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ABSTRACT

This paper describes photovoltaic module assemldy a
appropriate technology in Pakistan. The paper rfsedy
describing a three-week workshop in July 2009, imcv a
group of twenty unemployed people in Karachi, Pakisvere
successfully trained in photovoltaic module assgmilodule
components and assembly techniques are summaFaethrs
pertinent to sustaining the project as a viable inass
enterprise, including the beneficial social extéities are
discussed and analyzed. System designs for usetinusban
and off-grid rural settings are proposed and energtputs
from the systems are simulated. In summary, thpepa
presents a thorough case study for expanding fhieatibn of
photovoltaic technology in developing nations.

INTRODUCTION

With a population of over 170 million, Pakistantie sixth
most populous nation in the world. A developing oy by

almost all standards, the poverty rate is curreasiifmated at
25% and the overall literacy rate is 56% [1]. Ptais

economy is predominantly agro-based, though effmtsbeing
made to develop and expand the industrial base. @rthe

greatest challenges facing the country is providarga rapidly
growing population. Despite a population growtheraf over
2% per year, the health and education sectors retaajely
neglected, with the largest share of the annuatriddoudget
going towards defense. These budget priorities hexvéo high
infant and maternal mortality rates as well as sly@s in
housing, water and energy. A related challengéésproblem
of rural-urban migration whereby vast numbers ajpgte from

the countryside migrate to the major cities in ekaof

employment, contributing to the problem of urbamasg. In

summary, the socioeconomic issues facing Pakistanvery
similar to those of most developing countries ia World [2].

Access to affordable and reliable sources of energgsential
for the socioeconomic progress of developing natisuch as
Pakistan. In 2006, Pakistan’s energy use per capés 480
kWh, which is almost 6 times less than the inteoma
average [3]. Only 55 % of the people have accestettiricity,

with large areas of the vast countryside excludennfthe
national grid [4]. Pakistan also faces a criticalpr deficit of
over 4,000 MW [5]. As a result, utilities resom toad-
shedding on a regular basis, which can continueséeral
hours a day during the summer season in particMareover,
almost 80 % of Pakistan’s electricity is generatiexnin fossil
fuels, which made up about 25% of the total impatt in
2007, and is a huge burden on the exchequer [6].

Renewable energy resources that are technologizalbye and
have prospects to be exploited commercially in $aki
include hydropower, bio-energy, wind energy andusehergy.
Solar energy, in particular, is an extremely viapl@spect.
Much of Pakistan, especially the southern provinzeSindh
and Balochistan, receive an average solar irradiafcabout
200 W/nf and 3,000 hours of sunshine a year, which rank
among the world’s highest insolation averages. ldepakistan

is an ideal candidate for the utilization of bothofovoltaic
(PV) and solar-thermal technologies [7].

This paper describes a three-week workshop in Bekis
which twenty unemployed people were instructed M P
module assembly, using methods well-matched witke th
principles of appropriate technology. The papestfiescribes
the workshop activiies and summarizes the module
components and assembly techniques. Next, facttegant to
sustaining the project as a viable business ergergncluding
the beneficial social externalities are discusgatbrgy output
from modules when used in both urban and off-gridalr
applications is simulated. Finally, current chafles inhibiting
the large-scale implementation of the project asewbsed.

WORKSHOP ACTIVITIES

During a three-week workshop in July 2009, a grofipventy
unemployed people in Karachi, Pakistan were sutdbgss
trained in low-tech PV module assembly. The worlskas
conducted by Richard Komp Ph.D, director of US-basen-
government organization (NGO) Skyheat Associatelsaarthor

of the bookPractical Photovoltaics Revised 3™ Edition [8].
Komp has pioneered a PV module assembly method- well
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matched with the principles of appropriate techgglousing
only locally available materials, except for theapsulant and
the solar cells. He has conducted PV assembly Wwogss in
countries such as Nicaragua, Mali and Haiti, makisg of off-
spec solar cells that are rejected by major matufacs.
Currently groups in these countries are assemhlozens of
panels a year, providing unskilled workers with ogpnities
for long-term gainful employment and economic ineleglence

[9].

