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1.0 EXECUTIVE SUMMARY 

This document presents the conceptua design [or a Photovo Ita ic/Diesel
 

powered ice-making plant at Wadi El 
Raiyan (Field Test 6). The proposed field
 

test 
is to provide rhe Egyptian Electricity Authority (EEA) with practical
 

working experience with photovoltaic energy systems as a long term, 
least-cost
 

remote power supply for refrigeration, as 
 well as to serve as a demonstration
 

of the capai i lity of the combined technology of PV and diesel to reliably
 

1
 supp y significant amG1ints power
of in remote locations.
 

Th,, candidate con eptual system design in 
this document is based on a DC
 

sys t,.:that produices flake ice. Itowever, 
the recommendation, for the tender
 

documit 
is that the ice maker and power system can be either an AC or DC
 

"o in that produces flake or plate ice.
 

"nether an AC or 
a DC system is designed, the following components
 

romain the same: 

o Rectifier (Battery Charger) for 	 the diesel gen set. 

o PV Array siz.---35 k, (peak). 

o Ice maker---6 tons (5.5 tonnes) per day (whether plate or flake ice). 

o SLorago Capacity--- (J to 12 tons of ice for three days.
 

For an AC system, the 
following system component changes are required

1. 	AC power systems and AC loads instead of DC power systems and DC 
l oads. 

2. 	 Addition of a DC/AC inverter (rated at 30-50KW).
 

3. 	 P. nominal '-5 kW AC diesel generator set instead of a more specific 
sizing of 22 kW. 

4. Inverters must handle 
all power (instead of just for the ancillary loads).
 

The battery bank has 
the following design characteristics
 

and constraints:
 

o Capable of providing 233 kWh of energy.
 
o 
 Capable of being charged or discharged at up to 160 amps for
 

short intervals, This current rati",, comes 
from the nominal array rating of
 



35 kilowatts at 220 volts and is the maximum charging or discharging 
current that the battery will experience. 

o Deep dischar,., hatt,,ries de,ig.ied for photovoltaic applications. 

Several stricturt.s iro re,-iired at the sltL. to house system components. 

A main contrnl building to house the inverter, the battery bank, the instrumenta

tion system, and the controller is required. The total area of this building 

2is approximately 37.2 m (400 it2). A separate diesel building should be built
 

so that the dleiel g,'nerator can be placed on a concrete floor appropriately 

supported for vibration. 



2.0 OBJECTIVES AND BACKGROUND
 

2.1 	 Objectives
 

The primary objectives of this fl-eld test are 
to provide EEA with practical
 

working experience with photovoltaic energy systems, and to 
provide system
 

design and operational training for Egyptian engineers for the 
purpose of
 

assessing and Implementing similar projects throughout Egypt. 
 Thip rield test
 

will evaluate the vinLillty of photovoltaic energy systems and PV in comrbination
 

with 	diesel energy systems, through the demonstration of a PV/diesel powered 

ice making plant.
 

The application of a PV/diesel power system for 
ice making at Wadi El Raiyan
 

will serve as a deronstration of the capability of 
the combined technology of
 

PV and diesel ro reliably supply significant amounts of power in 
remote locations.
 

Other appllcajinns that are expected 
to have similar load levels and characteristics
 

are communicaiions and centralized village electrifi :ation. It is important
 

that this field test be designed to distinguish between the performance of the
 

fV/diesel 
 power system and the performance of the ice making equipment and 

other related equipment such as instrumentation and water treatment so that the 

PV/d!esel p,)wer system can b evaluated for other applications. This field 

test will also 	provide valuable data on the field performance of diesel generators
 

in comparison to PV under similar levels of maintenance and operational support. 

2.2 	 BackgroLLnd 

The site chosen for a field demonstration of this application is Wadi 

El Ralyan, an area lAO 
kilometers south-west of Cairo, near El Fatyum.
 

Wadi 	 Hl R..iyan cons!2ts of two Joined man-made lakes, currently totaling 

about 10,000 acres, being formed by the discharge of an agricultural canal 

flowing from the El Faiyum area (Exhibit 2-I). 
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Figure2-1. WADI EL RAIYAN LAKE AREA 
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The Wadi El Raiyan lake area has two fishing locations managed by the Fish
 

Resources and Developmenr Authority (FRDA). The "ce-itral location" is about 40
 

km west of El Faiyum cn a hay ot the first lake at the outlet of the agricultural
 

drainage canal. The "second lake location" is abort 30 km south-west of the
 

central location on a newer, larger lake.
 

Ice is currently transported 40 km from El Faiyum to the fishing locations 

where 	fish are packed and trucked to markets in El Faiyum, Cairo and points as
 

far as 	Alexandria. Some fish are sold direct merchants at the lake
to 	 location.
 

The ice making capacity of the El Falyum area is approximately 421,000 

blocks p,r year madr in grid-connected ice plants. The resulting capacity 

tonnage is approximately 3 tonnes per day. The demand for ice in the El 

Falyum area Is significantly greater than the ice making capacity. In addition 

to the ire needed for fish and other food preservation, there is a steady 

demand for block ice for private use (home refrigeration). Tne installation of 

an ice making plant at the lake to serve the fishing sector will therefore also 

serve the surrounding area, ospecially during the summer and toward the end of 

the fishing season when the demand for ice for fish preservation declines. 

2. 	 3 Intent of the Conceptual Design 

The Conceptual le;lgn subtask resulting from the Application Review and 

the Technology Review provides the identification and quantification of system 

performance specii cations, and hardware specifications where appropriate, to 

be used as a basis for the Statement-of-Work. The Annual Operating Plan (AOP) 

for the REFT Project, dated May 1985, specifies that the conceptual design 

activities -establish technical objectives, develop a system design data base, 

and screen candidate system designs to establish a system sizing and operating 

baseline that satisfies site-specific operational, environmental and user 

requirements."
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Specific subtask statements in the AOP specify that the conceptual design
 

shall: 

o 	 Develop site specific energy source profile and application specific 
load demand profile 

o 	 Define hardware pe rformance and enviromiental specifications 

o 	 Conduct system sizing and performance trade-off analyses 

o 	 Specify monitoring instrumentation requIreaents. 

