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ABSTRACT

This dissertation documents a research study on the
comparative technical and ecaonomic performnance of
photovoltaic and diesel gensets as off-grid electrical
power supply systems.

The provision of reliable energy supply infrastructures
has been identified as a3 key pre-reguisite for scecial and
economic development. The convenience and versatility of
electricity have established it as the preferred form of
energy for industrial, commercial, agricultursal and
domestic applications. However, the dispersed deographical
nature and low energy consumption of potential electricity
consumers in under-developed and rural areas in Southern
Africa preclude the extension of the national eleciricity
grid to meet these demands. Traditionally diesel generator
mets have been used for off-grid power supply, but the
advent of silicon based photoveltaic technology has
introduced PV systems as an slegant and increasingly cost
effective alternative to diesel gensets.

Although studies have been conducted internationally,
scant information is available on the relative performance
and suitability of these two contrasting technologies in
the Scouthern African context. In addition to conventional
diesel genset systems, the introduction of an  energy
storage reservoir, 1Iin so-called genset-plus systens,
represents a refinement in the operating characteristics
of diesel gensets which also has not been critically
evaluated. This study addresses the need for reliable and
empirically derived data regarding the operating
characteristics of PV and genset based off-grid power
systens.

The method adopted for this study emploved remote
glectronic data capture svsiems to provide dstz for  the
technical evaluation. The economice evaluation of the
systems was an  annuity method approach, based on the net
present value of the life-cycle gperating cost reduced to
an annuity.

The four off-grid power supply systems selected Ffor
monitoring were situated in the Kruger Hational Park and
were selected to provide a range of different technologies
and svstem sizes. They included

- an 800 ¥g AC PV system supplyving lighting leoads at Jock
of the Bushveld private camp;

-~ g 3360 Wp DC PV svzstem supplyving lighting, ventilation,
and refrigeration loads at Boulders private camp;

- a 5,8 kW/45 k¥h genset-plus system supplying domestic
and small workshop loads at Woodlands ranger’'s camp; and

- a 180/200 kW twin genset system supplying power to the
Shingwedzi main tourist camp.

Based on & technical and economic analvsis of the svstenms,
the optimality of the system configuration and system
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design is discussed with reference to the electricity
requirements of the leoads, the availsble inscolation in the
Kruger Hational Park, the opsrating dvnasmics of the
components within each system and the overalil 1life-cvcle
operating costs.

The conclusions drawn include broadly identified classes
of off-grid 1loads that would be optimally supplied with
electricity from PV, genset or gensst-plus systems., In
addition, some criteris are presented on which decisions
can be made regarding AC or DC configurations for PV
systems, and the optimality of the four systems is
reported. Finally, the potential Ffor optimization of
dissel genset technology in genset-plus configurations
systems 1z emphasized.

Overall, the fundamental wvalue of this study lies in the
incremental enhancement of the understanding amongst
gystem designers and potential users of the opsrating
characteristics and costs of PV and genset based off-grid
powear systems in the Southern African context.



ACENOWLEDGEHENTS

The project on which this disssrtation is based would not
hawve been possible without the initiative and guidance of
the preject leader, Dr Anton Eberhard, who also supervised

the dissertaztion.

The ER1 electronics and instrumentation engineer, Chris
¥Hozniak, designed and built the monitoring systems and his
considered opinionzs on a range of technical =and non-
technical issues also served as vital contributions to the
praject. Bill Cowan, of the Department of Sociology, UCT,
inspired a lucid and critical perspective for the analysis

and discussion in the dissertation.

The project was fundsd by the CSIR's Nationsl Progremne
for Energy Research, and the Maticnal Parks Board provided

technical support in the Eruger Hational Park. The
Electro-mechanical Engineer, Bolla Truter, and the
Engineer-in-training, Rorrie Froelich, performed this

latter function.

Finally, the helpful comments and general support of the
gstaff and fellow opost-graduates =&t the Energy Resesch
Ingtitute iz kindly schknowledged.



W W

vi

TABLE OF CONTENTS

Page
No
BB T RAC T . & ittt s e e e e e e e e e e e e e e e e e e e (iii)
LIST OF ILLUSTRATION G . . .. it e it et et e e et e et e eens (x>
GLOS AR . . .t e e e e e e e e e i s (xviii)
1. INTRODUCTION
1.1 Background rationale. ... ...ttt e e e e 1
1 0] T = o A = = OO 5
1.3 Outline of the thesis. . ... . . ittt e ettt eeianannns B
2. LITERATURE REVLIEW
2.1 Review of diesel genset and PV power systems................. 7
2.1.1 Diesel genset systemsS. . .. .. @ittt it i e e 7
2.1.2 Genset-plus SYStemMS. ... 0 it i e e e e e e e e 10
2.1 .8 PV sSystemsS. .. i e e e e e e e e e e 13
2.2 Cost of electricity generated by PV and diesel gensets...... 18
2.2.1 General comments regarding the cost of electricity....18
2.2.2 Unit energy costs of off-grid electrical energy....... 19
3. DESCRIPTION OF HMONITORED SITES
.1 Chodce 0f Site S .. vt it i s e e et ettt et e et st e saanea 26
.2 Jock of the Bushveld. ... ... it e e e e e enns 2B
3.2.1 General description. ... ittt i e e e e e e 28
3.2.2 System description.. ...ttt e e 28
3.2.3 Load description. .. vttt ittt e e e e e e 30
3.3 BoUulders. .. i e e e e e e e e et e e e e e i e 30
3.3.1 General descriptilon. .. ittt it i e e e et e e e 30
3.3.2 System description.. ... .. e e e 30
3.3.3 Load descripbiom. e o e i ot e e e e e e e e e 31
3.4 Woodlands. ..o it e e e e e e e e et e e e e e e, 32
3.4.1 General descriptilor. .. .t i it it e e e e e e e e 32
3.4.2 System description. . ...ttt e e e e e 32
3.4.3 Load descriptior. @ o vt it i it e e e e e e e e e e e e 33
3.0 ShingwWedzi. @ v ittt e e e e e e e e e e e e e e 34
3.5.1 General descriplion. . cv it it it it e i e e e e e e e 34
3.5.2 System description.. .. ..t e e e e e e 34
3.5.3 Load description. v u i i i e e e e e e e e e e e 35
4. METHOD OF INVESTIGATION
4.1 Data logging systems description....... ...t inennn 37
: 4,.1.1 Jock of the Bushveld. .. ... . . ... i i iennns 37
4. 1.2 BoulderS. .ottt e et et e et e e e e e e 38
4.1.3 Woodlands. . .. it ittt it s e et e e e e e e e e 40
4.1.4 ShingwedZl . .. e e e e e e e e 41
4.2 Physical SeNSOr S . it ittt i et e ettt e e e et e e e e e e e e e e 42
4.2 .1 TempPer gt e . & o it e e sttt bt et e e e e e e e 42
d o 2.2 Volbage. o it i it e e i e e e e e e e e e e 42
42 3 UL LTI . it et e e e e e e e e e e 43
4,2 .8 AC POWE .t i ittt et et e e e e e e e e 43




wii

Page
Ko.
4.2.0 Bolar Tadilabiom . @ e e e e e e e 43
4. 2.0 Fuel Leve L. . e e e e e e 43
4.3 Analog signal conditioning interface................ .. cc.... 44
4.4 Digital electronic data LoEEer . « v v v ot vt it e et e e et e 44
4.0 Data manipulalilon . . . e e e 48
4.5.1 Data scanning and SCreening. .. .ttt it it 48
4.5.2 Jock of the Bushveld. ... . .. i iiaenn 47
4.5.3 Boulder s, . i i i e e e e e e e e e e 47
4.5.4 Hoodlands . ... ... ... e e e e e e e 48
4.8 Bhingwedml . it i e e e e e e e e e 43
4.8 Problems with the data logging SVSLEMS . . ot ittt e it nenn e 50
4.7 Economic evaluation method . ... .. .t ie i 51
4.7.1 BV BystemS . .ttt i i i et e e e e e 54
4.7.2 Genset-plug SVSLeM. . o i it it bttt n e e e 54
4.7.3 Gensel Svsbem. . ... . i e e e e e e e e 54
5. FINDINGS ARD ANALYSIS
5.1 Solar radiation and ambient temperature data................ 55
5.2 Jock of the Bushveld. ... . . .. it it e et s ee e B2
5.2.1 Technical evaluabion ... it it et e e e e vnnens 652
5.2.1.1 Overall results and deily operating
Characterish I0E . o . v i it e e e e e e e 62
5.2.1.2 Load energy demand and load curve............. BB
5.2.1.3 Svstem component PerforManc8. v v v v n o on s o 87
B, 2. 1.3, Inverbhar . @ v i i e e e e e e e e e e 87
5.2.1.3.2 Storage batltery.... ... ... 71
5.2.1.3.3 Voltage regulator.. ... ... ... i 76
5. 2.1.3.4 PV array . . i vt et st i e i 78
5.2.1.4 Svstem availlability. .. ... .. e e 84
5.2.1.5 Uperation snd maintenance consgiderations...... 85
5.2.2 Economic evaluation. ...ttt i e i a e e 86
5.2.2.1 Assumptions for the Jock economic analysis... .80
F.2.2.2 Capiltal CosSbm. . e i it it e e e 839
5.2.2.3 Operating and maintenance costS. .. ..o eennn =8
5.2.2.4 Life-cvcle coBES. . . . ittt i i e e e e e, a0
LI TN v F - Y 92
G T e T o 1 o2 O VG g5
5.3.1 Technical evaluation . . ... ittt it e et e e et e et teaeannn 95
5.3.1.1 Overall results and daily cperating
characterist ios. . i i e i e e e 85
5.3.1.2 DC/DC converter energy demand and load curve. 102
5.3.1.3 Svstem component performance. .. .......c0..-.n 107
5.3.1.3.1 DC/DC connverterS. . .. i i it e e enn 107
5.3.1.3.2 Ampere-hour meter. . . ... nnsen 187
5.3.1.3.3 Storage bablbery. . ...ttt 108
5.3.1.3.4 Voltage regulator.. .. .. . ... .t 112
5.3.1.3.5 PV array . @ v i e e e e e 113
5.3.1.4 System availlabilibty. oottt e e 120
5,3.1.9 QOperation and maintenance considerations..... 121
5.3.2 Economic evaluabionm. . ..ot i ittt ittt e e e 122
' 5.3.2.1 Assumptions for the Boulders econconmic
e L I 2 122
5.83.2.2 Capltal ComEg. Lt it ittt et s e e e e s 124
5.3.2.3 Operating and maintenance costs. .. ... . ... 124
5.3.2.4 Life-cvele CoOBL. . .. it e i e e 125

LG T B O L T - 1 < 128



tn

on
[44]
tn U en

5.9.3 SBunmary

W

e
[ LT =S
. =

[aV]

bt (0, 3

#

viii

6. DISCUSSION

6.1 Photovoltaic systemns

oo

P
L 3

Page
Ho.
.................................................. 129
5.4.1 Technical evaluabion. @ ..ttt ir e e e e 129
5.4.1.1 Overall results and daily operating
characteristios . . i e e et i e e et e e e e 1238
5.4.1.2 Load energy demand and load CUIVE. ... .. 135
5.4.1.3 System component performance. . ... .. ... 137
9.4 .1.3.1 InverLer. . . .. e e 137
5.4.1.3.2 Storage battery. ..o it ittt i e e 140
5.4.1.3.3 Battery chargder . .. .. v it e e e 145
5.4.1.3.4 Diesel ZerSet . oot et cneeenenons 148
5.4.1.4 System avallabllity. ...ty 152
5.4.1.5 Operation and maintenance considerations..... 152
Economic evaluabiomm . @ . i ettt e e e e e e e e e e 154
5.4.2.1 Assumptions for the Woodlands economic
analysis. .. e e e e e 154
5.4.2.2 Capital cosbas. . it it it i i e e e 157
5.4.2.3 Operating and maintenance costs. ... ... .. u ... 158
5.4.2.4 Life-cvele Cosh. ... it oot it et et e 158
U ¥ e v v v e s b e w v s o e e vt tee e e et e e e e e e e 159
B i . . . e e e e e e e e et e e e e e 163
Technical evaluatlon. @ i vt et m e e e s e et ia e e s 163
5.5.1.% Sy=ztem load curves and load energy demand....163
5.5.1.2 Performance of the Shingwedzi gensets........ 169
5.5.1.2.1 Operating considerations........... 169
5.5.1.2.2 Haintenance congiderations......... 171
5.5.1.2.3 Availabildty. ... . . i e 172
5.5.2 Economic evallatilion. .. . i i i n ot e m et e s 173
5.5.2.1 Assumptions for Shingwedzi economic
BB LY S Lg . i e e e e e e e 173
B B, 2.2 Capital COSLE .. it it et i e i e e e 175
5.5,.2.3 Operating and maintenance costs. .. .. ... ... ... 178
5.5.2.4 Life-cvele CoOSh. ... ittt et s s aae e eianeen 176
.............................................. 177
....................................... 181
8.1.1 General comments on PV svstenm components. ... ... ... .. 1892
B.1.1.1 PV modules. . ...t et e e e e 183
5.1.1.2 DC power conditioning equipment.............. 184
B.1.1.3 Storage BBOLeries . @ o i e e e e e e 184
B, 1.0 4 INveET ET S . i e it e e e e e e e e e 185
5.1.1.5 DC/DC converterS . o v i i e et it s e s s et e e 185
B.1. 1.8 Haintemamoe . @ i it ittt m et e s e st e st e ames 185
PV syvstem desddn. o i i e e e et e e e et e e e e 186
Optimal PV gsystems for the Kruger National
Pa rk =35 T o = =2 188
8.1.3.1 Jock of the Bushveld....... .. i iin... 187
8. 1.0 .2 Botnlgders. . i it e s e e e e e e 183
5.1. 3 3 Wood lands . . o e e e e e e e e e e e 192
B.1.3.4 Shingwedzi. . . . i i e e e e e e 185
8.2 Diesel genset SYStemMS. . vttt i it ittt et et cnin e ensennasas 197
B.2.1 Diegsel venset design teohnigues. . .ottt e it n e o 197
B.2.2 Optimal genset systems for the Zruger Hational
Parl SihE S . i ittt e e et e e e e e e e i 189
6.2 Diesel genset-plus SVSLEDS . . . . i it e e e 202
£.3.] Genset-plus design technilgues. ...t ittt i s e oe v 202



1x

6.3.2 Optimal genset-plus svystems for the Eruger
Hational Park sites. . ... ...ttt i e i 203
B .. UMM AT Y . o Lt e e et e e e e e e e e e e e e e 203

6.4 Summary of the discussion of optimal design for
O -grid siies. i e e e e e e e e 208
I A e T o 1 - 206
6.4.2 Diesel genset SySLemS. .. . e i ittt e et e e e i e e 208
B.4.3 Gensel-Plus SVSLemS . « v v e it r s nmm e e e 208