Galaxy of Youth (GOY), a Pakistani-based NGO focusa

welfare projects for expanding opportunities fog gouth, was
the primary partnering organization and platformtfee project
in Pakistan. The Institution of Electrical and &tenics

Engineers Pakistan (IEEEP) and the Pakistan Altema
Energy Development Board (AEDB) also provided etiper
and resources.

e (
Fourteen 60-Watt PV modules were assembled by the Figurel. Solderingribbon ontothePV cells

participants during the workshop. The participacasie from
very diverse economic and academic backgroundgjingn
from uneducated refugees from troubled areas imtréhern
part of the country to local Karachiites with diplas and
college degrees. However, the PV module assembtjpaode
taught were relatively straightforward, such thabgle of all
skill and experience levels were able to learn tdghniques
equally well.

Off-spec, 15 cm x 8 cm, 0.5V, 3.6 A, poly-crystadl silicon
PV cells manufactured by Evergreen Solar were lisetthe
workshop. The cells were rejected by the manufactur
primarily due to cosmetic defects, and hence weraanteed
to provide the same performance and efficiencyegsilar on-
spec cells.

Sylgard 184, a two-part silicone elastomer manufact by

Dow Corning was used to encapsulate the cells. The
encapsulation method employed was developed by dvarc

Antonio Perez, a Nicaraguan peasant working with @rupo
Fenix (a renewable energy group in Nicaragua) urttier
direction of Dr. Komp [10]. Other than the cellsdathe
encapsulant, all other materials and componentsinext) for

module assembly including the aluminum frame, commo

window glass, connecting wires, terminal stripdgdeong irons
and solder, were available locally in Karachi. tidion, two
large rolls of 75 g/fh standard printer paper and thin
polyvinylchloride (PVC) plastic material were alsdtained
locally.

Each 60-Watt PV module was assembled using 36 ioheaV
cells connected in series to provide a rated vel@fgl8 V. The
first step in the module assembly was soldering Riecells
together in series using 15-cm long, narrow tirtgelacopper
ribbons, as shown in Figure 1.

Participants were instructed to solder three striafj12 cells
each, in order to fit all 36 cells on a 51 cm x 107 sheet of
glass. The voltage and current of each string otdls was
tested in sunlight, as shown in Figure 2, beforeceeding to
the next step of encapsulating the cells.

e

Figure 2. Testing the voltage and current output of the cell-strings

in sunlight

To prepare for the encapsulation process, six fayef
newspaper were sandwiched between two
polyethylene plastic material on a hard, flat scefarhis served
to soften the surface as well as protect the wadspNext, a
sheet of PVC plastic material was placed on thdasar
followed by a sheet of plain white printer papenttB sheets
were cut to dimensions slightly larger than thesgland the
paper was marked with the 51 cm x 107 cm glass miinas,
to facilitate the placement of the cell strings.

The three 12-cell strings were then laid on theepdpce-up
with minimal space between them. The strings wdezegu
such that the positive end of one string was adfate the
negative end of the next string. Also, the ribbons at the
ends of the strings were passed through slotsndiliei paper in
order to facilitate the series connection betwdencell-strings
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after encapsulation. Figure 3 shows the cells b&gon the
paper before encapsulation.

Y7

. | ]
Figure 3. PVcells laid on plain white printer paper in preparation
for encapsulation

Next, 400 ml of the Sylgard silicone was thoroughtyxed
with 20 ml of the accompanying catalyst. The siieavas then
carefully and evenly poured over the cells andgdyes between
the strings, as shown in Figure 4. After the payipnocess was
complete, the silicone was carefully spread acedisthe cells
to ensure an even coating.

& |
Figure 4. Pouring thesilicone to encapsulate the strings of cells

In the encapsulation process, the encapsulant gnptes the
porous layer of paper underneath the cells vialleapiaction
and ensures complete moisture sealing. The poraditthe
paper is a critical factor in the process. Moreptee ease and
effectiveness of this particular encapsulation meétis what
makes low-tech PV module assembly a viable prospadt
allows for assembly of modules comparable to corciaky
manufactured modules in quality and durability [10]
Commercially manufactured modules typically useyletinyl

acetate (EVA) to encapsulate the cells using expens
laminating machines.

After a few minutes, the glass was laid on tophef tells, using
the marks made on the paper to assist in posigorfihe glass
“floats” on the layer of silicone spread on theface of the
cells. Next, heavy weights were laid on top of tjlass to
provide pressure and squeeze out air towards tes gidges.
Air gaps would increase the module’s reflectivitydahence
reduce its electrical output.

The module-in-making was then left to cure overhigthroom
temperature, which is about 30 C during summer amakhi,
allowing for relatively quick curing. After curinghe module
was turned over and the soldering connections bethi@ paper
were completed. After retesting the electrical attpthe
module was framed with locally purchased aluminuen t
provide mechanical strength. A terminal strip walso

included for ease of use. Figure 5 shows parti¢garith two
completed 60-Watt modules, ready for installation.