These t asks were completed as part of the Application Review and 

Technology Review activities, in conj !nction wit,i visits to the U.S. of Egyptian 

engineer:. from the EFA and the FRDA, the future operator of the system. Elements 

of the conceptual de!oiwn appear in the Application Review and the Technology 

Review as Inidicated hel o,. Apprpriate data from these documents will be included 

in the Statemlent-of-Work (SOW). 

o 	 A site sp,_,clfic ener,;v source profile and an application specific 
load dema nd profile ark included in the FT #6 Application Review 

o 	 Hardware p,,rformance and -nvironmental ;peciticatiua. are i,.c iudP in 
the FT 'to Techinolo.;y Review and repeated in this document as appropriate 

o 	 Sy ;tem sizing and trade-off analyses are summarized in the Application 
Revi ew 

o 	 Field Te-st monitoring instrumentation requirements are included in 
both the FT "16 Application Review and the Technolcgy Review. An 
updated requirements data list is included as Appendix B of this 
documrn.nt 

http:documrn.nt


3.0 APPLICATION REVIEN SUMMARY 

3.1 	 Criteria for Evaluation of the Field Test
 

An assessment of this specific field 
test must consider the criteria
 

necessary for a succes;sful demon;tration of any PV/diesel power system. These
 

criteria ar,, comprehensively listed 
bolow, although not necessarily in the
 

order of I mportance.
 

1. C.rront and future user needs 
2. A 	 viable solar -.nd water resource 
3. Proven, reliable and commercially available systems 
4. Site characteristics and Infrastructure for installation
 
5. Capability 
for successful operation and maintenance of
 

the syste.ms 
6. Potentialfor w edspread in Egypt
use 


The fol lo'iri;g para*,raph su:irmarize the findings of various studies and analyses
 

addressing these criteria.
 

1.2 	 Curro,, a Futuore lser Requirements 

Tb,,r,- are two principal fishing locations at the Wadi El Raiyan lake 

area. Appcwxi ;,itl- 9)!)oar I wered boats operate from the Central Location 

bringing in ohot llhh mer ric tonnes of fish per year. 1 Forty-six boats currently 

operate from tY, >!-(nd 1ake Location providing approximately 400 tonnes of 

2
fish per v.,ar. The crmbine.d fish production from the lake is therefore estimated 

as 14(1)0 metric tonnes; per year. 

Fish Product ion 

The fishing season may extend from September through April with daily 

catches rangrig from 40 tonnes per day occurring in the early part of the 

seaoan and tapering off toward the spring to as little as 0.2 tonnes per day. 

Currently, no fishing, is permitted during the summer months of June, July and 

1 Data 	collected by Dr. Seyoum Solomon of 
Louis Berger International, Inc.
 
during site visit October 1985.
 

2 Ibid.
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August because of the spawning season. The average daily catch throughout the 

fishing season is estimated to be between 6 and 10 tonnes per day.
 

Ice Demand
 

The ice/fish ratio at Wadi El-Ralyan ranges from 1/2:1 to 2:1 depending
 

on the market locations and the quality of 
 ice used. Therefore the average
 

season daily ice demand for fish preservation may range from 3 tonnes per day
 

to 20 tonnes p'r day. 

In addition to the ice demand for fish preservation, there is a steady 

ice demand in the El Faiyum area for home refrigeration. The demand for ice
 

in the El Faiyum area is significantly greater than the ice jaking capacity.
 

Therefore, a ,,reiter future utilization of a PV/diesel ice making plant 

throughout the year Is po:;,ible If ice can be sold to non-fish specific markets. 

-. 3 The Resources at Wadi El Raivan 

Insolation data were calculated based on recorded data (sunlight hours) 

trom a rteorological station in El Faiyum. Horizontal daily global insolation 

r~ng;es from 3.4 kWh per m2-dav in December to 8.1 kWh per m2-day in June. 

Appendix A provides solar insolation, ambient temperature, and water temperature 

data for the site. 

Ambient ttmp. rrature data are based on meteorological station data from 

z(;za. An additional two degrees has been added to each temperature to
 

reflect the generally higher temperatures 
 at the site. Average daily temperatures 

range rom 30.2 to 15.2C over the year. 

Water temperature for the lake at Wadi El Raiyan is estimated to range 

-om to 2C the vicinity of the central location. For the candidate 

cnnceptual deI;n,'o r this document, It was assumed that the ice maker input 

water I,; potable. For the statement-of-work, water quality data from a Cairo 

University research study are provided to bidding contractors for their analysis 

of water treatment requirements for their specific hardware. 
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3.4 Preliminary Conceptual Design
 

Ice Plant Capacity Sizing
 

An Ice plant capacity of 6 tons per day (1-000 pounds per dav) 3 has been 

selected as a candidate sizing. This sizing capacity will meet a significant
 

portion of the avrii,,e daily demand 
 for ice. It is also a reasonable size for 

demonstraring the de lgn , ,p.r:itjon and maintenance, and evaluating the complete 

technical and fo't prorn.nie of photovoLi lc and diesel power systems for 

maki ng ice. The two mo';t i:::,'rtant factors regarding ice plant sizing are that: 

(1) th,. ,na fr I-. Is creator than the ice production capacity of the area,
 

aid (2 ) 
 he C.t , i t iar ,st 'ot compon-nt of the PV/diesel ice plant, the 

PV arriv .inI lt t , .n , is rlative..lv linear with increasing array size. 

Ther,-tor,, 1 6 t n!K i7 ctia: ic tv I',- plant and power system can be regarded as a 

'.'tri" o n i r ,I,; I ,." he course of this field test, the perfor-mance of the 

,cy tea can.; b i fi,.vficatius in design and operation can then be 

made to re,;lit in self-cntained ice plants (ice maker and pawer system) with 

applicibility at other locations throughout Egypt. 

Powervsto., arid_ Ice Plant Dhe';Iis _e1l ect ton 

Plate or flake Ice maiking technologies are the most suitable for fish 

prese rvatfon arid are Mn)f onerg;v efficient than block Ice making which is 

currently prat ticed. The nr;y required to make ice by either plate or flake 

technology for Wad! El Ral g;in ran.es from 60 to 80 kWh per ton-day which Includes 

the energy demand for Ice making, storage, water supply and miscellaneous 

1 iglht n loads. Based on a tin/day ice demand and an average energy requirement 

of 70 k'.1i per ton of ife per day, the diaily energy demand is calculated as 420 

kWh per day. 