F. CONCLUSTIONG . . i i i e e e s et e e 211

REEEREN S . L e e e 215

APPENDICES : A - Schedule of existing KNP power generating
instsllations
B - System specifications
B.1 Jock of the Bushveld
B.Z2 Boulders
B.3 Woodlands
B.4 Shingwedzi
C - Schedules of loads
C.1 Joeck of the Bushveld
C.Z2 Boulders
C.3 Hoodlands
C.4 Shingwedzi
D -~ Interface monitor circuit diagrams
E - Dats logger input and cutput programs
¥F - AC current and voltage waveforms
F.1 Jock of the Bushveld inverter output
F.Z Woodlands genset output
F.3 Hoodlands inverter oubput
G ~ Schedules of Haintenance
G.1 Woodlands : K122
G.Z Shingwedzi : K18
G.3 Shingwedzi : K125
H = Schedules of fuel consumption
H.1 Shingwedzi : K1B and KiZ5
I - General comments on off-grid power system design
technigues



LIST OF ILLUSTRATIONS

FIGUERES Fage
nunber

Figure 2.1 : Generalized graph illustrating the unit cost...........
of electricity as a function of capacity factor
for diesel gensets (Paul, 1881)

Figure 2.2 : Short term test results for LISTER STZ diesel
genset (Kenna, 1987

Figures 2.3 : Dailly efficiency versus capacity factor for
LISTER ST2 diesel genset (Renna, 1887)

aaaaaaaaaaaa

Figure 2.4 : Efficiency versus energy production for LISTER........ 10
8TZ diesel genset {¥enna, 1887)

Figure 2.5 : The basic genset-plus system configuration,........... 1z
{Paul, 1881

Figure 2.8 : Schematics of load centre and mini-utility............ 15
tvpes of molti-use PV system (Eskenazi et al, 1986)

Figure 2.7 : Unit cost of energy for PV and dissel power........... 21
gystemns as a function of losd energdy demand
(HeNeliz, 14988)

Figure 2.8 : Sensitivity of the benefits of PV over diesel......... 22
for multi-use systems for worst and best case
assumptions (Eskenazi et al,1986)

Figure 3.1 : Map of the Kruger National Park showing............... 27
the location of the four monitored sitss

Figure 3.2 : System diagram for Jock of the Bushveld............... 29
AC photovoltaic svsten

Figure 3.3 : System diagram for Boulders DC photoveoltaic........... 31
systemn

Figure 3.4 : Svystem diagram for Woodlands genset-plus system....... 33

Figure 3.5 : System diagram for the 225/250 kVA Shingwedzi......... 35
gengset system

Figure 4.1 : Block diagram of the digital electronic............... 38
data logging system for Jock of the Bushveld

Figure 4.2 : Block disgrem of the digitsl electroniec......... ... ... 39

data logging system for Boulders



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

.10

.11

12

.13

xi

Block diagram of the digital electronic....... ... .....

data logging system for Woodlands

Photograph of the MCS digital data logger.............

Global solar radiaticon and ambient temperature........
praofiles for clear and overcast sky conditions
at Jock of the Bushveld

Comparative solar radiation data for....... i iinn.
Jock of the Bushveld and Boulders betwsen
03/10/87 and 18/10/787

Dailvy operating characteristics of the........ e
Jock of the Bushveld AC FVY system for a clear
day, (08/10/87

Dailv operating characteristics of the.... ..., ... ....
Jock of the Bushveld AC PV svystem for an
overcast day, 10/10/87

Average lcad curve for Jock of the Bushveld...........
representing AC power inteo the loads averaged
aver the log intervals

Graph of efficiency as s function of AC power.........
demnzand for the 3 kW square-wave inverter at
Jock of the Bushveld

Graph of DC power input as a function of AC...........
power demand on the output of the Jock of
the Bushveld 3 kVA square-wave inverter

Three typical charge/discharge cycles of the..........
battery for the 7Z hour period bestwesn noan
on 08/10/87 and noon on 11/710/87

Graph of energy into and out of the 530 Ah............
(nominal) battery at Jock of the Bushveld

I-¥ and array power curves for the Jock..............
of the Bushveld ARCQ array as generated
by the method suggested by Singer et al (1984)

I1-V curves and load characteristic for...... ... .. ...
Jock of the Bushveld battery charging as
logged between the volizmge regulator and batiery

Array and smbient temperature data vs. global........
solar radiation and best fit linear regression
for Jock of the Bushveld

Graph of combined array efficiency, global...........
radiation and panel temperature against the
time of day on a clear (1) and an overcast (2) davy



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figurse

Figure

Figure

Figure

Figure

Figure

Figure

.14

.13

.18

.17

.18

.18

.20

.21

.22

.23

.24

.23

.26

.27

®il

Fage
no.

The estimated cashflow and the estimated unit........ 91
energy cost of kWh supplied for the Jock of the
Bushveld AC PV system gver a projected lifetime of
twenty vears

Daily operating characteristics for the Boulders..... g8

DC PV system for a clear day and an ccoupled camp,
og/,10,8%7

Daily operating characteristics for the Boulders..... a8
DC PV system for s clear day and an uncoccupied
camp, 11/10/87

Daily operating charzcteristics for the Boulders....100
DC PV system for an overcast dav and an cccupied
canp, 28/10/87

Daily operating characteristics for the Boulders....1(1
DC PY system for an overcast day and an unoccupied
camp, L7/711/87

Average DC/DC converter power demand curve for...... 102
Boulders representing the DC power demand of the

seven DC/DC converters sveraged over the thirty

minute log intervals

Recorded DC/DC converter power demand sorted........ 104
into ascending order vs. the no. of log intervals
as a percentage of the monitoring periocd

DC/DC converter Ah demand per day for occupied...... 108
and wvacant camp at Boulders for the periocd
November 189835 to January 1887

Recorded batfery voltage sorted into ascending...... 110
order and plotted against the number of log
intervals as a percentags

Graph of energy into and cut of the 880 Ah.......... 111
{nominal) battery at Boulders

Three I-V and array power curves for the Boulders...114
M SETEK array as derived from the manufacturer’s
I-¥ curves

Typical PV I-V curves and charging characteristies..115
of the WILLARD F¥A 17 batteries at Boulders

Graph of combined array and voltage regulator....... 117
efficiency as a function of global solar radiation,
array tempsrature and voltage regulstor action for

a ciegar day with the camp occupied

Graph of combined array and voltage regulator....... 117
efficiency azs a function of global solar radistion,
array temperature and voliage regulator action for

a clesr day with the camp vacant



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

.28

.29

.30

.31

.32

L33

L35

.38

.37

.38

.38

.40

.41

xiil

Graph of combined array and voltage regulator....... 118
efficiency as a function of global solar radiaticn,
array tempesrature and voltage regulator action for

an overcast day with the camp cccupied

Graph of combined array and voltage regulator....... 118
efficiency as a function of global solar radiation,
array btemperature and voltage regulator sction for

an overcast day with the camp vacant

Difference between array and ambient tewmperature....120
data vs. global solar radiation and a best fit
linear regression for Boulders

The estimzted cashflow and the estimated unit....... 125
energy cost of kWh supplied for the Boulders DC PV
system over a projected lifetime of twenty vyesars

Genset and inverter power outpul, battery charger...1l3l
power demand and load power demand for a vacant
ranger’ s house at Woodlands, 02/10/87

Daily battery voltage, charge and discharge......... 131
current and fuel level characteristics for a vacant
ranger = house at Woodlands, 02/10/87

Genset and inverter powar output, battery charger... 132
power demand and load power demand for an cccupied
ranger s house at Woodlands, 08/10/87

Daily battery voltage, charge and discharge......... 133
current and fuel level characteristics for an
occupied ranger’ s house at Woodlands, 06/10/87

Average svstem load curves for Woodlands for the....138
overall monitoring periocd between 01/10/87 to
09,/10/87, and for a vacant and occupied ranger’ s house

Graph of the inverter efficiency as a funetion...... 138
of the AC power output for the 3 kW sine wave
inverter at Woodlands

Frequency distribution of idnverter efficiency....... 139
for the 3 kW sine wave inverter at Woodlands

Graph of the DC power demand as a function of ... .... 140
the AC power ocutput of the 3 kW sine wave inverter
at Woodlands

Graph of the daily energy flows into, and out....... 142
of the 1180 Ah {(nominal) batterv at ¥Woodlands
Graph of charge current and battery voltage for..... 144

the extended charging period and preceding
twentv~four hour charge/s/discharge cyele, 07/10/8%
to 09/10/87



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

42

.43

L44d

A5

CAB

.47

.48

.43

. a0

.91

.52

L3

%iv

Graph of cumulative engine hours against time....... 148
and average daily run time for the 411 day
pericd between Z22/712/8% asnd 20,04/87

Graph of the genset efficiency as a functicon........ 149
of the AC power output for the Lister ST2
genset at Hoodlands

Frequency distribution of genset efficiency for..... 1350
the Lister S5TZ genset at Woodlands

Graph of the specific fuel consumption vs. the...... 151
output power of the LISTER 3TZ Zenset at Woodlands

The estimzted cashflow and the estimated unit....... 159
energy cost of kWh supplied for the diesel

genset-plus system at Woodlands over 2 projected
lifetime of seven vesars

Load curves of the annual average hourly............ 185
load power demand and the monthly average
hourly demand in summer and winter for Shingwedzi

Monthly average dally load energy demand............ ie7
for Shingwedzi for the 3B5 day period between
01/09/86 and 01/10/87

Graph of the daily load energy demand vs the........ iB8
number of tourists accommodated in the camp

Graph of the dailv load energy demand vs the........ 168
number of huts occupied in the campp

Frequency distribution of the daily load energy..... 189
demand over the 3865 day period between 01/08/88
angd U1/10/87 for Shingwedzi

The estimated cashflow and the estimated unit...... 177
energy cost of k¥Wh supplied for the twin diesel

genset system a2t Shingwedzil over a projected

lifetime of fifteen vears

Graph of the assumptions for fuel consumption........ 200
and engine 1ife as a function of the capacity
factor for the LISTER STZ genset

Graph of the variation in the unit energy cost....... 200
for a LISTER 8T2 genset svstem as a function of the
capacity factor for three cages of basic assunmptions

Graph of the variation of unit energy cost for....... 2014
the genset-plus system as a function of the capacity
factor for three cases of basic assumptions



XV

Figure 6.4 : Graph of the unit energy cost for the monitored...... 207
DC and AC PY systems, Miller s data and the optimized
unit energy costs for a range of average daily load
energy demand

Figure 8.5 : Graph of the unit energy cost vs. load energy........ 208
demand for the monitored genset and genset-plus
systems, Williams data and the unit energy costs
for a Woodlands genset system and optimized ¥oodlands
genset-plus systen

TABLES
Table 2.1 : Distinctions betwsen PV powered multi-use.............. 16
systens (Eskenazi st al, 1886)

Table 2.2 : Comparative electricity unit cost for diesel........... 20
genset and PY (MceHelis, 1986)

Table 2.3 Life-cyvele costs of a1 multi-use PV system.............. 22

Table 2.4 Life-cycle costs of a mulii-use genset system. .. ... .... 23

Table 2.5 Basic assumptions of the financial analysis of ......... 23
the PV systems monitored by Hiller (1987)

Table 2.6 Basic specifications and unit energy costs nf the ..... 24
financial analvsis of the PV svstems monitored
by Mialler (1887

Table 2.7 : Summary of electriczl energy cost data from............ 25
field tests on diesel gensets (Billiamsg, 1988)

Table 3.1 : Co-ordinates of the four monitored sites............... 28

Table 4.1 : System parameseters monitored and recorded at............ 37
Jock of the Bushveld

Table 4.2 : System parameters monitorsd and recorded at Boulder=s.. .38

Table 4.3 : System parameters monitored and recorded at Woodlands. .40

Table 5.1 : Solar radiation and ambient temperaturs data........... 57
for Joock of the Bushveld and Boulders

Table 5.2 : Honthly average global radiation (HJ/mZ/dav)........... B0
for tilted surfaces between 0 deg and 45 deg,
calculated from South African ¥Weather PBureau data
for Nelspruit

Table 5.2 : Joeck of the Bushveld overall svstem performance........ g3
from 03/10/87 to 18/10/87

Table 5.4 : Jock of the Bushveld AC PV system performance.......... B4
for a clear day, 08/10/87



Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

.10

.11

.12

.13

.14

15

.16

17

.18

.18

.20

.22

xvi

Jock of the Bushveld AC PV svstewm performance. . .......

for an overcast day, 10/10/87

Calculated (Singer et al) and recorded array........

output for Jock of the Bushveld

Summary of assumptions for the economic evaluation..

of the Jock of the Bushveld AC FV system

Summary of key indicataors of the performance of.....

the Jock of the Bushveld AC PV systen

Overall performance of the Bovlders PV DC system. ...

for the pericd 02/710/87 to 0UB/11/87

Summary of Boulders DC PV system performance for...

a clear day with the camp occupied

Summary of Boulders DC FV system performance for...

a clear day with the camp occupied

Summary of Boulders DC PV system performance for...

an overcast day with the camp occupiead

Summary of Boulders DC PV svstem performance for...

an gvercast day with the camp unoccupied

Compariscn of DC/DC converter daily energy demand. ...

in 1986, bhased on handwritten Ah dats, with the
recorded daily energy demand for the monitering
period in 1887

Summary of assunmptions feor the economic evaluation...

of the Boulders DC PV systen

Summary of key indicators of the performance of....

the Boulders DO PV gsyvsten

Overzall technical performance of the Woodlands.....

genset-plus system over the period from 031/10/87
to O08/10,87%

Dailvy system performance for a vacant ranger’'s.....

house at Woodlands, 02/10/87

Daily system performance for an occupied ranger’s....

house at Woodlands, 068/10/87

Summary of Haticnal Parks Board fuel consumption...

log sheets for Woodlands gensst-plus system for
the period from 22/12/83 to 20/04/87

Summary of assumpitions for the economic evaluation...

of the Woodlands genset-plus systen

Summary of key indicators of the perforumance of
the Hoodlands genset-plus systenm

Page
no.

B3



Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Tabhle

Table

.23

.24

.25

.28

Xvii

Page
no.
Tabulated load pawer demand for Shingwedzi........... 164
over the 385 day period between 01/08/86
and 01/10/87
: Monthly averages of the daily load energy demand..... 166
and monthly average capacity factor at Shingwedzi
for the 365 day period between 01/08/86 and 01/10/87
Summary of assumptions for the sconomic.............. 173
evaluaticn of the Shingwedzl twin genset svstenm
Summary of key indicators of the performance......... 178
of the SBhingwedzi twin genset system
Comparative table of existing and optimized........... 189
AC PV system specifications for Jock of the Bushveld
Comparative table of existing and cptimized........... 182
AC PV svstenm specifications for Boulders
Comparative specifications and lifecyvele costsg........ 184
for the existing genset-pluzs syster and an
optimized AC PV system for Woodlands
Comparative specifications and lifecyole costs........ 188
for the existing twin genseb svstem and an
optimized AC PV svystem for Shingwedzi
Amsumptions and results of the sensitivity. ... . ....... 201
anzlysis for the operating costs of the
LISTER S5T2 genset
Basic assumptions for the optimization of the......... 203

operating regime for the LISTER STZ genset at Woodlands

: Assumptions for the sensitivity analysis and.......... 205

the results of the optimization of the operating
regime for the LISTER 8572 pgensst at Woodlands

Comparative specifications and lifecyvele costs........ 208
for the existing genset-plus system, 3 straight

genset svsitem and a gengset-plus system for ¥oodlands
based on an optimized operating regime



xviii

GLOSSARY

ADHMD : after diversity maximum demand. A measure of the
reduction in instantaneous maximum load power
demand due to the diversity of the loads.