Figure5. Two completed 60-Watt modules

About four man-hours of labor were required to adde a

module from start to finish. Along with 60-Watt mdds,

participants were also instructed in cutting brokencracked
PV cells to make standard sized smaller cellsHerdesign and
assembly of 30-Watt modules, small 6-Watt modutesctll-

phone charging applications, and small solar battbargers.
Moreover, participants were also taught how toalhstind wire

solar modules and fabricate aluminum mounting faniehe

workshop participants installed the fourteen mosluirade
during the workshop in three different locationdtie city.

POTENTIAL SOCIOECONOMIC IMPACT

Photovoltaic module assembly as appropriate tedgyotan
serve to provide gainful employment for Pakistawirkers, as
well as play an important role in the managemeraKistan’s
energy crisis. The material costs of the 60-Wattdot®
manufactured at the workshop were less than $1r5peak-
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Watt, with the imported cells and encapsulant nigtenaking
up about 80% of the total cost. According to prétiany
business plans drawn up by local investors intecesh the
business model, solar modules can be manufactor&drachi
for a production cost of less than $2 per peak-\V¥attusive of
overhead and labor costs. Given that pre-asseminigmhrted
solar modules from China and Germany are availablecal
markets for about $4 per peak-Watt , the businesspgcts for
modules assembled locally, using the labor intent#¢hniques
described above, are very bright. The governmerRalistan
has also deemed the import of unassembled comporient
renewable energy products such as solar moduley;frae,
which is an added economic bonus and incentive [7].
Moreover, both local and imported varieties of hak of
system components such as charge controllers aadéns are
available in Pakistani markets.

The model will reap the greatest benefits for Rakisif
implemented in rural areas not connected to thimmelt power
grid. AEDB has already begun implementation of $slar
Home Systems program (initiated in 2005) throughictvh
individual households in remote villages, at lea3tkm away
from the national grid, are being provided with #nRAV
systems, primarily for lighting [11]. However, ralaely
expensive imported modules have been used in systhnss.
Developing a program and infrastructure to emplidiagers to
assemble and install solar modules in their owlagéds would
contribute to the sustainable energy industry atghassroots
level. Being a labor intensive process, PV assemdnyprovide
much needed jobs directly in impoverished rurahsardelping
slow the rural-to-urban migration that is the bariePakistan
and many other developing countries. Also, the afslecally
available materials will drive costs down, preveminey from
leaving the local economy, and encourage the growfth
subsidiary support industries. Current existing NG@nd
government organizations which provide micro-cresditvices
can assist in making the PV systems more accessitk
affordable. Indigenous module assembly using loleddor

would also lead to a greater sense of ownership and

responsibility amongst end-users, which is critical the
success of any development project. Providing actesnergy
is also an extremely important tool in poverty al¢ion: The
provision of light during nighttime can enhance dguotivity
and prevent indoor pollution caused by kerosenepsam
Finally, the ability to operate televisions and ic&sdwould
provide greater access to education and informatonural
households.

SOLARSIM METHOD FOR
PHOTOVOLTAIC POWER OUTPUT
Power output of the PV panels is predicted usirgSblarSim
software [12]. The method used by SolarSim is st foredict
total solar radiation on the collector surface, émeh predict
PV power output using performance data of the PMefsaand
power conditioning equipment. The method is déscti
below.

PREDICTING

The procedure for calculating total solar radiat@na surface
at any orientation is called the Hay, Davies, KichReindl
(HDKR) method [13]. The method uses location, tiamed
hourly total solar radiation on a horizontal sudadata to

predict hourly total solar radiation on a surface amy
orientation.

Hourly total solar radiation on a horizontal sugfag, can be
measured by relatively inexpensive solar pyranoreed@d is
included in most data sets of typical meteoroldgitzeta. For
example, Typical Meteorological Year TMY [14], EggrPlus
Weather EPW [15] and International Weather for Bger
Calculations IWEC [16] files all contain 8,760 hhyurecords

of I, data and are available for hundreds of U.S. and
international sites. The method for calculatintps@adiation

on the collector surface is demonstrated using TMi¥3, but

is easily adapted for other data sources.