3 	 U.S. ice maker rating are In "tons- (2000 pounds) as distinct form "tonnes" 
(2200 pounds or 1000 Kilograms) 
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The principal power syo;tem design question Is the selection of either an
 

altern ati! or direct 
 current (AC or DC) system. For AC systems stand-alone
 

inverters are required to convert DC powr 
 (from the PV array and battery) into
 

AC power. The poKor reliability, capital expense, and inherent 
 energy conversion 

efficiency (80 - I0 percent) of stand-alone inverters favors a DC system design. 

However, because conventionial ice making equipment uses AC motors, a DC system
 

requires that AC motors be repl iced by DC motors. Since the power system will
 

integrate a diesel generator with a PV system, the diesel generator must also
 

he capable of producing DC powe-r either directly or through 
 the u,e of a separate 

rectifier. T-hese required modifications for a DC system mqy be Justified on 

the hKi t s ot improved operatting reliability and efficiency of the system. 

An evalu:ation of the sizing of the PV array and battery system for the FT #6 

Application Review has resulted in a determination that the optimum renewable 

energy system for ice makiitg loads is a "hybrid" power system, combining the
 

technologies; 01 V and d!,,sel generators. Hybrid power systems 
 i.e. PV/diesel
 

power , iystemsa; referred to In nis report, improve 
 the performance of both 

diesel and P% power systems by increasing the operating capacity factor. The 

diesel ',enerator is able to operate at rated capacity which results in the best
 

fuel to electricity conver;lon efficiency. The size of the PV array 
 and battery
 

;ystems; can be reduced 
 because the diesel will provide power during extended 

periods of low insolation and during sea-onal load and Insolation variation. 

This effectively Increase; the- capacity factor of the PV array and battery 

s S5t e;.1. 

Comparative Cost/Analysis 

Cost project ions for PV prices show that PV will become competitive with 

dIesel in the 1995 tireframe at costs of about $0.27/kWh (Appendix D of FT #6 

Application Review, May 1986). Based on projections to 1995 for PV, diesel, 

and battery energy costs, a PV array and battery system sized to provide between 

in 



30 and 41) percent of daily average load is Justified. Specific sizing for the 

PV/diese! powered ice making plant components are as follows; 

PV Array 	 35 kW
 
Battery Storage 233 kWh 
Die;el eneration 22 kW 
Ice Making Plant 6 tons/day 

This component slzin. is based on a DC system design incorporating the 

flake ice manufacturing proceeds resulting in a con.tnuous, staile load and a
 

minimui of battery storage capacity. It is also based 
on a requirement to size 

the diesel to have the ca,iacity to run the ice plant independently. 

3.5 	 Status of Agreements and Respinsihblities
 

The daily operation and maintenance associated with ice 
making dictate 

that full ttI,. operators he ,a'ssined to the location. EEA and FRDA have signed 

a cor ,'r.t, c;vrmn, a two year period, for the operation, maintenance, repair
 

,d]I) mollitorin of th,- farillty'. A,;pects of this agreemLnt which ar-e pertinent
 

to the ).peration, maintenai; .e, repair aid monitoring 
 should be made available
 

to all inVri ved parties (inCluding; bidding contractor) so that clear lines of
 

ri punsibIli ty wil 1 be und.,re t,od.
 

1.6 	 Conrl,,sr o;-i;; and Recommendations 

The followinog cniclusions and recommendations are provided. 

Conc I Us ions 

1. The Wadi El Ratyan location is an acceptable application site for
 
demonstrating the use of photovoltaics for ice making because there is an 
existing and growing demand for ice, the solar resource is exceptional, and 
the location represents a balance between remoteness 
and accessibility for
 
monitoring and evaluation. 4 

2. 
 rhe sizing of the ice plant is based on average daily ice demand because 
daily Ice demand flucrtutes over the season. A modular design using proven,
teliable, and commercially available systems is considered so that additional 
capacity can be added in the future and 
the potential for other applications 
throughout Egypt is enhanced. 

4 Assumes that potable water is available for ice making.
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3. The most suitrable ice making technologies are plate or flake because they 
are the most energy efficienL and suitable tor fish preservation. 

4. 	The lowesL cost, most reliable de-lgn choice, on a long term basis, is a
 
PV/diesel hybrid power vstem with corresponding ice making loads.
 

5. 	 The financial viability of PV'/iesel rezv te power systems for ice making 
depends cn the cost of photovoltaic enorgy compared with diesel produced 
energy. 

6. 	The design, rpi ration, ni ntenance, and repair experience with PV/diesel 
hybrid powe' s/stems thit will be obtained through this field test will 
for' a stirog tvcinuickl and ost data base for ,.he design and application 
of PW/di . I power systems for other reNote power applications. 

Reco.mmridations 

A 6 	 ton/day ice naking pirnt, powered by a 35 kW PV/22 kW diesel hybrid 

pa, r ;vtem with 233 k'.T, of 
battery storage is recommended to be field tested
 

a, Wl' i a,. TbT i rtconmendation is based on the following assumptions: 

1. '.it#, cyc It ot, PV power is likely to Ie less than the life cyclet, cost 

C,,'t f ,i,;,i p ;' in 1;Kypt within the next 10 to 15 years.
 

2. 	 Te I ',f r: ' )"1 to !- wears is within the energy planning and 
ino It t i nal pI rtiplt tiiv of the Egyptian Electricity Authority. 
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4.0 TECHNOLrOGY REVIEW SUM.MARY 

General background technical informat ion has been provided in the Technology 

Reference Notebook on equipr.;vnt components related to photovoltaic systems. The 

Technology Review for this field test, a separate document, reviews the specific 

equipment techulog ies in use in this field test with emphasis on refrigeration
 

and di,,.+, generators. A summary discussion of the components most critical
 

d 01-r anito the 1, ,p, rition of the PV/diesel ice making plant is provided here. 