Ambient temperature : temperature of the surroundings;
normally applied to the temperature of the
surrounding air. {(=C)

Array : a grouping of PV modanles coupled in series and
paralle]l to obtain a combined output.

ASCIY : American Hational Standard Code for Information
Interchange. The standard code used for exchanging
informaticon among data processing svsiems and
assocliated equipment.

Autenomy : the number of consecutive days of independent
energy supply provided by a system without any
energy input, (solar or chemicsal).

Availability : the fraction of the vear for which the
instantanecus load power demand is available from
an energy supply system.

Azimuth : the angle between North (or South) direction and
the projection of the surface normal to the
horizontal plane. (=)

Capacity factor : the dimensionless ratic of nett energy
supplied to the load over a given period of time
divided by the maximum potential nett energy
supplied at full continucus rated system output
over the same time interval.

Cash flow : the bhalance of cash inflows and cutflows
during az specified period within the service life
of an investment.

Cell area : front surface area of & PV cell including the
area covered by the grids and finger contacts.

(m=)

Declination : the angular position of the sun at solar
noont with respect to the plane of the eguator ie.
angle of the sun north or south of the equator; a
function of the time of yemsr. (=)
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Design life : the period of time during which a system or
component 1s expected to perform ity intended
function, without significant degradation of
performance.

Diffuse radiatiocn : a) solar radiation which is scattered
in transmission through the atmosphere (sky
radiation); bl beam and or sky radization reflectad
from non-specular surfaces. (kWh/m?/day or
MI/m2/day)

Direct conversion : conversion of energy directly into
alectriclity without the use of a healt engine.

Diurnal : the variation of s quantity during the course of
a twentv-four hour day.

EPROHM : Eraseable Programmeable Read Only Memory. A solid
state micro-chip used as a data storadge medium.

EH: : Energy Resesarch Institute at the University of Cape
Town.

ESROH : the FElectricity Supply Commision.
Fill factor : the ratioc of maximnum power output of a PV

gell or array to the product of the open circuit
veitage and short clircuit corrent.

Flat plate : a non-concentrating essentially planar PV
module.
Global radiation : refers to solar radiation as received

on earth; the sum of direct (or beam) and diffuse
components. (k¥h/m2/day or MJI/m2/day)

Grid : national electrical energy distribution network
comprizing HV transmission lines and power
transformer sub-stations.

Gross array area @ total frontal area of an array

including the borders, frame and intercell area.
(m=)

Inselation : elscltromagnetic radiation received fronm the
SUn .

Life~-cyele cost @ an estimate of the total cost of owning
and coperating an energy supply svstem over the
period of its useful 1ife; usually expressed in
terms of the net present value (present worth) of
the cost.

Load diversity factor : the dimensicnless ratio of the
actual load power demand over the installed
aaximum load power demand., (%) A measure of what
proportion of the total possible load that is used
at any instant.
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Load energy demand : the amount of energy reguired by the
connected loads over a given period, generally a
24 hour daily cvele. (kWh/day or MI/day)

Load factor : the dimensionless ratio of average load
power demand for a given pericd of time (usually a
Z4-hour interval) divided by the peak
instantaneous lcad power demsnd during that time
interval.

Load power demand : the instantaneous power required by
the connected leads. (¥ or k¥)

LOEP : loss of energy probability; the estimated
probability that, during =z given time period, the
energy ocutput of the power system will be
insufficient to meet the load energy demand.

LOPP : loss of power probability: the estimated
probability that, during a given fime periocd, the
energy output of the power svstem will be
insufficient to meet the instantaneous load powsr

denand.
Hodule : smallest independent unit of a PV array.
Honcorystalliine : refers to a materizl which iz composed

of a single crystal.

Het Present Value : (or present worth); the amount of
noney which must be invested today at the market
discount rate in order to have a specified amount
at some specified future date.

Open circuit wvoliage : a) referring to a PY cell; the
voltage across an unloaded (open circuit) PV
cell/module measured with a voltmeter that has an
internal resistance of at least Z0 k@ per wvolt. B)
referring to an slectrical storage battery; the
voltage scross an unleoaded (open circuit)
cell/battery measured as for PV but after
sufficient elapsed time following charge or
discharge to allow the 5G and voltage to
stabilize.

O0&M cost : the operating snd maintenance costs.

Peak watt : the maximum power output of a photoveltaice
module under standard conditions of 1000 W/m® and
25a¢C. (W)

FPower factor : dimensionless ratio of actual AC power (kW)
to apparent power (kVA). P=Vemelrmacosg

RAPS : Remote arez power system.

Solar degradation : the deterioration produced by exposure
to zolar radiation.
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Sclar noon that instant of any day at which the sun
crosgses the meridian of an observer and thus has
ite maximum altitude.

Specific gravity the ratio of the density of the

glectrolvte in a lead acid cell to that of water
Tracking

the process whereby a PV array follows the
apparent motion of the sun across the sky,



CHAPTER ORE

INTRODUCTION

1.1 BACKGROUND RATIONALE

The convenience and versatility of electriecity as a form
of energy has established it as the preferred option for
many industrial, commercial and domestic energy
applications. Although the generation and distribution of
electricity for most consumers in South Africa is provided
by the para-statal electricity supply commission, ESEKOH,
there are many small consumers and potential consumers,
who remain unconnected to the national grid. In general
these consumers are situated 1in remote, rural areas
outside the urban and peri-urban centres. They are reiiant
on independent, small-scale electricity generating
technologies or so-called Remote Area Power Systems (RAPS)

for theilr electrical energy needs.

Until recently diesel generator sets have been generally
considered to be the most appropriate means of providing
electrical power in underdeveloped or rural areas where
access to grid electrification 1is unavailable. These
systems have often proved to be inefficient, expensive and
unreliable. Windcharger and hydropower systems have also
been used with varving degrees of success in selected

applications.

Over the last decade, the direct conversion of solar
energy by means of photovoltaic cells has become a vwviszble
technical alternative to diesel, wind and hydropower

systems.



The cost of increasingly expensive petroleum and cozal
based liquid fuels, and the additional recurrent costs of
maintenance for petrol and diesel gensets compared to the
minimal operating costs and decreasing ecapital cost of
photovoltaie (PV) installations, have made PV systems =an
increasingly sattractive option for off-grid electrical

power generation despite the high initial cost.

FV gsystens are considsred potentially viable for a number.
of remote power applications. Some typical PV applicaticons
are : telscommunications, navigational aids, environmental
sensors, intrusion detectors, battery charging, 1lighting,
refrigeration, ventilation, water pumping, water
purification and ecathodic protection (Borden et al, 1884).

The modularity and elegance, the silent and pollution free
operation, and the proven reliability of PV systems are
attractive but less guantifiable characteristies which

favour FV.

Alternatively, the optimization of diesel genset opersation
through the configuration of genset-plus systems (ie.
diesel generator plus battery storage), as a mesns of
reducing recurrent ceosts, is = wviable and rational

gtilization of existing diesel genset technology.

Although diesel gensets are a tried and trusted technical
solution to off-grid power supply, very little oabjective
data regarding the actual life-cycle cost and reliability
i8 available on which to draw economic comparisons with
alternative solutions such as the direct converéion of
solar energy into DC electricity using photovoltaic (FV)
systens,. Furthermore, the design, sizing and optimizstion
of diesel genset-plus systems appears to be a murky
technical area snd no data on the technical performance or

life-ocyele costs is availsble.

In January 1887 the C3IR's Hational Programme of Energy
Research and the National Parks Board requested the Energy



Research Institute, ERL, at the University of Cape Town to
conduoct & monitoring programme of photovoltaic and diesel
electricity generating spplications in the Kruger National
Park and toc present a report on the performance of these
installations in comparison with existing diesel generator

plant.

The wildlife conservation and tourism facilities of the
South African National Parks Board are typical of the non-
e¢lectrified rural areass reliant on these off-grid energy
supply systems. The Kruger National Park situated in the
Eastern Transvaal Lowveld is the largest game reserve
administered by the National Parks Board and has small-
scale and widely dispersed electrical power reguirements
for the tourist camps, rangers’ houses, water holes etc.
which are representative of those in rural and

underdeveloped aress throughout Southern Africa.

A schedule of power reguiremsnts and the corresponding
sources of supply in the Eruger Nationazal Park is presented

in Appendix A.

The history of the Kruger National Park dates back to 1888
when the Sabie Game Reserve was proclaimed and later
consolidated, in 1826, with srezs between the Sabie and
Limpopo HRivers into the present boundaries of EKruger
National Park. It was z sparsely populated area which had
never been an industrial or commercial centre, apart from
the limited mining activity in the Eastern Transvaal and
transport riding to and from Hozambigue. Initially the
energy requirements were largely met through candles,
paraffin and woodfuel, for lighting, space heating, water

hesting and cocking, and animal power for transpors.

The development of the Kruger National Park as a tourist
facility has regquired conmercial seale cooking,
refrigeration, water heating and lighting facilities as
well as energy for maintenance workshops, adminigtrative

infrastructure and development. The forms of energy used



to provide these services have been wecodfuel, paraffin,
gas and electricity from petrol or diesel powered
electrical power generators. More recently some of the
larger and more accessible tourist camps have been
connected to the ESKOM national grid. Nevertheless there
are still a number of tourist camps as well as ganme
rangers’ houses, entrance gates, water supply
installations and communications facilities for which grid
electrification is impractiecal for technical or econonic
reasons.
1

The environmental considerations of avoiding overhead
power lines and the associated disruption of the ecology
during construction and maintenance for grid
electrification present further incentives for the
effective provision of self-contained, de-centralized,
independent and economically competitive alternatives to
grid. electrification in the Kruger National Park. The
Cahora Bassa power lines from Mozambique, as well as those

supplying selected camps in the Park, already scar the
Park.

For the EKruger National Park the alternative options to
diesél gensets, such as windchargers and micro or mini-
hydre, are not practicable due to poor wind regimes and
lack of perennial rivers with suitable hydro sites at the

point of demand.

The National Parks Board is however concerned about the
operating and maintenance costs of their diesel gensets.
Their estimated cost of diesel in 1986 for the Shingwedzi
main tourist camp alone was R 400 000. They have installed
PV systems at three private tourist camps in the Kruger
National Park (Jock of the Bushveld, Roodewal and
Boulders) and, following some evaluation of PV water
pumping applications, six PVY water supply systems have
been installed on a trial basis to replace wind pumps. In
addition PV systems have been installed to energize

electric fences and power UHF repeater stations.



Two ranger s house compounds at Woodlands and Stolznek in
the Eruger Hational Park have genseb-plus systems

installed for domestic energy reguirements.

This thesis aims to investigate four RAPS in the Kruger
National Park and provide comparative datz on the
technical and economic implications of small and larger
diesel and PV installations on which future decisions for
off-grid electrical power supply c¢an be arrived at for
applications both in the Kruger National Park and more
generally in rural and underdeveloped areas in  Southern
Africa.

The resezrch project wag funded by the CS8IR's HNationsl
Progremnme [or Energy Besearch and additional suppor:t wasg
given by the National Parks Board who provided an engineer
and facilities for maintenance and supervision of the data

logging equipment.
1.2 OBJECTIVES
The objectives of this project were to
1. assess the technical and sconomic performance of
the existing photovoltalo power generating

installations in the Eruger National Park;

2. compare the performance of the photoveltaic power

plant with existing diesel plant in the Park and

3. make recommendations concerning further

photoveoltaic applications.



Specific guestions to be addressed in the project were

1. Under which conditions are photoveltaic
applications more favourable than diesel for rural

or off-grid power supply?

2. How well do the existing photovoltalc systems in -
the Kruger Hational Park match the solar radiaticn

availability and load demands?
3. What are the advantages of DC versus AC
vhotovoltaic and diesel hvbrid power plant?
1.3 OUTLIRE OF THE THESIS

The approsch adopted in the presentation of this themis is

one which follows the format of an investigative report

Chapter 2 briefly reviews some PV, diesel and genset-plus
installations and discusses available unit energy cost
data for RAPS.

Chapter 3 discusses the choice of the sites and syvstems to

be monitored and describes the respective installations.

Chapter 4 outlines the method of technical and economic

investigation.

Chapter 5 describes the monitored data and discusses the

technical and economic implications of each system.
3

Chapter 6 presents a more general discussion of the design

and optimization of PV, diesel and genset-plus RAPS.

Chapter 7 outlines some conclusions and recommendations

based on the research project.

A list of references and selected appendices conplete the

thesis.



CHAPTER THO

LITERATURE REVIEW

2.1 BREVIE¥ QF DIESEL GENSET AND PVY POHER SYSTEHS
2.1.1 ﬁiﬁSﬁl genset systens

Diesel genset svystems are the most commonly used off-grid
electrical powsr scurce and are available in a wide range
from e minimum of 3 kW to over 500 k¥, (Kenna, 1887;
Fraenkel, 1879; Williams, 1988). They have high power to
weight ratios and are compact. A typical installation
would include a reciprocating, internal combustion,
compression ignition, diesel engine as a prime mover
coupled to a DC generator or more often to an AC
alternator. The diesel engine and AC alternator are often
supplied as a8 unit to provide single phase slesctrical AC
power at 220-250 V and 50 Hz. Larger gensets produce three
phase power at 380 V and 30 Hz., Ancillaries would include
radiators or cooling towers for water coocled engines, fuel
tank and fuel supply svstems, electrical or compressed air

starting systemns, control pansls and a mounting base.

A diesel gensel sSystem must be sized to meet the peak or
an scceptable oDroportion, (>75%), of the instantaneous
load power demand, regardless of the average load power
demand, and simultanecusly maintain the AC supply at the
required voltage and a constant freguency. Combined with
typically low load fsctors, the result of this regquirement
is the exceedingly poor systems match and low capacity

factor, and correspondingly high operating cost, which is



typical of small diesel gdenset systems, as reported by
Williams (1988) and Kenna (1987).

The implications of a poor capacity factor are illustrated
in Figure 2.1 from Paul (1981). The shape of the curve of
unit energy cost (c/kWh) vs. capacity factor illustrates
that the unit energy cost st a 10% capacity factor is six
times that of a genset loaded at = 100% capacity factor.
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Figure 2.1 : Generalized graph illustrating the unit cost
of electricity as a function of capacity
factor for diesel gensets (Paul, 1981)

Kenna (1987) conducted short and long term tests on three
diesel gensets in Kenya. Figure 2.2 1illustrates the
characteristic correlation between the genset efficiency
and time after start-up for different capacity factors for
small gensets. The efficiency of &a diesel genset Iis
defined as the quotient of the average electrical§ cutput
power over the average fuel input power expressed as a
percentage. It can be seen that the efficiency incresases
with increasing capacity factor, approaching & maximum of
approximately 30%, based on the electrical power ogutput.
In additicen, the poor cperating efficiency following a
cold start is clearly indicated.
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Figure 2.2 : Short term test results for LISTER STZ2 diesel
genset (Eenna, 1987)

The relationship between efficiency and capacity factor is
more explicitly shown in Figure 2.3, whereas Figure 2.4
illustrates the scatter of points relating the efficiency

to the daily energy production.
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Figure 2.3 : Daily efficiency versus capacity factor for
LISTER ST2 diesel genset (Kenna, 1987)
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Figure 2.4 : Efficiency versus energy production for
LISTER STZ2 diesel genset (Kenna, 1987)

The reliability of diesel genset systems Iis highly
dependent on rigorous adherence to planned maintenance
schedules. In practice the maintenance on the majority of
installaticons 1in rural areas 1is reduced to service

intervals determined on a breakdown to breakdown basis.