Calculate Local Solar Time

Hourly data in TMY2 files are recorded in standérde. To
calculate local solar time, adjustments must beemadiccount
for the longitude within the time zone and perttidozs of the
earth’s rate of rotation. To do so, calculate dag of the year
in degrees, B, from the day of the year, n, (1-365)

B =(n-1) 360/ 36 (1)
Calculate the equation of time, E:
E =229.2 [0.000075 + 0.001868 cos—0.032077  (2)

sin(B) — 0.014615 cos(B) — 0.04089 sin(2B)]

Calculate the standard longitude, Ingstd, from tihee zone
number, tz, (which is listed in the TMY2 header):
Ingstd =-15 tz 3)
Calculate the local solar hour, hrsol, from thendtad hour,
hrstd, (which is the time used in TMY2 files) artktlocal
longitude, Ingloc, (which is listed in the TMY?2 fu):
hrsol = hrstd + [4(Ingst- Ingloc) + E] / 6( 4
Convert from solar hour (1 to 24), hrsol, to sdeur angle
(degrees)wsol, such thatussol corresponds to the midpoint of
the hour over which the solar radiation is measured
wsol = [(hrsol — 12) x 15] = 7.5 (5
Calculate the Angle Between Normal to Collector and
Sun

Declination, 9, is the angle between the earth’s axis and the
perpendicular to the sun-earth axis:

& = 23.45 sin[360 (284 + n) / 365] (6)

The angle between the perpendicular of the colteantd south,
y, is defined such that= —90 for east facing collector= 0 for

south facing collectory = 90 for west facing collector and=
180 for north facing collector. The angle betwésn collector

and the horizontalP, is defined suct = 0 for a horizontal
collector and3 = 90 for a vertical collector.
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The local latitudeg, is listed in the TMY2 header. From solar
geometry, the cosine of the angle between the rotnthe

collector and the sun, c@®( is:

cos@) = sin) sin@) cosP) - sin@) cosgp) sin@) (7)
cosf) + cosp) cosg) cosB) cosgsol) + cosd)
sin(@) sin@) cosf) cosfosol) + cosd) sinB) sinfy)

sin(wsol)

The cosine of the angle between the normal to tirezdntal
and the sun, co8%), is:

cos@z) = cosp) cosP) costusol) + sin(theta) sid)  (8)

Calculate Beam and Diffuse Radiation on Horizontal
Surface

The mean radiation normal to the earth-sun raditbeaedge
of the atmosphere is called the solar constagt,The value for
the solar constant,sg used by the llluminating Engineering
Society of North America is 1,350 W/m2 [17]. Thesan
radiation parallel to the earth’s surface at th@eeaf the
atmosphere,) is:

lo = g [1 + 0.033 cos(360 n / 365)] ©)

The hourly clearness index, kt, is defined as thté rof the
radiation on a horizontal surfacg, from the TMY2 file, and
lo:
kt=1n/1o (20

The total solar radiation on any surface is the sfithe diffuse
and beam components. Using empirical data, Erieldped a
relationship between diffuseq, land total, |, radiation on a
horizontal surface:

lg/1,=1-0.09 kt (when kt< 0.22 (11)

lg/ 1= 0.9511 — 0.1604 kt + 4.38&kt 16.638 ki + (12)
12.336 ki (when 0.22 < kt ©.80)

lq/1,=0.165 (when kt > 0.80 (13)

Thus, the diffuse,4) and beam,,) components of total solar
radiation on a horizontal surface are:

lg=(la/ In) In (14)

Ib = Ih - Id (15)

Calculate Beam Radiation on Collector

The ratio of the cosine of the angle between threnabto the
collector and the sun, c&( and cosine of the angle between
the normal to the horizontal and the sun, @ps(is:

R, = cos) / cosPz) (16)
R, represents the fraction of direct radiation inoiden the
collector. From solar geometry, the beam radiat@mn a
collector at any orientation is:

Ith = Ib RE (17)

Calculate Diffuse Radiation on Collector

As solar radiation passes through the atmosphesth fis
directional and spectral properties change dudsoration and
scattering. The diffuse component of solar radrathas four
sources: circumsolar, isotropic, horizontal andexéd.