4.1 Technology Backglrooun 

Diesel 	 (;.n rators
 

,,t 1s
Il ;i gurito are considered to be the existing technology. Diesel 

trc av.-ilIablcl1i a wide range of sizes from 2 kW up to several 

hun! rd kW rng.t,, They operate iwith a thermal-to-electricity fuel conversion 

I5-i dependingI ci,.; 1t percent on capacity factor and the quality of 

ito talc 

Photovoltaic energy systems have been technically proven to be more reliable 

in! require 	 IeS maintenance than diesel systems for remote power supply. 

Phtovoltaic energy, however Is currently competitive to diesel generators only 

at I o l. ii v oioad levels, generally below 10 kWh per day. As the cost of 

photovoltatc energ;y continu,.s to drop, the 	competitiveness of PV with diesel 

will imprve,. MUder the asstmptinns provided, PV is likely to be competitive 

ti diesel within the next 10 years for remote Fower applications such as ice 

making it th,- lnad levels ret iired for this application. 

P.'/D i v,;, ! "tt bri ds<'' 

The2 characteristics of stand-alone PV energy systems indicate that competitive 

p' systems, sized to meet ice making loads, will be "hybrid" systems. Hybrid 

systems refer to the intermittent use of a diesel generator to provide power 

13 



for periods or low insolation and 
to meet peak energy demands and thereby
 

substantially reduce the required battery storage capacity that would otherwise
 

be necessary if PV were used alone. The 
use of diesel generators in combination
 

with photovoltaics also increases the reliability of 
the power system and can
 

reduce the cost of delivered energy over either energy technology alone.
 

4.2 Technology/Component Data Base
 

There are three ice making technologies; block, plate and flake ice.
 

Block ice is the current technology in use in the El Faiyum area. It is the
 

least efficient of the three because of its relatively low surface area to
 

weight ratio. lbwever, it is best 
for transport and storage. lTherefore it is
 

the preferred choice for in-home use throughout EgypL.
 

Plate ice is commonly used in the fishing industry worldwide. It is made
 

by passing water over refrigerated vertical metal surfaces and 
allowing a sheet
 

or *'plate" of ice to form. Plate ice technology is more efficient than block
 

ice. Tht principal disadvantage of plate ice is the 
cyclic nature of the power
 

demand.
 

The flake ice process is the moat energy efficient and it results in a
 

rulatively continuous load. Flake ice is formed by a shaving process of rotating
 

either a drum or blade to scrape thin layers of 
ice into flakes.
 

The first consideration for the power system to operate the ice maker is
 

given to the choice of an AC (alternating current) or DC (direct current) power
 

system. 
An AC system requires the use of a stand-alone inverter to convert PV
 

and battery energy (DC) into AC power for 
use by conventional AC loads. The
 

field performance of inverters has 
been poor and, because invertera are a
 

critical link between PV array and 
the load, their failure can prevent the use
 

of PV produced power. 
 In addition, invertera are at best 90 percent efficient.
 

The alternative is to eliminate the inverter by modifying load equipment to 
use
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DC power. The use of DC loads 
results in the most efficient use of the PV/battery
 

system and improves the system's reliability. The trade off is that 
the Ice
 

maker must be modified by changing AC motors to 
')C motors and a rectifier must
 

be added to the diescl/generator to convert AC to 
DC power. It is recommended
 

that the design not be required to be either AC or DC, but that 
the Statement
 

of Work insist that 
bidders justify Their design and respond to the concerns
 

raised in the Field Test #6 Application Review.
 

There are three basic PV technologies with proven field experience: single
 

crystalline, p,ly-crystalline, and ribbon. 
 Any of these should be considered
 

as acceptable 
for this field test. An adjustable 
tilt array should be required
 

to provide for the maximum output 
of the PV array in the peak demand months and
 

alsu throughout the year.
 

The puwer syyqle controller should be capable of three finctions: (I)
 

efficlent pwfer conditioning of the PV array, 
 (2) battery protection, and (3)
 

power distribution of the PV, battery and diesel 
energy to the loads. Several
 

contrijllers are commercially available that 
can perform !hese functions. They
 

range from what may be described 
 as "smart" or programable controllers to
 

"basic" controllers that use preset relays 
 and minimum amounts of logic circuitry.
 

For either controller, it is likely that 
some customization will be required 
to
 

meet 
specific design, operating and safety objectives. Specific emphasis 

should be placed on performance testing at manufacturer's plants and in the 

field and guarantees that may be offered. 

There are two basic choices for a battery energy storage system, vented or 

sealed deep cycle batteries. Vented batteries 
are less expensive than sealed, 

however, the loss of electrolyte due to either evaporation or "gassing" can 

require frequent monitoring and maintenance. Vented batteries can be equipped
 

with "recombination" caps to 
reduce the use of electrolyte. More expensive sealed
 

batteries are the preferred choice 
for handling, shipping, and 
maintenance consideratio:
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4.3 Selection of System/Comixpnent Technology 

Based on a review of 
available equipment and technology the following
 

recommendations 
are made:
 

1. Plate or fl.:ke ice making technology is recommended. Power system design
for uae with plate Ice making equipmenL must be capable of handling Inhere ,t
cyclic loading while flake 
ice making technology must 
show that block ice can
be made through the use 
of block presses 
to produce ice for commercial
 
sale.
 

2. The Ice maker and power systems should be of either an alternating or direct 
current design (AC or DC). 
 A DC power system design is encouraged in order
to maximize the efficiency and reliability of the photovoltaic power system.
 

3. iho:utultaLc modules of single crystalline, puly-crystalline or multi .crys
talline and ribbon technology are recommended. 

4. An adjustable tilt rray structure is recommended which permits manualadjustment of the arriv tilt, seasonally for at least three positions: 10,
29 and 40 degrees. Structural material should be aluminum, galvanized
metal, treated wood or concrete. I)esigns should be encouraged which permit
future fabrication in Egypt. 

5. A powr svstem cantroller with a field proven record of performance isrecumm-ndvd. "ihe Fw,,r sys'em controller should be as simple as possible,
providing t hv aility to easily troubleshoot problems and make componentreplacemrent and repairs. A maximum power tracking controller is recommended.
 