There is clearly scope for optimizatilion in the application
of the diesel gensets for RAPS. Reduction in the overall
operating and maintenance, O0&M, costs. and hence life-
cycle costs, of genset systems may be achieved through
better system design with improved load matehing and
higher capacity factors combined with effective .planned

maintenance.
2.1.2 Genset-plus systems

The use of unnecessary loads as “dump loads" to increase
the capacity factor of a given genset system does not
address the essential problem of poor load matching and

despite an apparent increased capacity factor due to the
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artificial dump loads, the unit cost of useful electricity
supplied to the user could in fact incresase. Une realistic
means of mitigating poor load matching, and associated low
capacity factor, is the use of excess power for water
heating. Ultimately the most effective means of incressing
the capacity factor iz by improving the load factor
through leoad ‘managememt and hence enabling a bestter
systems match between the genset and load. There are
however limits +to which load management can improve the
load facteor. The uss of multi-set genset installations has
been applisd to larger svstems as s device for increasing
the capacity factor of the overall system, (and providing

reserve or backup capacity).

The so~called genset-plus system configuratisn is 2
nechanism for increasing the capacilty factor and
Flexibility of small single diesel gensebs in  independent
power systems by introducing an energy storags reservolr,
je. electricsl storage batteries together with a battery
charger and s suitably rated DCAAC inverter. Paunl {1881)
has advoecated genset-plusg systems for reliable independent

power asvyvstens.

Genset-plus svstems mnavy  be configured Lo allow operation
of the genset and charging of the Dbatteries =sntirely
independently of the inztantaneous load power demand, but
in practice the more accepted arrangement is for the
genzet to be operated =t optimun  rated output whilst
charging batteries and simultaneously szupplving the load
power demand. The genset is shut down when the batteries
are fully charged, after which the load power de@and im
met by the batteries vis an inverter. The genset therefaore
only operates at ologe to its optimun efficiency at its
continuous full load rating instead of running
continucusly at relatively low losds =and = constant
freguency of 1500 repm, with intermitient and brief pesk
load power demands, Figure 2.8 illustratss the basic

genset~plus svstem configuration.
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GEN SET-PLUS SYSTEM

AC LOADS

Figure 2.5 : The basic genset-plus system configuration,
(Paul, 1981)

The sizing of & genset-plus system is much less sensitive
to the load factor and the concept of capacity factor
becomes redundant.

Essentially a genset-plus system relies on the battery and
an inverter to meet the instantaneous load power demands
whilst the daily (or weekly) load energy demand is met
indirectly by the genset which is less dependent of load
power demand constraints and can therefore operate more

optimally at close to the ideal capacity factor of unity.

Well designed genset-plus systems with planned maintenance
schedules could deliver power with an availability of
close to 100%.

In practice there are only a handful of genset-plus
installations in Southern Africa and no data on operating

characteristics or costs is reported in the literature.
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2.1.3 PY systems

Stand-~alone photoveoltaic power systems comprise an  array
of PY modules, connected in parallel and series on a8 fixed
or a tracking support, which charge electrical storage
battevries via DC power conditioning equipmsnt. The
batteries mayv in turn provide DC power directly to DO
loads or AC power to conventional 220 V AC loads via an

inverter,

PV modules are available in s wide range of combinations
of nominal voltage and power ocutputs. Hodules usually have
a nominal voltage of 1Z V and peak power output of between
15 and 60 W under standard conditions of 1000 W/m2
ineident global solar radiation and a module temperature
of 252C. These modules are the basic slements in arrays
which form the basis for svstems ranging from 30 Wp
domestic energy systems for lighting to large compuber
controlled systems of up to 8 HWp for centralized grid

power stations,

PV systems have been advocated as being ideally suited for
off-grid powser supoly. Worldwide thers havea haen
demonstration projects and working systems which have
explored the viability of PV in a range of =pplications.
Eskenazi et al (1988) have reported on the experience
associated with 2 700 PV systasms In 45 developing

countries.

The spplication of PV s=systems in Southern Africs has
primarily been for telecommunications systems. In recent
years numercus small installations (<100 ¥} for minimal
domestic electricity requirements have bsen installed for
holiday homes and in urban townships. Two such systens
were the subject of an ERL resesrch project (Miller, 1387)
to  investigate their operation in the contrasting
ingsolation regimes of the dry Horthern Cape Frovince and

the winter rainfall area in the Western Cape Province.
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Conclusions drawn by Miller based on this project were

- solar radiastion data for PV system design should be
based on statistical meteorological data which aceounts

for the variability of the insclation.

- load evaluastion should be conducted in consultation with
the userd{s) and should include the annual variation in

the load curve for both the current and projected ussage.

- gystem reliasbility sheuld be based on LOEP (loss of
energy probability) methods to mest levels of

availability that are acceptable to the user(s).

- reliable asnd efficient regulators and power conditioning
equipment are not freely available in South Africa and

that the development of these is important.

-  Financing of PY svstems for individual domestic
glectricity supply reguires more affordable capital

financing than the loan schemes currently aveilable.

A handful of larger installations (=3 kWp) have Dbeen
inztalled on farmz for domestic and light workshop or
refrigeration loads. An interim report. (van Niekerk,
1986), on a8 meonitoring programme of a 1,54 kW, AC PV
systen installed on a Western Transvaal farm hinted at the
need for carsful attentlon to gystem design but d4id not
venture to evaluste the economic wperformance of the
gysten.

Eskenazi et al (1986) evaluasted 42 so-called “muitinase”
PY systems in 22 countries which are similar in size and
function te PV svstens in the Kruger Hationazl Park., MHulti-
use systems are  those supplying electiricity for an
assorted mix of loads such as water supply, communications
eguipment, lighting, refrigeration, ventilaticn and light
sgricultural or industrial loads. Figure 2.8 and Table 2.1
show the digtinctions between centralized load centres as

opposed to mini-utility types of multi-use PV svstems.
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Schematic of a PV-Powered Load Center System
(Centralized Loads)

INVERTER
CHARGE CCNTROLLER {if AC loads)

LOADS

o Water Fumps
Communications
Equipment
Lights
Refrigevators
Fans
Agri-Processing
Equipment

o

o 0c a0

\ PV ARRAY ' BATTERY STORAGE

Schematic of a PV-Powered Mini-Utility Syscem
(Decentralized Loads)

CHARGE | INVERTER I
CONTROLLER
| METER 1 | | HMEIER 2_| [METER & |
T BATTERY USER 1 l USER 2 I USER d
ARRAY STORAGE LOADS LOADS LOADS

Figure 2.6 : Schematics of load centre and mini-utility

types of multi-use PV system (Eskenazi et al,
1986)

The Kruger National Park systems are all load centye type
systems which supply a variety of loads at a particular
site, but in general both categories would be appropriate
for the electrification of rural or underdeveloped areas

in Southern Africa.
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Table 2.1 : Distinctions between PV powered multi-use

systems (Eskenazi et al, 1986)

MULTI-USE SYSTEM TYPE

CHARACTERISTIC LOAD CENTERS MINI-UTILITIES
Array Size <5 kW > 5 kW {up to about 30 kW)
Type of Power Output AC or DC AC
Power Conditioning e Charge controller (with|e Charge controller
load-shedding capabil- |e Inverter (with load-
ities) shedding capabilities)

o Ioverter (if AC loads) je Metering

Power Dlstribution Only within one facility|e Throughout entire
System village
e Hetering

Infraatructure ® Supply of spare parts
e System repalr

Supply of apare parts
System repair

Billing system

Power management

Key factors that were identified by Eskenazi et al for the

implementation of these systems are categorized as

follows :

i)

Technijcal

Reliability and complexity of power conditioning

equipment are wvital factors.

Balance of systemns (ie. excluding PV modules)
equipment should be selected on the basis of proven
field performance and factory testing should be
mandatory as part of the purchase specifications.
Lower power inverters have been a weak link, with
reliability problems and poor efficiencies. It 1is
recommended to install DC systems where possible and

where transmission distances are not great.

So-called "user-oriented product engineering” of PV
system components is proposed to provide an
uncomplicated user interface and reduce the real

and/or perceived complexity of the systems.
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iii)
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Furthermore, design data should be properly obtained

and effectively used.

Rural electrification policy is also s&n  inportant
technical consideration for mnuliti-use systems in
raelation to dispersed systems at the point of demand

or centralized svstems with distribution and

metering.

Financial evaluation of PV and alternative power
supply opticons should be baged on a life-cyele cost
analysis. Despite the high initisl coost of Py
avgtens, they osn be shown to be more cost effechtive
than conventional genset type systems oaver the

overall lifetime of the svstem.

The eapital intensive nature of PV svstems does
however reguire institutional lozns, as oppossed Lo
commercisl leozns, or government subsidized losns for

individosls to become purchasers.

Y svstems require less institutional support than
conventional systems. However as a8 new technology,
even the minimal institutional support required is

net generally available.

An effective field support infrastructure is
necessary for m@maintenancse and replacement paris.
Similarly, effective training to users and repair

parsonnel iz wvital.

In addition the involvement of the user(s) throughout
the design, construchtion and operating phases of g PV

system is necessary to encoursgs z sense of ownership
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and responsibility. This is particularly important
for 8 new technology such sz PY.

2.2 CO5T OF ELECTRICIETY SENERATED BY PV AND DIESEL GEHSETS
2.2.1 General comments regarding the cost of electricity

The evaluaticon of rezl, comparative costs of off-grid
energy supplied is  vital to facilitate and support
enginesring decisions on investments in alternatives such

as PV and diesel gensets.

The cost of electricity has four impliecit components: an
energy related cost, an instantaneocus power related cost,
8 resctive power cost and an adminisitrative and metering

related cost.

The first reflects the cost of generating and distributing
g given amount of energy (kWh) regardless of instantansous
povwer demand. The second reflects the cost of installing
power plant and distribution capacity capable of meeting
the instantanecus maximum load power demand (k¥)., The
reactive power oot component reflects ths cost of poor
powar factors of the consumers which reguire the utility
to denerate and distribute kVA in excess of the k¥
conzsuned, due to non-unity power factors. Finally, in
addition te the above three, tariffs include 38 minimum
monthly flat rate service charge for sdministrative and
metering cozts. Ultimately for = given energy reguiremsnt,
the compound overall cost can be reduced to a unit esnergy
cost specific to that particular spplication by‘ simply
evaluating the quetient of the total compound cost over
ths total energy consumed.

For the applications considered in this thesis, the cost
of electricity is best measured as the unit snergy cost in

c/k¥h, ie. the overall unit energy cost sz defined above.
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Any figures gquoted for unit energy costs of electricity
must be qgualified because they are dapendent‘ on the
country for which they are quoted and such Taotors ax

exchange rates, import duties, location, labour rates,
interest rates, inflation, svstemn lifetimes and the

aconcmnic costing technique.,

Various economic evaluation technigues have been suggested
for off-grid energy supply options. The life-cyvele costing
methodoslogy suggested by Borden et al (183843, is intended
primarily for estimating the viability of PV power systems
compared to non-PV alternatives and is not intended as =

precise cost estimating procedurse.

The method of economic evalustion adopted by MeNelis
(1986), in a3 ceomparative study of PV and diesel systens,
is one of comparative NPV (nett present value or present
worth) 1ife-cycle costs of competing systems divided by
the energy producsed over a common twenity vear evaluation
pgried or systen 1ifstime. Although the basis on which the
evaluation is made is not spelt out, the KNPV method
assumed to be used for the evaluation does not necessarily
account for diffesrences in the capital reguirements or
individual lifetimes of the generating plant. Finck and
Celert {1885Y s=suggest that the annuity method, based oan
NPV caleculations, would most accurately reflesct the
comparative costs of competing alternsiives with different
projacted design lifetines and differing cashfiow
reguirements. Thig method is described in more detail in
Section 4.7.

2.2.2 Unit energy costs of off-grid electrical ene%gy

Helelis (1885% reported that the gnergy costyg of
electricity generated by autonomous wind, PY or diesel
Eensets was between 0,80 snd 2,00 $/k¥h compared to mains
electricity =at 0,08 8/k¥h. PY was considered to be
competitive with diesel for loads of less than 5 kWh/day

with solar radiation levels in excess of 20 Ml/m2/davy  and
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for 1loads of less than 1 kWh/day with solar radiation
levels in excess of 15 MJ/m2/day. For PV system
installation costs of 1less than 10,00 $/Wp, PV would be
cheaper than diesel for energy demands of up to
10 kWh/day.

In a more recent comparison between PV and diesel
generated electricity, an analysis of the energy costs for
systems supplying an annual average of 5 kWh/day (annual
max. energy demand of 7,5 kWh/day) for a 3,0 kW diesel
Eenset and a 2,8 kW PV system is presented, McHelis
(1988). The results are summarised in Table 2.2.

Table 2.2 : Comparative electricity unit cost for diesel
genset and PY (McNelis, 1986)

1. Diesel generator power rating 3,0 kW
Average load factor 11,9 %
Diesel fuel cost 0,75 $/1litre
Diesel system availability 90,0 %/vear
Diesel genset life 6,0 vears
Diesel NPV unit energy cost 2,43 $/kWh

2. PV array peak power 2,6 k¥Wp
Insolation 18,0 HJ/m2/day
Inverter power rating 2,0 kW
Battery storage size 37,5 kWh
PV system availability 98,0 %Z/vear
PV array life 20,0 vears
Battery life 5,0 years
PV NPV unit energy cost 1,34 $/kWh

The sensitivity of the unit cost of electricity supplied
by diesel gensets to the capacity factor and economies of

scale is highlighted.

Figure 2.7 shows the relative unit cost of electrical
energy for PV and diesel as a function of load energy
demand. PV energy systems are seen to be cheaper than
diesel for loads less than 6 kWh/day whereas in the range
between 68 kWh/day and 168 kWh/day either system would be
cheaper depending on the specific application and

circumstances.
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Figure 2.7 : Unit cost of energy for PY and diesel power
systems as a function of load energy demand
(McNelis, 1986)

Figure 2.8 summarizes a similar comparative financial
analysis conducted by Eskenazi et al (1388) for multi-use
PV and diesel genset systems. The evaluation .concluded
that PV systems are the 1lower cost option for average
daily load energy demands of less than 2 kWh/day, based on
unfavourable financial assumptions, and up to 168 kWh/day,

for more favourable assumptions.
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Figure 2.8 : Sensitivity of the benefits of PV over diesel
for multi-use systems for worst and best case
assumptions (Eskenazi et al,1986)

The assumptions and 1life-cycle system costs for this

comparison are tabulasted in Tables 2.3 and 2.4.

Table 2.3 : Life-cycle costs of a multi-use PV system

SPECIFICATION COST

Initial Capital Costs {FOB Manufacturer)

- PV Array (3.94 kW) $31,521
- Battery (37.5 kWh) 5,625
- Controller 1,576
~ Inverter (2 kW) 2,000

Total Capital Cost 840,722
Recurring Capital Costs (FOB Manufacturer) !
- Battery Replacement $5,625 every 5 years*
= Controller Replacement $1,576 every 10 years¥
= Inverter Replacement $2,000 every 10 years*

Other Recurring Costs
(X Initial Capital Cost)
- Maintenance & Repair 0.1%/year*

* Plus appropriate escalation due to general inflation.
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Table 2.4 : Life-cycle costs of a multi-use genset system

SPECIFICATION COST
Initial Capltal Costs (FOB Manufacturer)
— Diesel Gen-Set (3 kW) $4,771
Recurring Capital Costs (FOB Manufacturer)
— Diesel Gen-Set Replacement $4,771 every 6 years*
Other Recurring Costs
~ Maintenance & Repair 2% of gen—-set cost per year
= Overhaul 15% of gen-set cost every 3 years?
— Fuel (3,408 liters at $0.50/1iter) $1,704/year*

Plus appropriate escalation due to general inflation.
+ No overhaul during diesel replacement year.