The diffuse component of solar radiation from theeaa
surrounding the solar disk depends on sky clariag
characterized by the ansiotropic index, A
Ai = Ib/ |0 (18)
The diffuse component of solar radiation from theeaa
surrounding the solar disk, It,cs, is then:
|t,CS =4 Rb Ai (19)
From solar geometry, the diffuse component of smdiation
spread evenly over the sky, It,iso, is:
It,iso = 4 [(1 + cosP)) / 2] (1 — A) (20)
From solar geometry, the diffuse component of sdiation
from the horizon, It,hz, is:

It,hz = ly [(1 + cosB)) / 2] (1 — A) (/1) si(pr2)  (21)
The reflectivity of the ground in front of the oetitor, pg,
ranges from about 0.1 for dark surfaces to 0.&fmw. From
solar geometry, the component of solar radiatidiected from
the ground, It ref, is:

It,ref = I, pg [(1 + cosP)) / 2] (22
The total diffuse solar radiation incident on alector at any
orientation is:

Itg = It,cs + It,iso + It,hz + It,re (23

Total Solar Radiation on Collector
The total solar radiation incident on a collectar any
orientation, It, is the sum of the beam and diffasmponents:

It= |tb + |td (24)
Calculate Efficiency of PV Collector

PV collector efficiencync, declines as the temperature, T, of
the collector increases. The efficiency-temperatoefficientp

characterizes this decline from a reference efiicye,ref at a
reference temperature Tc,ref, and is defined as:

i =dn/dT = qc—nref) / (Tc - Tc,ref) (25)
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where the reference efficiengyef is the collector efficiency at
reference conditions of It = 1,000 W/m2 and Tcxep5 C.
Thus, the efficiency of the collector is:
nc =nref +p (Tc = Tc,ref) (26)
The temperature of the collector, Tc, can be catedl from a
steady-state energy balance on the collector:
Talt—ltnc+ Ul (Tc—Ta)=0 (27)
whereT is the transmittance of the glazingjs the absorbance
of the solar cell and Ul is the overall heat logefficient of the
panel. Panels are tested to measure normal apgragll
temperature (NOCT) at It = 800 Wnair velocity 1 m/s, air
temperature Ta = 20 C and disconnected sortbat 0. Thus,
the energy balance can be solved to giwv&Jl in terms of the
published performance specification NOCT:
ta/Ul = (NOCT — 20) (C ) / 800 (W/f) (28)
Onceta/Ul is known, the Tc can be calculated from the gper
balance for actual operating conditions. Subdtitugives the
collector efficiencync in terms of air temperature and reported
performance specificatiomgef, 4, Tc,ref and NOCT:

B = (1) 360/ 36 (29)

nc =nref +p [Ta — Tc,ref + It €a/Ul) (1 —nref) ]

Calculate Power Output of PV Collector
The total power output of a collector,.Ws then expressed in
terms of collector area Ac, solar input It, and dfiféciencies of

the collectornc, and power conditioning equipmerg.

W, = Ac ltncne (30
URBAN CASE STUDY: KARACHI, PAKISTAN

Karachi is Pakistan’s largest city and the finahcénd
industrial hub of the country. Located along thestoof the
Indian Ocean, the city has a mild, arid climate hwit
temperatures ranging from 30 to 44 degrees CetBitag the
summer (April to August) [18]. The proximity to tle@ast also
keeps humidity levels high throughout the year.

The Karachi Electric Supply Company (KESC) generated
supplies electric power to the city. However, due the
mismatch between demand and supply capacity, thiey ut
resorts to load-shedding, which can continue feessd hours a
day, especially during the summer. Moreover, eigtyris also
very expensive in Pakistan. In order to meet aedtpulations
in loan agreements with the International Monet&uynd
(IMF), the government has enforced an increasdénpower
tariff by over 30% since October 2009. Furtheréases are
expected in the coming months due to rising woildand gas
prices, alongside other domestic factors [19]. Euitly,
households in Karachi consuming between 300 kWhtmand
1,000 kWh/month pay about $0.15 /kWh for electyidi20].
Apart from the distress caused to citizens, theqresituation

also has crippling effects on the city's industrsdctor and
investment climate.

During periods of load-shedding, the most commopirep
mechanism for middle and upper-class household® igse
portable electric generators or uninterruptible povsupply
(UPS) systems. While an appropriately sized geoerean
meet most of a household’s load requirements, dety air
conditioning and refrigeration, they cause pollatiand have
high operational and maintenance costs. AlternatdyS’s,
consisting of an inverter, battery storage and rarobsystem,
are typically rated at about 1.5 kVA and are pritgaused to
power basic appliances such as lights and fans,pasdibly
televisions and computers, given sufficient insthllbattery
capacity.

Purchasing PV modules could be an attractive odtiorJPS

users as the essential balance-of-system composgeiisas the
batteries and inverter are already installed, heredhicing

system costs to a large extent. A PV system cauglement
the electricity supplied by the grid to either amarthe UPS
batteries or meet household loads directly. Moreodering

long periods of load-shedding, a PV system wouldtiocae to

charge the UPS batteries during the day.