Al,;,) a micruprucessor-based design i; acceptable for this application if
field performance data shows the unit to have comparable reliability t:o 
n,n-mc ropr ,cer;so r-based control equipment. 

6. D,.ep cycle lead-acid batteries sealed or venterd are recommended. Ventedbatteries should be equipped with recombination caps. Sealed batteries should 
be considered if their life cycle cost is not 
greater than 20 percent over

comparable vented lead acid batteries. (20 percent is a qualitative value 
attributable to the elimination or reduction of maintenance).
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.0 CANDIDATE CONCEPTUAL DESIGN 

5.1 Design Approach
 

For the candidate conceptual design, a system configuration was developed 

based on the loads Identified, the equipment technolcgy under consideration, 

ind the dsign purpse (i.e., development, demonstration, training, lowest cost 

opt ion). An Iterative proc,,ss was conducted to determine an optimum design 

betwen I'V , di esol ,ea.tr ator, and hattery power to operate the ice making 

plant. Exhibit -! is a blot k diagram of the process.
 

The candi£date corwvptuil design of the PV/dienel hybrid energy system
 

assumtes a cors ant a'.'eraige hourly load equal to the total daily kilowatt hours
 

,I.Ided by 
 upo rati n, hour; o! the lct maker. The design is based on twenty-four
 

h:,ur opr:ittlL to 
nagxi..e capacity, resulting in a constant hourly maad representa 

of flake i,:'t, i.. A cvclic bit. , as with plate ice makirqg technology would 

reqoiire a larger diesI gaeityogenerat-)r and bottery hot would not affect 

arriv ;i; tw' b,.caus, arriy sf:7ing is based on energ:y per day. With plate ice, 

P11 n,.rg: l ,,;t dur p.,riois when PV output exceeds load can be recovered 

throug,,h hattory st ragfe. 

h,_{)p lit 1 Cuf lic 0., 

The op,.rating concept behind a PV/diesel power system is to operate each 

power sys tem at its highest efficiency compatible with prrducing the lowest 

levelized evnrgy cost. This means i;ing a minimum battvry capacity and operating 

th, dies I at not less than .0 percent of its rated caacity to achieve good 

eoficiency and to mi In i .!e maint enanre requirements. 

EKxh lht '-2 is a graphical repre.nentation of the aperation of a PV/ battery/ 

dies l power syOtvm upplvinv a twenty-four hour daily load. In general, the 

photovoltalc array operates the load during the day and the diesel operates the 

load during the night. Points "a" and "b" represent changes in the principal 
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-Die se1- PV/Battery -1111Diesel 
Battery Charging with 

Array Peak Output 	 PV Excess PowerBattery Discharging 	 a=Diesel Stop, PV Battery Start 
b=PV/Battery Stop, Diesel Start 

"- .~ ICE MAKING 
0
-J 

DEMAND ! 
-

a. 	 --DEE
 
OAM 12 Noon 	 GPM 6AM 

Battery Charging TIME OF DAY 

Figure 5-2 
PV/DIESEL IDEALIZED OPERATING CURVE 



power supply source; from di;el to PV/battery in the morning as array output 

increases, and frcxn PV/battery to d',_sel In the evening as array [)Ower decreases, 

The change in power supply can be gradual by "Integrating- or combining pV/ 

battery/diesel power to supply the total load, or it can be distinct by 

effectively operating the equipment as separate power supplies, PV/battery 

and di .u; . Both are rea ,c,able op,,-atling methods. 

A fully "integrated" power system provides for the maximum flexibility in 

oprating the system. It requires a "smart" power system conrrollb.r which can 

identify and compare various operating parameters relative to the PV, battery 

and lesel power system and determine when to start the dieel, at what power 

level it sholO o r,t, and what Is the optimum use of PV power at a given 

poant il tlime. Tie a'.'iabi 11ty of such -smart" controllers in the commercial 

marker Is relatlv.ly rVcent. 

A simpler control method is to operate the PV, battery and diesel as 

idtnepeTndent powr ;'. em;. The F.Varray and battery provide power to the loads 

for a spec, ific tL:., i:ntvrva or :itfl a specified minimum battery charge level is 

r,,;ch.d . At this time, the 1te ,,,lstarts and takes over the ice making load. 

An.' remaining arriy pow#r Is ud recharge theto battery bank. Diesel power 

i; dltiicat.d to the Ice maki ng load and does not concurrently charge the battery 

baIlk. Powf0r supply is switched by power relays and can be specified to be 

manual or attomated, to prevent load operation interruption. Cormercially 

available controllers can pe rform as a "basic" power systf-m controller with 

the addition of a time, current, or voltage sensor and "remote start" relay. 

Isses ,;uch as proven r'liabIlity, efficiency, cost and maintainability 

should b considered When evalu;ating- the power controller design. In addition, 

the Statement-of-Work will provide typical daily power curvea to simulate 

operational concepts specific 
to the control design.
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5.3 	 Sys tern Conf igurat ion
 

The Field Test #6 Application 
 Review discusses the attributes and liabilities 

Ut AC vvrs ; DC c;u'em ns and plate versus flake ice production.rofir'o, 


The pry.llmlnirir -,;
.v r,. c i: iin, and ditin in that document is based
 

on a DC !,yste-n t.at prducs flake 
ice. A i)C design is encouraged in order to
 

maximizc the , ltciency and r,.liahilty of the PV power system. In addition,
 

flake ice prestnt ; a coniti notus load to the 
 power system. 

In the fin..l ,I t ,Iv,s, it Is recommended that the be leftsystem design to 

the bidditig contri:ctor, i.e. , either an AC or DC power system that drives an 

ice maker producing fiake or plate ice. Evaluation criteria and system acceptance 

test ri-piirem,nts that specify minimum acceptable system reliability and opera

tli,.ijll met hodlogy must be 
clearly stated in the Statement-of-Work.
 

(cne po::;ibl r'.ndi bite concept ual design, described in the following
 

tr']ig"raplh5;, nn' d si. a i,. and sizing :onsiderations for either an AC or DC
 

em prdvlci!n 7 plite or I ak ice. The system layout 
 with 	 the various equipment 

optLions Is sho%.- In <xihi ' I --. 