Hiller (1987) calculated the unit energy cost of
electricity supplied by the two Sounthern African domestic
lighting PV systems monitored in an ERi project. The basic
assumptions and results of the financial analysis based on
a NPV annualised unit energy cost method are summarized in
Table 2.5 and T=able 2.8. Although these systems are much
smaller than the EKruger National Park installations they

serve to indicate the approximate costs for PV systems in
South Africa.

Table 2.5 : Basic assumptiens of the financial analysis of
the PY systems monitored by Miller (1987)

Assumptions

Battery life : 3 years

Battery efficiency : 85 2

Salvage value : 12 2%

Discount rate : 4 2

Escalation rate : C %

0&M costs : 1 ¥ of initial costs
Lifetime : 20 years .

Ne engineering, project management, installation
or commissioning fees were included.
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Table 2.6 : Basic specifications and unit energy costs of
the PV systems monitored by Hilller (1987)

System specifications and unit energy cost
SITE : UITSIG OMDRAAISVLEI
Design insolationm : 14,5 MJ/m2/d 21,7 HI/mn2/d
Array output : 94 Wp 82 Wp
Battery capacity : g0 Ah 898 Ah
Ave ., daily load : 192 Wh/day 368 Wh/day
Unit energy cost : 251 ec/kWh 149 c/k¥Wh

The operating and maintenance (0&M) cost of electricity
supplied by diesel gensets is reported by Kenna (1987).
O0&M costs, evaluated for three gensets in Kenya over a
five month period, display an inverse relationship between
O0&M cost, ranging from 0,20 $/kWh to 0,85 $/kWh, and
system ratings of between 45 kVA and 6 kVA. No evaluation
of the unit cost of energy based on overall life-cycle
costs was attempted.

Fraenkel (18979) suggests that s rough rule of thumb for
the maintenance and repair of gensets should include
lubricant consumption costs as 1-5% of fuel costs and
annual servicing and routine engine replacement parts as

2% per year of the initial genset cost.

Williams (1988) calculated the unmit cost of electricity
from ten diesel gensets monitored for three months in the
Eastern Cape to be between 85 c/kWh and 171 c/kWh. These
figures are tabulated 1in Table 2.7 and are "levelised

annual costs"” based on the following assumptions

Rezl discount rate : 3 %

Real escalation rate : 0 %

Engine replacement age : 15 000 hrs

Diesel fuel price : 55 c/litre

Operation & maintenance : 50 % of the capital cost

spread over engine life
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Table 2.7 : Summary of electrical energy cost data from
field tests on diesel gensets (Williams, 1988)

Genset Capacity Run Energy Unit
rating factor time demand caost
(kW) (hrs/day)} (kWh/day) {c/kWh)
9,4 0,24 6,0 14,13 84,66
9,0 0,34 8,0 i6,44 30, 80
4,9 0,25 4,0 5,07 114,42
7,5 0,23 4.0 5,58 120,85
7,5 0,20 8,0 9,42 124,21
3,7 0,30 6,0 5,37 145,61
7,5 0,17 8,0 8,37 145,50
3,7 0,18 8,0 4,32 158,75
7,9 0,17 6,0 6,22 171,11

These figures represent the most reliable indication of
the real cost of electricity generated by diesel genset
systems in South Africa.

No energy cost data appears to have been reported for
genset-plus systems, except that Paul (1981) suggests that
the unit energy cost of electricity supplied by a genset-
plus system should be 74% less than that of a straight

genset system.

The dearth of empirically derived data regarding the
relative costs of operating and maintaining diesel gensets
and genset-plus systems, particularly in the Southern
African context, constitutes one of the major imperatives,
in addition teo the technical and economic evaluation of
larger multi-use PV sytems, for the research project

described in this thesis.



CHAPTER THREE

DESCRIPTION OF HOBITORED SITES

3.1 CHOICE OF SITES

The sites considered for monitoring in this project were
selected from existing National Parks Board energy supply
systems that would be representative of a range of
alternative PV and diesel technologies for supplyving
decentralized electrical energy. The range of rated svsien

capacities was hoped to provide some added depth to the

study,

Initially three installations in the EKruger Nationzal Fark
were to be monitored using remote electronic datz  logging
gsystems; a small 800 ¥ AC photoveoltsic installation st
Jock of the Bushveld private camp, & larger 3300 ¥ DC PV
installation st Boulders private camp and the 225/280 kYA
diesel genset instzllation at Shingwedzl main tfourist
camnp. After a site visit to Shingwedzi in May 1887, it was
decided that the existing handwritten logbooks wWErs
gsufficiently comprehengive to sllow the electronic data
logger system destined for Shingwedzi to be dedicated to =
T k¥Wa genset-plus system dinstalled at 1 ranger’s
house/conpound at ¥oodlands.

The lgezticns of the four monitored sites in the XKruger
Hational Park are shown overleaf on the map in Figure 3.1,

The sites are all loested at slevations of less than 500 o
above mean sea level.,
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The approximate co-ordinates of the sites are listed in
Table 3.1.

Table 3.1 : Co-ordinates of the four monitored sites

Site Latitude Longitude
Jock of the Bushveld 250127 31e35°
Boulders 23e35° 31020
Woodlands 23e15° 31e12°
Shingwedzi 23e08° 31e35°

3.2 JOCK OF THE BUSHVELD
3.2.1 General description

Jock of the Bushveld is located three kilometres off the
Skukuza/Malelane tar road (H3) at the confluence of the
Mitomeni and the Mbyamiti rivers.

It is a private tourist camp with accommodation for up to
twelve people in three pairs of double huts. Each pair of
double huts is provided with two bathrooms and toilets. A
central lounge, dining room, kitchen, braai area and
cloakroom provide facilities for eating and relaxing. The
entire camp is bocked en bloc regardless of the number of
people in the party. The occupancy therefore varies
between zeroc and twelve persons. Three camp attendants
live in staff accommodation which is not supplied with

electrical power.
3.2.2 System description

The electrical power squly system is a 792 Wp 220 V AC
photovoltaic system comprising twenty-four monocrystalline
photovoltaic panels, a voltage regulator, a 36 V (nominal)
battery of nine 4 V tubular plate, 1lead acid, "Farnm
Lighting" batteries in series and a 36 V¥V DC/220 V AC 3,0
kW square wave inverter. The PV array charges the

batteries during the day via the voltage regulator.
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The 1inverter is manually switched on at sunset and
switched off at sunrise by the camp attendant. There is
therefore no energy consumption from the batteries during
the day. Instrumentation of the system includes an

analogue battery voltmeter and & charge current ammeter.

Provision has been made on the array support for
additional panels for a proposed independent PV system for
water supply. This function is currently executed by means

of a8 single cylinder Petter diesel water pump.

A system diagram for the installation 1is shown in
Figure 3.2.
CTTTTTTRRTmTTT TR !
] Lights E
PV Array i g
MAIN HUT |
T+ Lights |
I T quT 1T
Voltgge : I% _____ { ________
regulator _ ‘ coT T :
f Inverter E _______________________ ;
| - ; HUT 2
.| Battery 4~ [Tights 1,
BATTERY ROOM I‘_ﬁj;l;"é ----------------

Figure 3.2 : System diagram for Jock of the Bushveld AC
photovoltaiec systen

A detailed system specification for Jock of the Bushveld
appears in Appendix B.1
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3.2.3 Load desceription

The camp has a total of seven 16 W double tube flucrsscent
fittings and seventeen 18 W Phillips mercury vapour light
fittings., Cooking, refrigeration and hot water heating is
by bottled LPG. There are no fans. The total installed
load is 418 W, ie. 34.8 ¥/bed.

A detailed schedule of loads is listed in Appendix C.1

2.3 BOULDERS
3.3.1 Genernl description

Boulders is also a private tourist camp. It is located
approximately six kilometres north of the new tar rosd
from Phalaborwa Gates to Mooiplaas. The camp nestles
between three boulder outerops and alsoc accommodates
parties of up to twelve tourists. The canp comprises four
double bed huts and one four bed hut, each with a bathroon
anid toilet. In addition there 1is a main complex, with

kitchen, pantry, lounge, bar, toilets and = store room.
3.3.2 Svystem description

The svstem is a 33680 ¥Wp 12 V DC photoveoliric installation
coemprising 98 monoccrystalline PV modules, mounted on  the
roof of a ventilated battery room, which charge thirty 2 V
flat-plate gtationzary type lead acid cells via >a 80 A
voltage regulator. The 60 V (nominal) battery bank
supplies 12 V loads in the camp by means of a 150 m long
80 V main feeder cable to a combination of one 40 A and
gix 20 A independsnt 60 V to 12 V DC to DC converters in
the huts. Instrumentation comprises a battery voltmeter, a
charge current ammeter and an ampere-hour meter on the

main B0 V feeder cable to the camp.
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The system was installed in 1985 and handed over on
15 October 1886,

The system diagram of the Boulders installation is shown

in Figure 3.3

L

' | Fuse,

PV Array ,
B f ' :
E Fuse: Photocell (b
E Voltage ) Fans tS,
5 regulator E ;
i — I !
E ; EDG/DC Pﬁofoceu i
: Battery Ah Meter ' nS E' ts;
" BATTERY ROOM SMALL HUTS X 4

Figure 3.3 : System diagram for Boulders DC photovoltaic
systemn

A detailed system specification for Boulders appears in

Appendix B.2

3.3.3 Load description

The forty-three 20 W incandescent lights, fifteen 15 W
fluorescent lights, nine 60 W fans, two 60 W fridges and
three 60 W freezers 1in the huts and main complex are
powered by 12 V DC electricity. Hot water and cooking
facilities are powered by bottled LPG. A self-contained PV

powered light illuminates a braai area. Water is supplied
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from & borehole by an air-cocled Lister diesel water pump.
The total installed load is 1825 ¥, le. 180,4 W/bed.

A detailed schedule of loads at Boulders camp is listed in

Appendix C.2

3.4 WOODLANDS

3.4.1 General description

¥oodlands is situated roughly 35 ko west of Shingwedzi  in
a bend of the Shingwidzi river to the north-west of the
Tshange dam. It is a game ranger’ s compound cowprising a
three bedroomed house, ranger s office, a garage, store
rooms and 3 separate compound for the African rangers and
service staff. The African staff compound comprises eight
single huts, a double hut, a kitchen and an ablution
block. Only the ranger’'s house and coutbuildings are
currently provided with power although it is intended to
extend the distribution to the African staff compound in
the future.

During the pericd under consideration Woodlands was
aseoupied by & ranger, his wife and their pre-school

daughter and eight service staff.

3.4.2 System description

The electrical power plant is s genset-plus installation
comprising a 8,9 kW two cylinder air-cooled Lister: diesel
genset with a 7,0 kVA single phase alternstor which
supplies the household energy reguirement and charges two
banks of nine 4 V tubular plate, farm lighting type, lead
acid electrical storage batteries wvia a 38 V 100 A DC
battery charger. The 38 V battery bank in turn supplies
the 220 V AC loads via a 38 V DC/ 220 V AC 3 kW ferro-
resonant sine wave inverter during the night when the

‘genset is switehed ofFf.
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The genset-plus configuration of the system currently
operates on the basis of using the diesel genset during
the day to simultaneously supply the load requirements in
the compound and charge the battery bank and then relying
on the battery bank and inverter to provide power from
sunset until dawn during which period the genset is

switched off to eliminate the noise.

The system diagram of the Woodlands installation is shown

in Figure 3.4

Fuel tank Distribution
Alternator board

B e o - 4

............. Diesel engine 4 |
ENGINE ROOM ) Change over| | | 1_3 attery; |
T switchgear chargen '
Domestic ; ' i
loads ; ! .:

_______________________________________ Inverte !
ex genset E E E
X ipverter : ! T |
td load : : + J, Lk-: :
: . d g
] AAVAN ! : :
CHANGE QVER = ‘'==-mee-ormmemmmmemccemcicccoocicaae :
, SWITCHGEAR BATTERY ROOM
Figure 3.4 : System diagram for Woodlands genset-plus

systenm

A detailed system specification for Woodlands appears in

Appendix B.3
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3.4.3 Load description

The loads inelude lighting and typlcal domestic household
appliances with an installed maximum demand of 8350 ¥, and
a 2 hp borehole pump giving a fotal installed maximom

demand of spproximpately 93800 W,

& detailed schedule of loads is listed in Appendix C.3

3.5 SHINGWEDZI

3.5.1 General description

Shingwedzi iz & large tourist camp in the north of ths
REruger Hational FPark. Accommodation facilities for up to
800 people include five houses, four flats, 78 huts, a
guest house and a8 caravan park. In saddition there iz 3
restaurant, a shop, capp administration offices and =&

large engineering and maintenance workshop.

3.5.2 Svstem description

The Shingwvedzi power genersting plant conprises two CAT
diesel gensets supplying 380 V 3-phase AC power Lo the
camp and service infrastructure wvia s 2 km long 8,8 kV
transmission line. The twe diesel alternstors coperate
alternately as duty and standby on successive days with a
changeover being effected daily at 0B8hUG. lUnder pesk
demand conditions the standby set is used to provide the
additional power regquired in excess of the continucus load
rating of the duty =met. Tha three phazes in the
distribution network are balanced in terms of the loads
connected to each 220V phase. Instrumentation in  the
power station includes two complete oontrol panels with
anmeters for each phase, 8 voltmeter, freguency meter,
instantaneous power meter, k¥h neter, kVAh demand meter

and synchronizing gauge.
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The system diagram of the installation is shown in

Figure 3.5

;:—Transformer Yellow phase |

: AC loads |

I | s
Fuel tank g} S , i

.E Blue phase!

e Control ; AC loads ||
"1 Engine Alternator board ; R
- ) o s
1 AR s

| ' Red phase

— — = 5 E AC loads | !
Transformer |

POWER STATION TOURIST CAMP

Figure 3.5 : System diagram for the 225/250 kVA Shingredzi
genset system

A detailed system specification for Shingwedzi appears in

Appendix B.4
3.9.3 Lead description

The 1loads at Shingwedzi include lighting (13,4%), air-
conditioning (34,7%), refrigeration (5,8%), hot water
cylinders (23,8%), office equipment, water pumps (2,6%),
shop display coolers, restaurant catering appliances
(12,5%) and workshop equipment. The percentages in
brackets are the respective proportions of the installed
maximum power demand of 454 kW, ie. 757 W/bed.

A detailed schedule of loads appears in Appendix C.4.



CHAPTER FOUR

HETHOD COF INVESTIGATIOH

The technical and economic evaluation of the independent
power svstems described din Chapter Three was based on
routine logs and records maintained by ths Eleciro-
mechanical Engineer and more detailed data provided by
remote electronic data logging svstems., These wers
installed at Jock of the Bushveld, Boulders and Woodlands.