Salient features of the simulation of the energipotiof a PV
system are presented for a UPS-using householdanadKi.
EPW data sets containing typical meteorologicabhdater a
year-long period for Karachi were obtained from tbeS
Department of Energy website [15]. The cost andoperance
specifications of the modeled PV cells were assutoethe
identical to the Evergreen Solar cells used invibekshop.

The system should be sized to provide power for key
equipment for a few hours every day, be small ehdodit on
typical rooftops, and inexpensive enough to fithivittypical
upper-middle class household budgets. To meettbeteria,

we propose a PV system rated at 600 Watts for a-Usitg)
household with an average electricity consumptibratoleast
300 kWh/month. A system rated at 600 Watts is setkc
because:

1) As illustrated below, a PV system rated at 600 &att
can operate independently of the grid, and stdvjate
power for the limited operation of lights and fdosa
few hours every day.

2) The area spanned by the PV modules (inclusive of
frames) would be about 5°mA larger array might not
be reasonably accommodated on the roof of a house.

3) Assuming an installed price of $3 /peak-Watt, the
capital cost of the system would be about $1,800,
which is within reasonable investment spendingtmi
for upper-middle class households in Pakistan.

Karachi is situated at a latitude of 24 degreeshgust above
the Tropic of Cancer. We assume the modeled PW dsa
oriented due-south and is mounted at a fixed slope&0
degrees from the horizontal, for the entire yeahil&/a 24-
degree slope optimizes the yearly PV energy outputiore
gentle 15-degree to 20-degree slope allows for imalty
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better performance in the hotter summer months, nwihe
electricity shortage is more severe.

Figure 6 shows the average daily solar radiaticidant on the
cells of the 600-Watt PV array when tilted at 2@mes from
the horizontal, as well as the average monthly sratpre in
Karachi.

Average Daily Incident Radiation and Temperature as
a Function of Month

—s—Radiation =—==Temperature

30 35

2 N e, AN
SN N -
g N

15

Temperature (C)

10

Average Incident Radiation (kWh/day)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 6. Average temperature and solar radiation incident on the
array.

As is evident in Figure 6, April and October hate highest
average incident radiation, while June has thet.|&dee fall in

incident-radiation levels in the April-June peritedcaused by
local cloud cover during the monsoon season.

One disadvantage of a stand-alone UPS is thakirvbnt of a
long power breakdown spanning several hours, thterbes
inevitably run down before being recharged by ttid.cA UPS
coupled with a PV system could prove most usefuingusuch
a situation, as the PV system would charge thefest during
the day.

Ideally, during a long power-breakdown, the PV warsaould

provide sufficient charge to the batteries durihg day, in
order to provide enough back-up power to operaetdi and
fans for a small household, during the night. Issaach as
battery autonomy are not considered in this modglitais

assumed that the battery capacity is originallyedeined by
the larger UPS capacity, with the PV system prongdi
supplementary power.

In the SolarSim simulation of EPW data, the minimsatar
radiation incident on the array is 9.67 kWh/dayJanuary 14
and the maximum solar radiation incident on thenais 28.3
kWh/day on April 2°. However, instead of examining the PV
output on these days, it would be more instructoveanalyze
the PV output at the Y0and 98 percentiles of incident
radiation during the year, shown in Figure 7, as/throvide a
better representation of typical low and high riadradays.

Daily Incident Radiation Data Sorted from
Lowest to Highest Magnitude

35

=
5 30 28.3kWh/day
E 25
_% 20 4
= 16.0 kWh/day Daily Radiation
=] 4
'ﬁ 15 f —— 10th Percentile
= ¥
s 10 ——90th Percentile
-5

5

0 100 200 300

Number of Days

Figure 7. 10" and 90" per centiles of daily incident radiation on the
600-W array during theyear

The incident radiation values and correspondings dafy the
10" and 98' percentiles are 16.0 kWh/day and 28.3 kWh/day
on August 18 and May & respectively. The hourly PV
energy output model for these two days is showFRigure 8
below.

Modeled Hourly PV Output for May 4th and

August 15th
_ 05
2
= 04 /\
=
5 [\
.g 0.3
o I \ = May 4th (90th
% 0.2 V/-\\\ Percentile)
2 01 —— August 15th (10th
= /d \\ Percentile)
o 0

1 3 5 7 91113151719 2123

Hour (hr)

Figure 8. Modeled hourly PV energy output for May 4™ and
August 15th

The total daily energy outputs from the PV systdntha 16
and 90" percentile incident radiation values are the areafer
the two curves in Figure 8, and are 1.8 kWh and K3\h
respectively.

