due to the limited capability of
power electronic devices, however, in order to get

R.M. KAMEL, A. CHAOUACHI & K. NAGASAKA / ISESCO Science and Technology Vision - Volume 7, Number 11 (May 2011) (76-84)

the voltage back to 1 [p.u.] after the disturbance,
such limitations were removed in the corresponding
model.
●

When PV controlled VSI is connected to more stiff
AC system, inserting or shedding an extreme loads
has a negligible effect on the controller response.

7.3 Results for the Voltage- Frequency (Vf) Controlled
VSI
The inverter model connected AC system, fixed load
and a disturbance load is the same as the system shown
in Figure 15 except the PV controlled VSI is replaced
by Vf controlled VSI. Different cases considered are
shown in the following figures. Figures 20, 21 and 22
show the effects of load inserted and load shedded in the
response of Vf controller.

Figure 21. Response of Vf controller when a disturbance load
[(400[kW], 400 [kVAR]) inserted at (t=1sec.).

Figure 22. Response of Vf controller when a disturbance load
(400[kW], 400 [kVAR]) shedded at (t=1sec.).

The results show that Vf controller has a quite stable
response for all different disturbance cases. The condition
which is considered for voltage controller in PV scheme
is also considered here in the corresponding model.

Figure 20. Response of Vf controller when a disturbance load
[(40 [kW], 40 [kVAR]) inserted at (t=1sec.).

Conclusions
This paper presented the primary evaluation of three models developed for controling the voltage source inverter
which used to interface the micro sources to the micro grid. The response of each controller scheme (PQ, PV and Vf)
is evaluated at different disturbance conditions. It is found that, the three controller response under various disturbance
conditions proved to be quite fast and stable. For PQ controller, it is found that the active and reactive powers injected
by inverter have a very small oscillation less than 0.1% (nearly constant), after disturbance the controller is capable
to return the active and reactive powers to its steady state values in a very short time (nearly 0.02sec). The second
controller (PV) keeps the active power and voltage at constant value, even after disturbance; the controller can return
those values during a very short time. The (Vf) controller can return the frequency to its nominal value but may be in
relatively long time (0.3sec.). The authors next step research will be the evaluation of response of these controllers
when all the controllers operate in the same power system simultaneously. Also, the evaluation of the response of
these models when the dynamic behavior of the micro sources which feed the VSI is taken in considerations.
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