The thres eslectronic dats logging systemns comprised
sensors coupled to analog signel processing interfaces and
digital progranmable data loggers. Data was recorded on
solid state memory modules (EPROM =) which were posted to
ERi. An EPEOM readsr together with communications goftware
and an IBH compatible PC completed the data retrieval

syntem.

Froject support stalf in the Kruger National Park
copprised a graduate slectronics engineer-in~training
undeyr the supervision of the Electro-wechanical Enginser.

The dats logging svystems were instslled and commissionsd
by an ER1 electronic engineer in June 1887. After some
initial experience with the dynamics of operating a rempte
logging progranme from Cape Town, =& fortnightly routine
was established for exchanging memory modules, dsta logger
batteries and interface batberies, This included

completing a form confirming the system status and which
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was posted to ERi together with the corresponding “full"
EPROM.

A major system failure at Woodlands and the further
development of interfsasce cards precipitated a ten day site
vigit in October 1887 by the author and the ERi electronic
engineer. The opportunity was used to collect raw data
from the Electro-mechanical Engineer and verify selected
channels of the data logging systems with manually

recorded data.

4.1 DATA LOGGING SYSTEMS DESCRIPTION

4.1.1 Jock of the Bushveld

The system parameters monitored and recorded on the 800 Wp
DC PV system st Jock of the Bushveld are listed in
Table 4.1.

Table 4.1 : System parameters monitored and recorded at
Jock of the Bushveld

System parameter Range Uncertainty
Panel temperature -10 - 100=C +5%
Ambient temperature 0 - 100eC 5%
Battery voltage 0 - 43 V t17%
AC Power into the load -2,2 - 2,2 kW +10%
Current into the batteries g - 50 A 2%
Current out of the batteries 0 - 50 A 2%
Solar radiation -100 - 1400 W/m2 *52%

The uncertainty levels are quoted as a percentage of the

average reading of each system parameter.

Figure 4.1 illustrates the monitoring system diagram for
Jock of the Bushveld.
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PV Array+ Voltage reg. Battery Inverter Loads
—] :i — ]
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7: AC Power
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Interface 7 ! _
—24V | 5
Dry cell - 4: Current into bat.i l:
Data 5: Battery voltage : '
=1 logger | @: Current out bat. ! |

Figure 4.1 : Block diagram of the digital electronic data
logging system for Jock of the Bushveld

Accommodation data for Jock of the Bushveld were obtained

from the tourism records maintained at Berg-en-dal.

Maintenance data for the PV system were obtained from the

company which supplied the systen.

4.1.2 Boulders

The system parameters monitored and recorded on the
3300 Wy AC PV system at Boulders are listed overleaf in
Table 4.2
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Table 4.2 : System parameters monitored and recorded at
Boulders

System parameter Range Uncertainty
Panel temperature -10 - 100eC 5%
Ambient temperature 0 - 100<C +5%
Battery voltage g - 70V *0,5%
Current into the batteries -1 - 100 A 22
Current out of the batteries -50 - 50 A +2%
Solar radiation -100 - 1400 W/m=2 5%

Figure 4.2 illustrates the monitoring system diagram for

Boulders.

PV Array Voltage reg. Battery DC/DC Converters Loads
+

|
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N i
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2: Ambient tempi 4: Current into bat.
5: Battery voltage
6: Current out bat.

Car batteries

1: Solar +24V pooeaees )
radiation| 1 2 3 4 5 6 oV K
Interface '

—24V | f :

Dry cell
Data b ;

— logger ! :l ‘

Figure 4.2 : Block diagram of the digital electronic data
logging system for Boulders

The inputs and outputs across the seven DC/DC converters
were not monitored due to their distance from the logger
~and consequently evaluation of these components of the

system was not possible.
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Accommodation data for Boulders were obtained from the

tourism records maintained at Letaba.

A handwritten log of energy consumption (Ah/day), recorded
by the camp attendant, together with an indication of
whether the camp was occupied for the period 23/11/85 to
31/01/87 provided longer term indicators of the systenm

performance.

4.1.3 Woodlands

The system parameters monitored and recorded on the 7 kVA

genset~-plus system at Woodlands are listed in Table 4.3

Table 4.3 : System parameters monitored and recorded at

Woodlands

System parameter Range Uncertainty
Battery temperature -10 - 100eC +5%
Battery voltage A - 42 vV +1%
Genset AC Power -1,42 - 11,0 kW 2, 5%
AC Power inteo batt. charger -4.,4 - 4,4 kW +2,5%
Inverter AC Power -0,5 - 4,4 kW +2,5%
Current into the batteries -1 - 100 A +1,5%
Current out of the batteries -1 - 100 A +1,5%
Fuel level 80 - 18 litres 0, 1%

Longer term fuel consumptilon and maintenance records for
Woodlands over the period 22/12/83 to 20/04/87 were
cbtained in the form of fuel logs and job cards from the

Electro-mechanical Engineer.

Figure 4.3 illustrates the monitoring system diagram for
Woodlands.
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Figure 4.3 : Block diagram of the digital electronic data
logpging system for Woodlands

4_.1.4 Shingwed=zi

The data for Shingwedzi were recorded by the power station
operator on two twelve hour shifts. Hourly readings of the
instantaneous power in kW were recorded in hardcover
logbooks.

Fuel and o0il consumpticon was recorded on standard National
Parks Board Motor vehicle 1log sheets (Motorvoertuig-
logstaat) by the diesel fitter at Shingwedzi.

Accommodation data were obtained from the tourism
officials at Shingwedzi and were provided in the form of
monthly records of the daily number tourists in the camp

and the type of accommodation occupied.
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Job cards for the period between 31/12/88% to 03/11/87

provided maintenance records for the two gensets.

4.2 PHYSICAL SENSORS

The sensors used +to monitor the system parameters are
discussed in terms of type, principle of operation, range,
accuracy, stability and choice.

4. 2.1 Tempersature

NHational Semiconductor LM 35 I integrated circult
temperature sensors, giving a 10 n¥ cutput per degree
Celsius, were used to monitor the panel and ambient
temperatures at Jock of the Bushveld and Boulders and the
battery temperature at Woodlands. The sensors operating
range is 0o to 100<C and require a2 0 V to +33 V supply.

The tempersture sensors measuring panel temperature were
epoxied to the back of the PV arrays at Jock of the
Bushveld and Boulders. The sensor at Woodlands was
similarly epoxied to the battery casing. The ambient
tesperature sensor at Joeck of the Bushveld was suspended
in the air below and behind the array whereas the sensor

at Boulders was suspended inside the ventilated battery

room.
The IC temperature sensors were chosen instead of
thersocouples because af their ACCUTracyY, response,

versatility and low cost.
4.2.2 Yoltage

DC and AC wvoltages were measured by wmeans of =simple
voltage divider circuits. These afforded chesp, robust and

repeatable inputs for the interface and data logger.
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4.2.3 Current

DC and AC current was measured by means of thermally
stable, calibrated 50 mV current shunts.

4.2.4 AC Power

AC power was messured by integrating the instantaneocus
product of AC voltage and AC current, messured by meang of
simple woltage divider circuits and current shunts
regspectively. The conversion of these inputs into power,
k¥, was performed by two cards within the signal
Processing interface. The mathematical basis for the
integration is elaborated on in Appendix U together with

the snalog circult disgrams of the interface monitor.

4.2.5% Solar radiation

Solar radiation was wmeasured at Jock of the Bushveld and
Boulders using cosine corrected Li-Cor pyrancmeter sensors
which produce » microanp output propoertional to the solar
radiation in ¥/m®. The pyranometers were calibrated under
natural davlight conditions by LI-Cor esgainst an Eppley
FPrecision Spectral Pyranometer an 12/11/85 and 07/04/88
regspectively. The maximum uncertainty in the calibration
is £5%. The pyranometers were mounted on the array support

structures at the zsame angle of tilt as the arravys.

4.2.8 Puel level

The diesel fuel level of the genset installation at
Woodlands was neasured using s Fhillips pressurs
transducer in & fabricated fuel tank.

The fuel tank has 8 capacity of 18 litres and allows
approximately eight hours operation betwesn refuel}ing,
The tank and transducer were calibrated in the ERI
workshops before installation on gite on 28/08/87. Further

on 3ite calibration confirmed the accuracy angd linesrity
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of the output over a range of 0 to 18 litres. The
uncertainty in the fuel level was less than 8 ml.

4.3 ANALOG SIGNAL CONDITIONING INTERFACE

The analog output signals from the sensors are converted
into input signals in the 0-2000 wmV range required by the

data logger by an analocg signal conditioning interface.

The modular interface monitor was designed and built in
the ERi workshops. It is designed to accommodate twelve
channels of input and output signals with up to two cards

per channel. The interface cards are adjustable for range
and offset.

The interface requires a 20-35 V DC power supply and draws
between 30 and 100 mA. The interface power supply cards
for this application provided *15 ¥V to the power supply
rails in the interface from two pairs of 40 Ah automotive
lead acid batteries in series providing unattended
operation of between fifteen and fifty days.

Descriptions of the power supply and individual cards
including the circuit diagrams, ' stability, linearity and

accuracy are presented in Appendix D.

4.4 DIGITAL ELECTRONIC DATA LOGGER

The three data loggers used were programmable digital
s0lid state micro-processor driven multi-channel devices
supplied by MC Systems in Cape Town. The individual, =zero
to 2000 mV, analog input signals on each channel are
scanned every 60 seconds and converted into digital
signals for manipulation by the logger before being stored
on the EPROM memory module. Each output channel, (except
that of the fuel level), was programmed to evaluate the
.average of a given signal over a given log interval

(usually fifteen, twenty or thirty minute intervals). The
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instantaneous input of the fuel level was logged at the
end of each log interval. The output signal onto the EPROH
was converted into =2 meaningful range by individusl
channel multiplication factors and offsets programmed into
the logger input progranmes.

The HCS data logger and an EPROM memory module are shown
in Figure 4.4.

Figure 4.4 : Photograph of the MCS digital dats legger and
an EPHOH memory module

The loggers recorded up to twenty days of data at thirty
minute intervals (based on data input sScans at one minute
intervals), from between six and eight channels onte 128
kilobit EPROM's. The removal of “full" EPRON's and
replacement with erased EPROM's was performed every two
weeks by National Parks Board personnel who alsoc checked
and replaced interface or data logger batteries. The

"full” EPROM's were wrapped in aluminium foil for
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Protection against erasure by UV radiation before posting
to ERi from Skukuza. The data was off-loaded in ASCII
format onto 5 %" floppy dises using =a PC based EPROH
reader and serial communications software at ERi. The data

loggers are powered by four D size DURACELL cells.

For the most of the monitoring period the data loggers
were programmed to log data at thirty minute intervals.
Fifteen and twenty minute intervals were used on some days
during the monitoring period especially during
commissioning. The input and output programs ware
calculated according to the calibration of the interface

card outputs and checked in the Field.

Logger input and output programs for the three sites are
listed in Appendix E.

4.5 DATA HANIPULATION
4.5.1 DBata scanning and screening

After down-loading the data from the EPROM's the ASCII
dats was imported into LOTUS 123 spresdsheets to
facilitate dats manipulstion and analyvsis. The raw data
was scerutinized in econjunetion with the system status
information recorded by the Rruger National Park engineer

on removal of the EPROM to assess the veracity of the
data.

Having determined whether the sensors, interface and data
logger had been operating correctly during the logging
period, the raw data was then manipulated intc manageable
spreadsheet files and =all spuriocus or serroneocus readings
were individuzlly assessed and smoothed by three point

linear extrapolation.

Graphs of the raw data were plotted for successive days to

facilitate snalysis. Only days for which 811 the data
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recording channels were logging cleanly were considered
for further processing.

4.5.2 Jock of the Bushveld

Fourteen dayvs’™ data over the period 03/10/87 to (03/10/87
and 08/10/87 to 18/10/87 were regarded as acceptable at
Jock of the Bushveld despite s persistent malfunciion of
the inverter AC power channel. Data was logged at  twenty
minute intervals over the first period and thirty minute
intervals over the second. The AC power measurement
channel of the interface monitor began to drift after
08/10/87 and therefore data for the inverter output was
disregarded after this date..

The continuocusly logged data was separated inte individual
days and each day was stored in a spreadsheet. The data
for each channel was corrected for zero offset and columns
were set up to calculate the DC power into and ocut of the
battery and inverter efficiency. The following svstem

parameters were then calculated for each day

- deily globsl solar radiation (W/m2/day)

daily svailable energy incident on the gross panel area

(K] /day)

- daily energy supplied into the battery (MJ/day)

~ daily energy supplied from the battery (HJ/day)

‘- daily energy supplied from the inverter (HJ/day)

- average daytime panel temperature (°C)

- @mverage davitime ambient temperature (=C)

- average combined arrayv and voltage regulator efficiency
(%)

- gverafge inverter efficiency (%)

- average daily overall system efficiency (%)

3

The ecalovlated combined array and voltage regulator

efficiency is hased on gross panel area and not the sctive
cell asrea,

4.5.3 Boulders

Thirty-gix days’ of acceptable data were selected from the
-raw data for Boulders.
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As for Jock of the Rushveld, the raw data for Boulders was
arranged into separate spreadsheets for individual days.
The datz was adjusted for zero offset and columns were set
up Lo calculate the DC power inte and out of the battery,

System parameters caleculated for each day were

- daily global solar radiation (¥/m2/day)

daily available energy incident on the gross panel area

{(MJ/day)

- daily energy supplied into the battery (MJ/day)

~ daily energy supplied from the battery (HJ/day) .

= average dayvtime panel temperature (20)

- average davtims ambient temperature {(=C)

-~ average copbined arrav and voltaege regulater efficisncy
{43

- average combined array and voltage regulator boost
charge efficiency (%)

- average dally overall svstem efficlency (%)

Similarly the calculated combined array and voltage
regulator efficiency is based on gross panel area and not
the cell area. The boost charge efficiency is based on the
periods during which the battery voltage was less than the
voltage regulator maximum cut-off voltage. The voltzage
regulator did not switch the array to open circuii during

these periods.
4.5 .4 Yoodlands

The ¥oogdlands dats logging syshtem WaS the most
trovblesome. Only seven days’  dats wers considered useful,
The AC power measurement channels continually caused
spikes and noise to interfere with the data logger
resulting in drift on the recorded data snd disruption of

the other channels in a cascade effesct.

The seven days’ data were also stored in separate
spreadsheets for individual days. The respective channels
were adjusted for zero offset and columns were set up to
caleculate DC power intoc the inverter, inverter efficiency,
AC power into the loads and genset efficiency. System

- paraneters that were caleulated wers
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- duily run time (hours)

- deuily fuel consumption (1)

- gverage fuel consumption (1/hour)

- ¢gdaily energy in the fuel (HJ/dav)

~ daily energy out of the genset (MJ/day)

- daily energy into the battery charger (MJ/day)
- gdaily energy into the loads (HJI/day)

- gdaily energy out of the battery (HJ/day)

-~ ddaily energy ocut of the inverter {(HJ/day)

- gverage daily genset efficiency (%)

- average genselt load factor (%)

- average genset capacity factor (%)

~ average battery charger efficliency (%}

- average inveriter =fficiency (¥

- @verage inverter loasd factaer (%3

~ average daily overall system efficiency (%)

In  addition, the fuel consumption iog sheets and
maintenance Job card data were typed inte LOTUS 123
spreadsheets for the periods 22/12/85 to 08/01/87 and
18/03/88 to 12/11/88 respectively. Average daily run tinmes
and average fuel and coil consumptions were calculated from
the dats. The nmaintenance cost of the svstem was also
caleculated, based on the manufacturer’ s spares prices and

National Parks Board rates for travel and artisan’s labour
rates,

4.5.5 Bhingwedszi

The raw data for Shingwedsi, in the form of  handwritten,
twenty~four hour per davy, logs of hourly power output,
fuel and 01l consumption and maintenance Job cards were
typed into LOTUS 123 spreadsheets. The hourly power oubpui
data for sach day for the one vesar period betwesn 01/10/88
and 30/09/87 was selected to ecover seasonal wvarlations.,
The data was eveluasted on a3 monthly basis to establish =

t¥pical average load curve for sach month.