The energy output model implicitly assumes a 90ficiehcy
for the inverter. However, losses through the itiation
system, charge regulator and batteries still nedrbtaccounted
for. The efficiency of the battery charging procésslead-acid
batteries (often used for UPS'’s in Pakistan) isrecfion of the
state-of-charge and the battery charging rate, iartgipically
estimated as 80% [21]. However, when the battaresfully
charged, the power from the PV system goes direbtigugh
the inverter, without experiencing any losses duebattery
efficiency.

For modeling purposes, we conservatively assumevanall
constant efficiency of 80% to account for losse®ulgh the
batteries and distribution system. Hence, the abkil energy
from the PV modules at the Gand 98 percentile incident
radiation values would be 1.4 kWh and 2.4 kWh retpely
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The average power consumption of a ceiling fan arginall
compact fluorescent bulb are about 75 Watts andVEdts
respectively. Tables 1 and 2 provide one combinagiach for
how the daily energy output from the PV systenhat1d' and
90" percentile incident radiation values can be wiiZor fans
and lights.

Table 1. Energy utilization at 10" percentile of incident daily
radiation energy in oneyear

Required Quantity Total Required |Hours used per| Energy Consumed
Power (W) Power (W) day (hr/day) (kwh/day)
Light(s) 13 4 52 4 0.2
Fan(s) 75 2 150 8 1.2
Total 1.4

Table 2. Energy utilization at 90" percentile of incident daily
radiation energy in oneyear

Required Quantity Total Required |Hours used per| Energy Consumed
Power (W) Power (W) day (hr/day) (kWh/day)
Light(s) 13 2 26 4 0.1
Fan(s) 75 3 225 10 2.3
Total 2.4

In other words, for 90% of the year, a 600-Watt $tem in
Karachi provides at least enough energy to powar fights
for four hours per day and two fans for eight hopes day.
Similarly, for 10% of the year, enough energy isyied to
power two lights for four hours per day and thraesf for ten
hours per day.

According to the energy model, the annual outputhef 600-
Watt PV system would be 870 kWh/year, after adjgstior

losses. At current electricity prices, this resittsa savings of
$130/year. Hence, assuming a capital cost of $1 ®@Gsimple
payback period for the PV system would be aboujebts.

However, the simple payback period by itself is motadequate
indicator for investing in a PV system, given thghhescalation
rate of energy prices. If the annual increase ergnprices is
forecast as 5% /year, and the PV system has afli8® years,
the return-on-investment (ROI) for the 600-Watt 8g¢tem for
a UPS-using household is 11%.

OFF-GRID RURAL APPLICATION CASE-STUDY:

THAR DESERT, PAKISTAN

The Thar Desert, located along the Indian bordesanth-
eastern Pakistan, mostly consists of barren ti@fcssind dunes
covered with thorny bushes. While there are a fhvving
towns connected to the national electricity gridl atcessible
via road, Thar is also home to around 7,000 thalisédiages,
many of them in remote locations miles away from tlearest
paved road [2].The Thar area has a tropical desert climate;
during the months of April, May and June daytime-
temperatures can reach up to 50 degrees Celsijs [18

Lighting and access to information via televisionradio are
important functions for a household in this rematea. Table
3 shows an estimation of the resulting loads.

Table 3. Estimated electricity loadsfor village household
Lights 4, 13-Watt compact flourescent bulbs |On at night for 3 hours
Television |1, 50-Watt nine-inch-television On at night for 1 hour

Hence, the total energy required would be:

4 lights x 0.013 kW/light x 3 hr/day + 1 televisign
0.05 kWitelevision x 1 hr/day = 0.21 kWh/day

Weather data sets containing typical meteorologitzth for
Thar are not available. However, EPW data is abbdldor
Barmer, India, a desert town located near the Rakidorder.
Consequently, the Barmer EPW data is used forstmslation.

Using the same methodology as described in thedkarase-
study, but assuming the village in question is tedaat the
same latitude as Barmer (26 degrees north), daitydént-
radiation values and PV energy output were simdlaféhe
array is oriented due-south at a fixed 26 degrepeslito
optimize the annual energy output.

The PV system should be sized to meet the dailg foa the
majority of the year, while relying on battery stge when PV
output falls short of daily requirements. It wasifid that a 60-
Watt PV system can meet the required daily load% 95 the
year.