'.3. 	1 Power Svstm 

A ;izIng analvsH fo r tile major components of the PiV/Diesel Ice Making 

plant was, ,'rtr'ad In the Field Test 06 Application Review. A DC power system 

and flake ice ..n.ikng loads were used to achieve higher system reliability and 

energ y ef ici,.cy over an AC power system design and more conventional AC 

loads. The pr inci pal advaintage of a DC power system is the absence of a stand

alone- DC-AC inverter. Professonal opinion (NASA, Solarox) on the viability 

of stand -alone inverters svipports the conclusion that lnvertcrs are to he 

avoided if at all pos;sible. It Is important to realize, however, that a DC 

system Is uncommon, which may prove to be disadvantageous when the realities of 

the industrial marketplace are considered. It is possible that manufacturers
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TypicaNi anefi "2zHequired 
36 Modules. Each Rated 
at 46 Wp Adjustable Tilt 24 Module Panel 
Structure One Required 

IIII_ 

20 meters 

____ I 

I I _ I 

-. 

1_I 

Ik 

TYPICAL 
Exhibit 5-5 

PV ARRAY PHYSICAL CONFIGURA TIONS 



I 

- Panel 

-- --(-) 


Junction 
Box 

TWO BRANCH CIRCUITS:
 
0 11 36- Module Panels + 1 
 12-Module Partial Panel
 

per Branch Circuit
 
e At Standard Conditions Each Branch Circuit Delivers:
 

- 17.952 Watts
 
-306 Volts
 
*58.7 Amps
 

* At 65"C Each Branch Circuit Delivers Approximately:
 
-15.080 Watts
 
- 246 Volts
 
61.3 Amps 

Exhibit 5-6 
TYPICAL PV ARRAY ELECTRICAL SCHEMIATIC 



Module / Bypass Diode (Typical)
Across Each Two Modules 

* 6 Modules In ,Sarles 

* 6 Modules in Par flel 
a At Standard Conditions 

- 1,584 Watts 
*27 Volts 
* 58.7 Amps 

Exhibit 5-7TYPICAL PANEL ELECTRICAL SCHEMATIC 



Solar Cell 
.F t DD
 

S__JF]L7 L1_L_7-W)j-_... 1 t - - - ] 

40 Cells In Modulu 

10 Cells In Series 

4 Ce!Is In Parallel 

Exhibit 5-8 
TYPICAL MODULE ELECTRICAL SCHEMATIC 



o Deep dishrg, e batte-ries aesIqned for :hotivoit aic ap plI cat ions. 

The so Id talte ccrntr:l 1(r is desgnea to rm''ije efficient power over a 

wide range of operating condi t ions. It must be capable Df handling voltage 

between 210 and 
260 volts and current between 0 and 110 amps. 

5.3.3 Diesel (Generator Power Subsystem 

The Gene.rator set (Censet) must be at least 25 kW capo.,:ity to handle the 

compressor load for the ice maker. It is fitted with a conventional 50 cycle 

generator capable of 221) volts. Almost all 
of the major diesel generator
 

manufactur,-r,; 
have engines In this size class. For a DC po~er system, or for
 

intertrmttantly charging the 
batteries 
in an AC system, a battery charger is 

-,ptecifled for 
the application.
 

Thee of the 
diesel fuel storage tank should be determined by the fre

quency at 
 -,ilch resupply can be Fxpecte.. 
 The fuel consumption of 
a 25kW
 

diesel is 1.94 gallons per hour. 
 A two-week supply of diesel 
fuel, permitting
 

24 hour continuos operation during 
the period is recommended. 
 This requires a
 

1230 liter (325 zallon or 
1.23 cubic meter) storage tank.
 

5.3.4 Ice-Making Equipment
 

A throrough discussion of Lhe attributes of each 
 type of ice (flake, block,
 
and plate) is prese-nted in the 
 Field Test 116 Technology Review. Ice making is
 

a mature Industry 
 ii -ciJ, imity companies have literally scores of years of
 

experience. The 
 prime operating specification for this application is that the
 

ice maker be able to produce six tons of ice per 24 hour period and have a storage
 

capacity of 10 to 12 tons of Ice for three days. The use of flake or plate ice
 
does have implications in the power system design (on-off cycles versus a more 

continuous load). This will impact system relibillty and maintainability.
 

The ice maker requires a condenser to transfer heat 
from the refrigerant, 

thereby condensing the refrigerant (usually freon). The mechanism for this
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part of the cycle consists of a heat exchanger, plumbing, a fan, and pumps for 

the refrigerant and water. For this application the loads would consist of: 

1 lp Fa l !.,! ) r 

1/2 lip Wit r Pump 

I/2 Hp Refrige rant Purip 

Thl p,,ilie uonceptual system design assumes potable feedwater. However, 

apart from the quest on of p,tability, water must be pumped from the source 

to a timporary .t,r ,'e ,ac.itS and then be avallahle for the ice maker. The
 

water supply vtr mhouid 
hf- capabi of pumping 8 cubic meters of water per 

day and have a stoirae caniocltv of about 20 cubic meters. The pumping load for 

this water s;upply is miaimal wh'en compared to the total load demand. 

5.3.5 Structures
 

Structur; are required at the site to 
 house system components. A main 

control buiidin.! t,- hse the inverter, the battery bank, the instrumentation
 

s;t-m, ard thi. c'ntr, l 
 r Is required. The batteries will weigh nearly 12,727
 

R t);,r ams ( 28 ,0 ;)uod s) 
 mind occupy a volume of nearly 8 cubic meters. This is
 

a floor area of 1 .'4m2 (15 
 21 t ). Access to the b,-tteries (for maintenance)
 

re(qire,; abot the sm, area. Other equipment will require an additional 9.2m2 

(10o ft 2 ). The total area of the maln control building is therefore approximately 

237.2m2 (40) it ). 