The fuel consumption and maintenance data were compiled
for longer pericds between Janusry 1886 and September
1987, and hetween January 1B88 and Hovegber 1887,
respectively. The data was evaluated as for Woodlands to
provide average fuel and oil conszumption data and

naintenance costz for esch of the two CAT genzets,
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4.0 PROBLEMS WITH THE DATA LOGGING SYSTEHNS

The primary problem with the three remote electronic data
logging systems was a lack of robustness. Despite efforts
to anticipate problems and test the logging systems at ERL
during the pre-commissioning phase, the opsration of the
logging systems in the field was fraught with partial or
conplete svstem failures. These were due to both technical
and logistical reasons.

Problems inoludsed

exhausted dry cells for the logger power supply
discharged car battery/ies for the interfzce power
supply

programming errors in the logger input or output
programs

- drift on the interface output

negative inputs to the logger cauaingnlegger gver-scale
reasdings

danage to the Woodlands interface Lhrough a 220 V AC
short

- availability of field support staff to maintain the
syvstens
~ @ hardware failure on the Jock of the Bushveld logger

requiring repsir at HC Systems in Cape Town

The above-mentioned problems were exacerbated by a minimum
postal turn-around time of four weeks beltween Skukuza and
ERi which hampered adjustments and modifications to the
logging systems. Problems ddentified in the EPROM data
were only rectified between two weeks and a month after
the problem initislly occcurred.
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4.7 ECONOHIC EVALUATION TECHHWIQUE

The evaluation of economic feasibility and comparative
costs of independent‘power systems can be performed using
a host of techniques. These include static methods, such
as direct cost comparison, cost annuity comparison, return
on investment and static pavback, or dynamic methods which
take into account the time wvalue of weosts incurred at
different times, such as net present value, internal rate
of return, annueity method, dynamic cost annuity and
payback methods, (Finck and Uelert, 1885).

The method adopted for the purposes of this project was
required to raeflect the economic implications of
investment in PV, diesel or genset-plus for the user ({(ie,
the National Parks Board) and not necessarily the wider
ramifications for national energy or econcomic policy (ie.
ESEOH o¢r loeal content incentives to reduce foreign
exchange regquirements etc. ). It had to accommodate
analyses of capital intensive power systems with nminimal
recurrent operating and maintenance costs (such as PV}, as
well as power systems with lower initial costs but high
recurrent 0&H costs (such as diese]l and to a lesser extent

genset-plug).

The najority of econonic evaluasition technigues do not
address non-quantifiablie factors or benefits suech as the
effect on national economics, politics, sociological or

environmental factors.

In general, the reguirements of a3 economic svaluvation
1

technigue for independent power systems should include

£i) the total life-cycle costs of the svstem
including

- gapital costs of @ planning
land acquisition/leasing
civil works

plant buildings and site
infragtructure
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power plant and equipment
transport of eguipment to
site

installation and
coenmissioning

customs, tax and engineering
fees

plant and equipment
replacement

- residual value of plant and eguipment
-~ financing charges

- personpowver costs : plant operators and
administration

- repailr and maintenance costis

- energy relasted costs : fuel

- auxiliary materials : o0il, grease etc.

- administrative infrastructure @ exeluding
personpower

-~ taxes and dutiss

{ii) the cashflow of = power system over iits lifetime

=

(iii) the time value of money

{(iv) the availability and cost of investmenit capital
{v) inflation

{viy sensitivity analyses

The annuity method suggested by Finck and Oslert (18985}
was adopted for the economic evaluation of the four off-
grid energy supply systems investigated in this thesis.
The annuity method converts all net cashflows connected o
an investment project into a series of annual payments of
an equal zsmount. The conversion takes place by multiplying
the net present wvalue (HPV) by a reccovery factor RF{(L,T)
for a predetermined interest rate (i) and a known planning
period (T).
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The annuity, a constant asnnual payment for a long term

investment, is calaculated from the formula

A = NPV x RF(i,T)

where NPV = Io + Ie % g-% + L7 % g~%
g-% = {1 + 171005t
RF(i,T) = (1417100 ®* 1/100
¢i+i/10053 - 3

HPV net present valus of the investment project at the

point in time t=0
Ia the initial investment cosht at time t=0
It the investment cost in time period t
g-t discounting factors
i real interest rate
L liguidaticn vield at the end of the service life

The annuity can be further be broken down into separate
components of say, investment casts, operating and
maintenance costs and annuity of  liguidstion wield. In
addition it is recommended to evaluate the implications of
investing or borrowing the difference in papital
investnent costs of competing mlternatives if the interest
on borrowed capital and return on invested capital are not

the same or if sufficient capital is not available.

The annualized unit energy cost was calculated as the
auotient of the annuity over the annual aversge number of
units of energy, (k¥h/vear), produced by the power supply
system, averaged over its operasting lifetime.

The economic evaluation was performed using a simple
LOTUS 123 spreadsheset incorporsting macro routines to

avaluate the HPV of the replacement costs of the batteries
in course of the stated overall system life.
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4.7.1 PV systems

The two PV systems were evaluated in terms of the initial
capital investment in PV modules, batteries and balance of
system costs and the recurrent annual costs of maintenance
and less frequent battery replacement costs. The lifetime
over which the systems were evaluated was the anticipated
twenty year lifetime of the PV modules. Detailed

assumptions for the evaluation are discussed in Sections
5.2.2 and 5.3.2.

4.7.2 Genset-plus systenm

Similarly, the Woodlands genset-plus system was evaluated
in terms of initial capital c¢osts such as genset,
batteries, battery charger and inverter and the recurrent
costs such as fuel and o0il, routine genset maintenance and
replacement of the batteries. The pericd over which the
system was evaluated was the estimated seven vear
operating lifetime of the genset. Detailed assumptions for

the evaluation are discussed in Section 5.4.2.

4.7.3 Genset system

The economic evaluation of the genset installation at
Shingwedzi was in terms of the 1initial capital costs of
the gensets, fuel tank, exhaust systems and control
equipment and the recurrent costs of power station
operators, fuel and o0il, and routine maintenance. The
period over which the system was evaluated was the fifteen
vear expected operating lifetime of the gensets. Detailed

assumptions for the evaluation are discussed in Section
5.5.2.




CHAPTER FIVE

FINDINGS ARD ANALYSIS

The total dependence of PV systems on the characteristics
of the incident solar radiation represents the fundamental

difference between PV and the environmentally insensitive
diesel genset and genset-plus systems., Therefore, before

considering the technical and economic findings and
analyses of the four off-grid power systens, the solar

resource in the Eruger National Park iz evaluated.

The findings and analvses for each system are pressnted
individually in terms af technical and economic

considerations respectively.

5.1 SOLAR RADIATION AHD AMBIERT TEMPERATURE DATA

The veracity of available solar radiation data is vitai
for the optimal sizing and design of PV systemns.
Similarly, reliable data for the daytinme ambient
temperature is important £for estimating the reduction in
PY¥ svsten power output due to the negative effect of panel
temperstures in excess of the standsrd panel specificstion
conditions of 1000 W/m2 and 25o(C.

The gsolar radiation and ambient tempersture data recorded
during the monitoring period serve to extend the PV design
database for the Kruger HNational Park. Furthermore,

comparison with South African Weather Bureau (SAWRB) data
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for Nelspruit can lead to more confident extrapolation of

that data for PV systems in the Park.

Figure 5.1 shows the typical bell shaped profile of the
global solar radiation recorded at Jock of the Bushveld on
a clear day as opposed to the erratic profile of an
overcast day. The bulk of the availzble solar energy on
the clear day occurs between 03h00 and 15h00. The solar
noon occurred slightly before 12h00 which corresponds to
the longitude of the site being slightly East of 30°E on
which S A Standard Time is based. Sunrise occurred
between 05h30 and 08h00 and sunset was between 18h00 and
18h30. A twilight period of about twenty minutes at dawn
and sunset 1is represented by levels of global solar
radiation of less than 50 W/m2. This is less well defined

oh overcast days.

0 Ambient temp.(deg C)

Global rad.(W/m~2)

— - 1000
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Time of the day (hours) ,
— Clear day temp. - Clear day rad.
—*= Overcast day ternp. = Qvercast day rad,

Figure 5.1 : Global solar radiation and ambient
temperature profiles for clear and overcast
sky conditions at Joeck of the Bushveld
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Ambient temperature is a function of insolation and
radiant heat transfer with the sky. On the clear day the
ambient temperature can be seen to drop aquite sharply
immediately before dawn and then increase gently until
about 18h00 before tailing off into the night. The ambient
temperature profile for the overcast day 1is erratic in
sympathy with the global radiation profile, but shows =a

small nett increase between dawn and sunset.

Despite only fourteen days’ of acceptable data having been
recorded for Jock of the Bushveld and thirty-five for
Boulders, a comparison between the corresponding data =zt

the two sites and SAWB data is illuminating.

Table 5.1 presents comparative solar radiation data as
well as ambient temperature data for Jock of the Bushveld

and Boulders.

Table 5.1 : Solar radiation and ambient temperature data
for Jeck of the Bushveld and Boulders

Date Jock Boulders Jock Boulders
global global ambient ambient
rad. rad. temp. temp.
(MJ/m2/day) (2C) (eC)
02-0ct 7,87 19,51
03-0ct 8,95 11,28 20,22 18,29
04-0ct 27,493 22,00 25,44 18,68
05-0ct 27,82 27,48
06-0ct 26,958 21,88
07-0ct 25,79 23,80

08-0ct 24,75 25,14 29,53 24,53
08-0ct 25,26 23,56 31,78 25,38
10-Oct 7,75 23,48 27,37 26,89
11-Oct 23,18 25,13 33,9835 26,58
12-0Oct 12,87 25,87 29,48 28,21
13-Oct J,88 9,15 22,60 22,98
14-0Oct 11,95 11,80 27,83 21,52
15-0ct 13,78 16,24 28,47 22,87
18-0ct 25,10 19,18 27,92 21,48
17-0ct 30,91 27,69 28,88 21,48
18-0ct 26,50 23,34 36,33 21,84

Average 18,30 20,39 27,95 22,88
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The ambient temperature dats measured at Jock of the
Bushveld reflects the air temperature 150 mm below the
back of the PV array, whereas the data for Boulders is the
ambient temperature inside the ventilated battery storage
room. These ambient =air temperatures are therefore not
directly comparable, as the measurements made at Jock of
the Bushveld would be subject to radiative heat transfer
from the back of the array as well as convective cooling
die to winds. The ambient zir temperature recorded at
Boulders is & more representative indicator of the ambient

aiyr tempersature in the shade,

Figure 5.2 shows the correlation between the global
radiation at the two sites illustrating a common synoptic
trend for the corresponding leogging period betwesan
03/10/87 and 18/10/87. The low level of global solar
radiation recorded at Jock of the Bushveld on 10/10/87,
relative to that recorded at Boulderms on the same day, was
dus to overcast weather over the southern parts of the

Park and clear skies over the centrazl parts.

The maximum recorded incident global radiation averaged
ovar one log period =at Jock of the Bushveld and Boulders
were 1158 W/m=2 between 11h00 and 11h30 on 17/10/87 and
1101 W/m2 between 10h30 and 11506 on Q2/11/87

respectively.
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Figure 5.2 : Comparative solar radiation data for Jock of

the Bushveld and Boulders between 03/10/87
and 18/10/87

For comparison with the SAWB data, Table 5.2 presents a
matrix of monthly average global radiation for
on a surface facing due North, tilted at angles
and 43¢ to the These monthly
average values of global radiation on tilted surfaces

Nelspruit,

varying

between Qe° horizontal.

are
calculated from SAWB data (Tegen, 1988) for the global
radiation on a horizontal plane. They are based on a

ground reflectivity of 0,15 which corresponds toc gravel.
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Table 5.2 :

Honthly average global radiation (MJ/mZ/dav}

for tilted surfaces between 0 deg and 45 deg,
calculated from South African ¥eather Bureau

data for Nelspruit

Exigting site optimum angls for max.

Site NELSPRUIT
Ground reflectivity .15
GLOBAL RADIATION FOR TILTED SURFACE :@ Y{(gt}
Angle : 0.00 S.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45
JAN 268.680 26.40 28.04 25.54 24.B9 24,10 23,17 22.12 20.94 19,
FEB 21.14 21.2% 21.15 20.98 20.83 20.29 19.78 19.18 18.43 17.
HAR 18.568 18.91 18.15 ig.29 18.31 18.23 19.43 18.73 18.32 17.
APR 17.07 17.868 18.3%4 19.11 18.88 18.8% 20.08 20.17 20.12 19.
MAY 14.86 16.09 17.12 18.04 ig.84 19.852 20.07 206,50 20.7&8 20
JUH 14.01 15,28 15.48 17.53 18.48 19.31 20.02 20.89 21.03 23
JUL 14.85 16.13 17.31 18.37 319.31 20.13 20.81 21.38 21.78 2Z.
AUG 18.05 18.87 17.78 18.48 19.06 19.53 19.87 20.08 20.18 20.
SEP 17.68 18.19 18.5% 18.869 318.07 195.14 19.10 18.%4 18.87 18,
acT 18.5%2 1B.68 18,73 18,87 1B.52 18.28 17.80 17.45% 16.80 18,
WOV 19.34 19.28 18.07 18.79 18.40 17.82 17.3% 185.88 15.93 18,
DEC 21.00 20.80 20.50 20.08 13.56 18.%4 18.22z 17.40 16.50 15,
TOTAL :219.78 225,77 230.44 233.76 235,70 238,25 235.42 233,198 2729.59 224
The sverage global radiation recorded at Jock and
Boulders, of 18,30 HI/m2/day (5,38 kWh/m2/day) and
20.398 HI/m2/day (5,868 k¥h/m2/dav) respectively, are 7.8%
and 10,0% greater than the calculated values of 17,980
MI/m=/day and 18,52 HI/m2/day for global radiation for
Nelgpruit at the respective tilt angles of approximately
30e for Jock and 20¢ for Boulders. The lower figures for
Nelspruit could be due to loecal wesmther variation or as =
result of generally higher levels of meisture in the
H
atmosphere due to mist over NHelspruit in the Crocodile
River valley.
The incident soclar radiation on tilted surfaces is

primarily & function of the time
air mass and solar declination),
of tilt of the

values above, the

angle surface.

optinmum angle

annusl radistion

of the year {(varistion in
the azimuth angle and the
Based on the

of

calculated

tilt for the maximum
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annual incident solar radiation for HNelspruit would be
approximately 24e. However for PV applications with
seasonal variations in load energy demand, angles of tilt
should be investigated for which the seasonal varistion of
incident energy wmost closely follows that of the load
energy demand. At the site latitudes, tilt angles grezater
than 25¢ favour winter load peaks whereas those less than
252 favour summer load peaks. Two axis tracking devices
are smploved in large PV systems to dynamically optimige
the array output for daily and seasonal variation in the

apparent motion of the sun across the sky.
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5.2 JOCK OF THE BUSHVELD

9.2.1 Technical svaluation

The technical performance of the 800 W, 220 V AC PV
system at Jock of the Bushveld is discussed in terms of a
summary of the oversll systern performance followed by a
detailed evaluation of individual system components in the
light o©f technical considerations, the recorded load

curves and solar radiation data.