The 25% percentile of incident solar radiation 83kWh/day
and occurs on January"1én the EPW file. The PV energy
output is the area under the curve in Figure 9, &n@.29
kWh/day. Assuming a battery efficiency of 80%, thailable
energy would be 0.23 kWh. Hence a 60-Watt PV system
provides sufficient energy to meet the loads 75%heftime.

Modelled PV Energy Output for Jan 16th
0.07

0.06

0.05

0.04

0.03

PV Energy Output (kW)

N
0.02 / \ = 25th Percentile
0.01 / \
o / \
-0.0tl 4 9 14 19 24
Hour (hr)

Figure 9. Modeled hourly PV energy output for Jan 16" in the
Thar Desert

A battery autonomy of three days is more than adtgfor the
sunny desert environment, and is also appropriggnghat the
PV-system has been designed to meet the load 7586 gkar.

Assuming a maximum depth-of-discharge of 50% andl@ge
of 12V, the required battery capacity is:

210 Wh/day x 3 days / (12 Watts/Volt x 0.5) = 106 A

For remote rural home applications, a blocking dicdn serve
as a rudimentary replacement for a sophisticatedrgeh
regulator. The diode will prevent the battery fraiischarging
back through the modules during the night.

Typically, the capital costs of a PV system aredmelywhat a

remote village household can afford. However, i€micredit
facilities are available, and the loan paybackaihistents are
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equivalent to the cost of kerosene which would haeen
otherwise purchased by villagers to provide lightim PV
system could prove to be a viable option.

CURRENT CHALLENGES AND FUTURE PLANS

The difficulties associated with importing the P¥lls and
silicone, along with their high cost, are two ofetimain
obstacles to the large-scale implementation of ¢bacept

demonstrated at the PV assembly workshop. Othen tha

Evergreen Solar and Dow Corning, no other suitableces of
unassembled PV cells and silicone have been fotile the
guantity of imported materials for the three-weekrkghop
could be carried by passengers travelling by aimfthe U.S to
Pakistan, such an arrangement would not be fea$ibl¢he

fabrication of PV modules on a larger scale. Thés@nd the
silicone would need to be shipped in a large qtyardand

importers would have to fulfill all necessary cust
procedures and formalities; hence increasing theitala
requirements and complexity for setting up a snmRW

assembly unit. Given the dearth of financial researand
lending facilities for small-scale projects in Pstkin, such
projects are typically managed by the corporateosewhich

may divert profit and resources from local work@3].

Another barrier in obtaining sources of financehe lack of
familiarity and information about renewable
technologies, their high-risk perception, and utaety

concerning the energy yield and resource assessriikase
factors also inhibit the marketing of the final guat. Also,

given the relative novelty of PV systems in Pakistéhe

required subsidiary industries are still in the @leping stages.
For example, 12 V DC light bulbs for off-grid PVstgms, and
deep-discharge batteries are not readily availablBakistani
markets.

PV systems also have high up-front costs and lcengpack

periods, putting them out of reach of many hous#halinless
system capital costs are heavily subsidized. Thisecause the
market prices for energy produced from conventicsairces

do not take into account the environmental costs gamage,

and hence mask the advantages of renewable englign®

Finally, all too often, small-scale renewable egepyojects
remain confined at the demonstration stage, whaslricts the
much needed decentralized implementation of theodetrated
concepts in remote areas. Follow-up visits and icoed
attention is required by project initiators to emsuthe
sustainability of such ventures.

CONCLUSIONS

This paper described the introduction of photovolt@aodule
assembly, using off-spec PV cells and a novel eadation
technique, for the first time in Pakistan. The oate of a
three-week PV workshop in Karachi, Pakistan denated
that unskilled workers with little experience cowldccessfully
assemble and install PV modules at a competitiwt abunder
$2 /peak-Watt, and hence achieve gainful employnfent
themselves if provided with the necessary resourtbe case
of installing a PV system for a UPS-using houseliwldarachi

was considered and the output of the PV modules was

simulated. It was found that a 600-Watt system ¢gdnerate

energy

870 kWh per year, and at current electricity price®akistan,
the simple payback and ROI for the household wslzded
to be 14 years and 11% respectively. SimilarlyVasistem for
a household in a remote village was simulated. A\NGOt PV
system with 105 Ah of battery capacity was foundcaahte to
power four lights for three hours per night and raak
television for one hour per night. The practicgberience of
the workshop as well as the theoretical PV energipud
simulations indicate that PV assembly as appropriat
technology has great potential to be implementextessfully
on a large scale in Pakistan.
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