The room containing the battery bank must be sealed from the other parts 

of t h.i.lctiru". Ventinr from the top of the room must be provided so that low 

densiLt; (exploilv hydrogen gas is allowed tosi) escape before it becomes a 

slfrty hazard. Sealed batterie'; are available, but venting is still a good 

Sd!I eit\' r ecal, £ 0-):,; 

A diesel generat.)r building with a concrete floor appropriately supported 

for vibration is required. The location should be downwind from the ice-making 
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plant to avoid fumes and to minimize noise for people who work near the ice
 

plant 
or the control room. The building must be constructed So thIt a Supply
 

of air is aval lable to the 
 ,,n,' in and the e:XhauSt can be vented to the atmosphere. 

5.4 	 Syst,.m Performance
 

The technical performance of the 1'V/df(ese] power system in 
 the field will
 

be m,-asur-d by an on-site 
 data 'cqiIsit!on sv'tem (ODAS ). For this document
 

!y;t#.m perform.iLee was simul aitd 
using the PV F-Chart computer model to
 

dte rmine the expected monthly 
 a/dd annual Ce rgy production for the PV array
 

and the reotlt ant dl ese l 
 enrg v required to satisfy the 420.,kWh per day load
 

dem:Ind (!or d.tai 
 see the Field Test ir) Application Review and Appendix C of 

that -Cum'ent I. 

The major co.ponients and assumptions for the performance modeling 
are as
 

iol l ows : 

Co r.p) 0 Lt s 

PV Array 
 35 kW
 
Battery Storage 
 233 	kwh
 
Diesel/Generator 
 22 kW
 
Ice Making Plant 
 6 ton/day (5.5 tonnes/day)
 

Performance Assumpt ioiLs
 

i. 	 Array reterence performancp data Is for poly-crystal lin' silicon. 

2. 	 PV F-Chart is used to deter.mine PV operating efficiency and average daily
insolation on a month!.; 
basis.
 

. h tttery loqses ar , ,timated to be 
 3 percent, based on 15-20 percent ofthe e>.rgy pa sirg thrcigh 8') percent efficient batteries. 

4. 	 Power conditioning ILos;es are 5 percent. 

5. 	 Die;el opi.ratin;, etficien,:y, i.e., fuel to electricity conversion, 
is 20
 
pe cen . 

6. 	 The energy ,ontent of diesel fuel 	is 1.3 kilogram-calories/liter (140,000
 
Btu/ga lon).
 

To compute the total energy from the PV array, 
 the average daily array
 

operating efficiency is multiplied by the 
average daily insolation over each
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month. The result is mult ipl ed b' the numter of (lays Irl a partfc.1lar month. 

The di esel ,,'nILra t.r cotr iht i on I,; the difference between 420 k h per day and 

I,t. k- lo: -.-- h ur.. produce, v ', P I :I r i'. Exhlbi t 5-9 tabulates the resulting 

The annil e-ifergy production val ues provided in ExhIbi t 5-9 are calculated 

based on average d Ily array efIiclenicy and insolation. PV FCMART predicts a 

35 kW -rriy wil I provide 39.6 percent of the annual energy demand or 60707 

kilow,it t-hours. The ilight di ffer.once in total annual energy production shown 

In FxhI h t ",-9 ic prriarily (lue to daily average ccxiputation versus hourly 

,.|'1° r . 
3
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Energy 


Demand 420 kWh/dy ENERGY PRODUCTION
 

a 


(kWh/Day)
 

PV Battery 
 Power
Oper.
Month Losses
Days/mo. Cond.
Eff. Insolation
(1-X) Eff. 354m2 (35 kW)
(kWh/day) 
 PV Array Diesel
 
JAN 
 31 
 .08 
 .97 
 .95
FEB 5.5
28 
 .079 143 277
.97
MAR .9531 6.4
.077 165
.97 255.95APR 6.730 .076 168 252.97
KAY .95
31 7.6
.075 18
.97 232
JUN .95
30 7.5
.074 183
.97 237
JUL .95
31 7.9
.073 191 229
.97
AUG .95
31 7.9
.073 .97 188 232
SEP .95
30 7.6
.074 181
.97 239
OCT .95
31 7.0
.075 169
.97 251
.95NOV 6.530 .078 .97 159 261
DEC .95
31 5.6
.080 142 278
.97 
 .95 
 5.0 
 130 
 290
 

Yearly Eiergy Production (kWh) 

61089 
 92211
 

Yearly Diesel Fuel (gallons) 

11237
 

Exhibit 5-9
PV/DIESEL ENERGY PRODUCTION'DATA 
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APPENDIX A
 

Insolation 
 (Source: Published research by Dr. Mossallan
 
Shaltout of the Egyptian Meteorological
 
Authority)
 

Horizontal Global Average Daily Insolation
 

EL FAIYUH EGYPT 
 LAT-29
 

SOLAR TEMP 
 REFLEC*
 
(kWh/day) °c 

JAN 3.8 15.2 .20
 
FEB 4.9 
 16.2 .20
 
MAR 6.0 
 18.6 .20
 
APR 7.4 
 22.2 .20
 
MAY 7.6 
 26.1 .20
 
JUN 8.1 
 28.7 .20 
JUL 8.1 30.2 .20
 
AUG 7.5 29.8 .20
 
SEP 6.7 
 27.4 .20
 
OCT 
 5.2 25.4 .20
 
NOV 4.0 
 21.2 .20
 
DEC 3.4 
 16.3 .20
 

* Estimated for sand
 

Ambient Temperature (Source: 
 El Giza + 2 degrees Centigrade)
 

MONTH 
 MAX MIN 
 MEAN
 

JAN 
 22.2 
 8.1 
 15.2
 
FEB 
 23.7 
 8.6 16.2

MAR 26.4 10.7 
 18.6
 
APR 
 30.7 13.7 
 22.2

HAY 34.7 17.6 
 26.1
 
JUN 36.8 20.6 
 28.7

JUL 
 37.8 
 22.5 
 30.2
 
AUG 
 37 22.5 
 29.8
 
SEP 34.4 20.4 
 27.4
 
OCT 
 32.6 18.1 
 25.4

NOV 
 28.2 
 14.2 
 21.2
 
DEC 
 22.6 10.1 
 16.3
 

Warer Temperature (Source: Rafik Georgy, based on FRDA data)
 

8 - 28 Degrees Centigrade
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INSTRUMENTATION REQUIREMEl TS 
AND SPECIFICATION 
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SPE~CIFICATIONS FOR. FILD STU4STRU-MENATION SYSE 

TeRe aI e Enersg i ,e 1d Tisat, fatl-umeat on temu e temys 

ia tins 11 Eg YP ese, erg aytemsa ± cludemain, p-ower sources, (5olar
c 1ctr P rr -an j nd Cturbined-s) mliA rbsse
 .e..
...
 

pcg 3 

,makipg euipment- desalln'ation ysem, a: antola
 

.58?'ems v i Y'o cha'acterisj,
 

rang Ing-i frIosmall DC londs to.-rid-c'nnected 

d j c stap aloi.T ese'isusys ems- incud, ce

-ap'p1 caciona ridback-iup ower
 

Sy teM s (d1 t-'1!engi ,es and batteis)
 

Srueafl , - apdaone p .sem. ia±1ure of te""'e,
 
Listrumentationi ~s.te-m mus no e-,perf rmarnice of
afet thel f ierd- tet yst
 

tha~1t 'isb-ting mo~nitored. UThe 'instrumncati~ 
 sr.ytemmust' have an-o, sitetaa 

~S~orage system that Is no-oatlcalcpbe fes 'apabseo ,r~movai- anid 
transport to aniother lcation for data removal arid long-term s trage. ' Oefor 

'of thienor-volatile storage System miust be'a microchip/ EPIO4 or 'CMOSRA Tp 

'aib SiteChat ~omlkd easily and without, daniger 'ofa
 

Thie iflstrumentation 
 )3ystem must be a micirocomputer,'based 'data .1
ogger'with,

programmable jiput channels and- output formats both'analog and di'gtal. 'The
 

usehvemut ontol verSa~pling Jequ ricy anid -output period':for each-,
 

a janal' nT1' cajpebilityA to multiplex some of te ec 'anire i al-s re ~d,
 
1' mar design objectives for 'the instrumentation, Sys tem shoulId- be- reIllab li1t
 
-'mli~ i, nmll asiz ',-: p e -airy to' oprt i nlhm ia 

e*rMes "as Spec ified (especially, "high tempera tur' san'd du' aPd trPica/e 

The ubit b pab e of standaoe te'y p f-coa~.Th unt alone ater~oprdtion for--a -eriod 
"of a least one mo nth preferay- 'for two mor.'L.18. 

+ oIlo iri apecificaC: Ih minimumr on a ,are. requiredf- h ntue to 

6, Ct e. If an, ex ce ion mu st b~ C ke6n to one'o more ; v.t ese r'equrmns 

B-2 
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e,'excpto'n etal d-ae 0noted ci'ae d B-eplati ngienvato e he,a o r 

r e t pr b ea0nces 64'nc 

o_ - M, usel fi i neodpiy oer n aour nvtoe a'o ..a c nInued 

e e ±pl eLo_L a bac '6an~psdiabd 


6 0- Caale; ,oeperation usin de1 'Con 50l Catrende 


0RCa diltye r ap exol oer: sf-C-Hui they 6 6,tof oenin 

n ercollcn swdiu cardfo hu e iselsial. 

Number~si'a~tlest~2 
 nnl 'charege 

Evioliintal SXeas ca~,tions, i ee ia orsn eederif 


Ac iura omerture; 7' 5degs C~ . peren
 

Amp +o dots.Ca se0a eul1 


oal Rieaies Hu dtya 0t o 90perent:a fo-ore cia ge
 
-vio o tropi a tc' a c1 nne
s' a 

oImer a~ieolr dr 'nai ramntnn h ~aso ;ih 

Nube ofdChnnl AaCot,least- 12treree channels l 

Volag MasuemntTyes Dife eiach, sing -Lentd dt rnee 
men5 aolt ~aes l ~~uoti~ e 

Mutile Caa r c ta c h elpabili ty: en an 

Su-



Output Signal Interface 

Memory: Capable of storing at least 3000 data points per day for a period
of one month (twa rionis desirable) 

Display: A visual diplia! of stored data is required ui-site for data 
v,riftic:irtion h-.:i re dt i removti
 

Periphe ral Intrf i-. Downlo ading of data at the site 
should be by physical
removal of the data storage device or simple,
reliable data downloading to a non-volatile storage
device. Storage data files shall be IBM-PC compatible 
on floppy disc either directly from the data logger 
or nroigh a simple, fast, reformat'ing technique. 
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FIELD TEST PERFoPUANCE 

Field Test d6 (PV lce-mak.in,_ 

Channel 

Parameter 
 Type 


'rray Power (kW) 
 p 

ekrray VoLtai;e (volt,;) 
 A 

,\rra, Car rent (A .,) 
 A 

PV ref. cell t'mp.
 
(2 or 3) (C) A 


Diesel Fuel Usage (Liters) A 

Diesel Power (kW) 
 P 

Diesel Number of on-off
 
Cycles 
 P 


Diesel Valtage (volta) A 

Diesel Curr ilt (&mps) 
 A 

P !ttery Charge and
 
Discharge Current (Amps) 
 A 


Pattery Voltage (volts) 
 A 

3attery Temp. ("C) 
 A 

Ice Maker Water Flow
 
(11iters) 
 P 

Water Inlet T*emp. (°C) A 
Ico Maker Power (kW) P 
Ice Maker Voltage (volts) A 
Ice Maker Current (Amrlps) A 

* DesI red but not required. 

Meteorological Station 

MONITORING DATA REQUIREMENTS 

Output
 
Interval
 

10 min. 
10 min. 
10 min. 

10 min.
 
Daily
 

10 min.
 

Daily 
10 min. 
10 min. 

10 min.
 
10 win.
 

10 min.
 

10 win. 
30 min.
 
10 min. 
10 min. 
10 min. 

Channel Output
Parameter 
 _.-Type 


Horizontal Insolation (kW/m 2 ) A 

Plane of Array Insolarion 

2
(if appropriate) (kW/m ) A 
Ambient Temp. (°C) A 

Humidity (%) A 


2
Air Pressure (kgrm/r ) A 

Wind Speed (m/sec) A 

Wind Direction (degrees) A 


Interval
 

10 win.
 

10 min. 
30 win. 
30 min. 
30 win. 
10 min. 
10 min. 
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