2.2.1.1 Overall results and daily operating

characteristics

Table 5.3 on the following page presents & summary of the

system performance for the logging period.

The array and regulator efficiency referred to in the
table is the combined efficiency of the array and voltage
regulator as  determined by the guotient of the total
energy per day intce the battery over the daily solar

ensergy incident on the gross panel area of the srray.

Similarly the overall system efficiency is the quotient of
the dailyv energy consumption over the daily inecident sclar
energy on the array. The overall efficiency of the system

varied between 1% and 4%.

The daily operating characteristics of the system on a
clear day, 08/10/87, and an overcast day, 10/10/87, are
illustrated in Figures 5.3 and 5.4 which plot. systen
parameters such as =solar radiation, panel temperature,
smbient temperature, battery voltage, current, into and
cut of the battery. against the time of day. The
performance of the syvstem for these two representative

davs iz sunmarized in Tablem 5.4 and 5.5,



83

Table 5.3 : Jock of the Bushveld overall system
performance from G3/10/87 to 18/10/87

Date Daily Daily Daily Daily Ave. Ave. Array Ave. Overall Occ.
solar energy energy energy panel amb. & reg. inv. system
rad. avail. in bat. ex inv.temp. temp. eff. eff. eff.

MI/m2/d MJ/day MI/day WMJI/day <C oC % % % person
03-0ct g,0 79,0 4,9 3,2 22,1 20,2 6,2 48,6 4,0 12
04-0ct 27,9 242,86 15,4 2,4 32,0 25,4 6,4 44,5 1,0 12
05-0ct 27,8 245,5 15,4 5,4 33,3 27,5 6,3 37,8 2,2 12
06-Qct
07-0ct
08-0ct 24,8 218.,4 13,5 4,8 36,3 29,5 6,2 48,0 2,2 12
09Qct 25,3 223,0 13,8 4,9 37,0 31,8 6,2 45,3 2,2 12
10-0Oct 7,8 88,4 3,9 (6,2)x 26,8 27,4 5,86 (B2,2)% 12
11-0ct 23,2 204,4 12,4 34,86 34,0 8,1 12
12-0ct 12,9 113,8 6,7 28,9 28,5 5,9 12
13-0Oct 3,9 34,3 1,5 18,5 22,6 4,2 12
14-0Oct 12,0 105,5 8,8 25,8 27,9 6,4 0
15-0ct 13,8 121.,4 6,6 25,9 28,5 5,5 12
16-0ct 25,1 221,86 11,8 27,4 27,9 5,3 12
17-0ct 30,9 272,8 14,3 30,5 28,3 5,3 12
18Oct 26,5 233,89 11,7 30,3 30,3 5,0 12
Ave, 19,3 170,3 89,9 (4,1) 29,2 28,0 5,8 (45,0) (2,3 11,1
Std dev. 8,6 76,2 4,5 (1,1 35,1 3,4 0,6 4,00 (1,0 3,1
Max. 31,0 272,8 15,4 9,4 37,0 34,0 8,4 49,0 4,0 12,0
Min. 3,9 3,3 1,5 2,4 18,5 20,2 4,2 37,8 1,0 0,0

* values suspect due to drift on AC power interface channel.
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Figure 5.3 : Daily operating characteristics of the Jock
of the Bushveld AC PV system for a clear day,
08/10/87

Table 5.4 : Jock of the Bushveld AC PV system performance
for a clear day, 08/10/87

Daily solar radiation : 24,8 HNJ/m2/day
Daily energy available : 218,4 MJ/day
Daily energy in battery : 13,5 HJ/day
Daily energy out battery : 9,9 MJ/day
Daily energy ocut inverter: 4,8 MJI/day
Ave. load power demand : 103 W

Ave. nighttime voltage : 35,3V .
Ave. daytime panel temp. : 36,3 =C

Max. panel temp. : 47,0 =C

Ave. daytime amb. temp. : 29,5 <C

Ave. array & charger eff.: 6,2 %

Ave. inverter eff. : 49,0 %

Ave. overall system eff. : 2,2 %
Cccupation : 12 perscns
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Figure 5.4 : Dally operating characteristies of the Jock
of the Bushveld AC PV system for an overcast
day, 10/10/87
Table 5.5 : Jock of the Bushveld AC PV system performance
for an overcast day, 10/10/87
Daily solar radiation 7,8 MI/m2/day
Daily energy available 68,4 MJ/day
Daily energy in battery 3,9 MJ/day
Daily energy out battery 10,0 MJ/day
Daily energy out inverter: 4,5 MJI/day
Ave. load power demand 93 W
Ave. nighttime voltage 35,1 Vv
Ave. daytime panel temp. 26,8 oC
Max. panel temp. 30,9 <C
Ave. daytime amb. temp. 27,4 °C
Ave. array & charger eff.: 5,7 %
Ave., inverter eff. : not available
Ave. overall system eff. not available
Qccupation 12 persons
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9.2.1.2 Load energy demand and load curve

The average daily load energy demand for the camp while
occupied, recorded over five days while the inverter AC
output channel was working, was 1,15 kWh/day. The camp was
occupied for thirteen of the fourteen day monitoring
period. Based on the energy drawn from the battery and an
average inverter efficiency of 45% (see Section
5.2.1.3.1), the average daily load energy demand for the
camp occupied was 1,08 kWh/day. The daily 1load energy
demand for the camp unoccupied was zero. The recorded

maximum was 1,50 kWh/day.

Figure 5.5 presents the average load power demand curve
for the monitored period which represents the AC load

power demand averaged over each log interval.

(W)

200

150

100

i 1 ]
0 4 8 12 18 20 24
Timme of the day (hours)

= Ave. AC power demand

Figure 5.5 : Average load curve for Jock of the Bushveld
representing AC power into the loads averaged
over the log intervals

-The inverter is switched on by the camp attendant at about
07h15 and switched off again at about 17h45. There is
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therefore no power available for approximately 10,5 hours
during the day. An early morning lozd demand peak and =
much more significant evening load demand peak are
reflected 1in the 1load curve. The base load, while the
inverter was on-line, of appreoximately 30 ¥, represents

the power demand of two lights gswitched on throughout the
night.

The average load power demand for the monitoring period

was B7 W, This corresponds to & continuous load of five
lights.

The maximum recorded average load demand over one logging
interval was 357 W, averaged between 18h20 and 18h40 on
05/10/87, corresponding to an eguaivalent load of twenty-
one of the twenty-four lights installed.

The average load faector for the logging periocd was 0,24,
9.2.1.3 Systeam component performance

5.2.1.3.1 Inverter

The function of the inverter in the syvstem is to supply =&
220 V 50 Hz alternating current to the mercury vapour and
flucrescent lights from & 38 V {(nominal) lead acid storage

battery (ie. DC supply). The light fittings require AC
current to operate.

The 3000 ¥ sguare wave static inverter is vastly
oversized, being rated ©&l4% greater than ithe required
rating of 420 W for the maximum 420 ¥ continuous AC Jload
power demand. No oversizing is required to meet startup
peak loads because the lights are unlikely to =all be
switched on simultaneously.

The idmplicstions of this poor wmatch, ie. average
efficiency of 45%, of what is possibly the most crucisl
component in an AC PV system, are an unnecessarily large

grray, voltage regulator and battery bank.
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Figure 5.6 1illustrates the relationship between the
efficiency of the inverter as function of the AC power
demand. Figure 5.7 shows DC power input to the inverter as
function of AC power demand on the output. In both graphs
the more scattered square data plots correspond to
efficiencies calculated from the fourteen day monitoring
period. The triangular points relate to a specific
inverter efficiency test conducted on 05/10/87 and
correspond to sequential increases of the AC load by

switching the lights in each of the huts:

The inverter efficiency increases from 0% to approximately
75% as the AC power demand increases from zero to 370 W.
The manufacturer’s claimed efficiency for this particular
square wave inverter is of the order of 80%. Based on the
linear regression of the data in Figure 5.7, the
efficiency at the full rated capacity of 3 kW would be
93%.
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Figure 5.6 : Graph of efficiency as a function of AC power
demand for the 3 kW square-wave inverter at
Jock of the Bushveld
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The scatter of data points recorded for AC power outputs
in excess of 200 W, which fall below the calibration test
~curve, are judged to be a function of the unreliability of
the AC power measurement channel of the data logging
system. The calibration test curve is typical of the

efficiency characteristic of square-wave inverters.
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Figure 5.7 : Graph of DC power input as a function of AC
power demand on the output of the Jock of the
Bushveld 3 kVA square-wave inverter

The DC power requirement of the inverter is plotted as the
dependent variable so as to emphasize the DC power
required from the PV array and storage battery for a given
AC load on the inverter.

The idling loss at no load is approximately 110 W. For AC
power outputs of less than 200 W, the relatfbnship between
the AC output and the DC power input is approximated by
the linear relation

Poe = 1,037 Pac + 109 Watts
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The measured saverage AL load power demand of 87 ¥
corresponds to a8 DC power input of spproximately 200 W and
an inverter efficiency of spproximately 44%, which is
slightly less than the csalculated average inverter
efficiency of 458%.

The wave forms of AC current and voltage on the ocutput of
the inverter for a lozad of approximately 250 W ars shown
in Appendix F.1.

The power factor of the inverter under this load was

approximately 0,9.

Power surge capsbility, voltage regulation, freguency
regulation and harmonic distortion were not evaluated
because these refinements are not as crucial as sizing and
efficiency for the application of lighting. The harmonic
distortion for square-wave inverters is approximately 40X
and this would lead to unacceptable heat rise in AC

motors. This is not an issue for this load requirement.

Load sensing inverter control reduces the average daily
load energy demand by switching the inverter off during
periods of no load sand thereby eliminating the no-load
logs of 110 W,

The final voltage cut-out function ¢f the inverter appears
not to have limited the battery discharge at any stage
during the monitoring periocd. The manufacturer’'s
specification for the minimum voltags protection setting
is 3¢ V. The exact setting for this function was not
investigated bevond the observation that wvoltage under
discharge dropped as low as 31,8 V (1,77 V/cell) For an AC
lecad on  the inverter of 125 ¥, averaged over the twenty
minute log interval between 20000 and 20h30 on 13/10/87.
The theoretical suggested setting would be of the order of
33,3V (1,85 V/cell). (see Section 5.2.1.3.2)
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9.2.1.3.2 Storage battery

The function of the battery in the system is to act as an
electrical storage reservoir, enabling the system to both
deliver power at night and compensate for successive days
of overcast weather. It 1is the heart of an off-grid PV

energy supply system.

Figure 5.8 illustrates three +typical charge/discharge
cycles for the battery voltage and current into and from
the battery.

0 Battery voltage (V) Current (A) 6

12h00 on 08/10/87 to 12h00 on 11/10/87

= Battery voltage "==- Current [nto batt. — Current from batt.

Figure 5.8 : Three typical charge/discharge cycles of the
battery for the 72 hour period between noon
on 08/10/87 and ncon on 11/10/87

As shown in Figure 5.8 the battery is not subject to the
more common constant current charge regimes for stationary
lead acid battery installations and the discharge
characteristics are even more erratic. The most meaningful
method of analysis of batteries in a PV system would be =&
statistical one. The small sample of data recorded in this

case precludes a rigorous statistical approach. A nmore
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qualitative analyvsis is adopted to evaluate the battery
performance.

The Dbatteries installed at Jock of the Bushveld are
stationary type, tubular plate, 4 V lead acid batteries

with lead antimony plates and synthetic rubber cases.

The short term storage for the average night-time lighting
loads of 1,08 kWh iz esasily achieved by the rnominal
initial battery capacity of 590 Ah, as testified by the
apparent satisfaction of the tourist users and camp
attendant. The average daily depth of discparge is
approximately 12% of the 580 Ah nominal initial capacity
(ie. assuming no battery deterioration and consequent
reduction in capacity) and the maximum daily depth of
discharge was 17,4% corresponding to a 112,83 Ah discharge
on 05/10/87.

The capacity of the battery is affected by physiecal and

operating factors such as

- rate of discharge

- practical limit of the final voltage

- temperature of the battery

- gpecific gravity and volume of elecitrolyte
- amount of active material

- design and number of plates

- gge and history of the bhattery

The initisl nominzl capacity is quoted for an 8 Thour
discharge rate ie. 74 4 for & hours at 2020, an .initial
gspecific gravity of 1,250 and =a final wvoltage of 1,75
V/cell, Under the average discharge current of 5 A (120 hr
ratey and a final voltage of 1,85 V/cell, the battery
capacity weuld be expected to be 10-13% grester than the
nominal 8 hour rate. The more likely aversge daily depth
of discharge would be approximately 10%¥ of the initial
nominal battery cspacity. As noted in Section 5.2.1.3.1,

the battery voltage dropped as low as 1,77 V/ecell implying
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a dramatic irreversible loss of actual battery capacity
combined with &2 possible reduction in charge sacceptance
and the consequent likelihood that the batteries do not
get fully charged.

The useful life of the battery, in terms of the number of
charge/discharge cveles, is a2 linear-log function of the
depth of discharge of the battery. The useful cvycle 1life
"of a battery discharged to 80% capacity is of the order of
six times that of a hattery discharged %o Z0% capacity
(Eomp, 1983:51). A balance must be struck between the
opposing criteria of increased installed battery capacity
at the expense of potential loss of capacity due to
infrequent fully charged conditions and the associated
sulphation of the plates. A& lead acid battery is
conzidered worthless when its capacity has fallen to about

80% of its nominal capacity rating, {(Smith, 1880:40).

The average daily discharge from the battery was 88,0 Ah,
equivalent to all the lights on Ffor about 4,335 hours/daey.
The maximum daily discharge of 112,99 Ah on 05/10/87,
correspends to the full lighting load of 418 W switched on
continuously for 7,12 hours. Figure 5.9 shows the ensrgy

into and out of the battery during the monitoring period.

On 03710787, 10710787, 12710/87, and 13/10/87 the DC
energy demand on the battery exceeded the DC energy
supplied by the PV asrray and voltage regulator and there
was a nett outflow of energy from the battery. ‘

The nominal davs of autonomy provided by the batteries is
Five completely overcast days with minimal insolation,
based on & maximum allowable depth of discharge of B0%Z of
the 580 Ah initial nominal capacity, the average recordsd
daily load energy demand of 1,08 kWh/day and the recorded

average inverter efficiency of 45%.
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Figore 5.8 : Graph of energy into and out of the 580 Ah
(nominal) battery at Jock of the Bushveld

Based on the average recorded daily PV array charge energy
input of 74,3 Ah/day., the batteries would require at least
5,3 days to recover to full charge from a state of charge
of 40%. The minimum charge period would be 3,7 davs,
corresponding to the maximum PV array output of
107,3 Ahfdav. This 1z however, statistically unlikely to

cccur often.

The maximum battery voltage recorded was 41,3 v,
corresponding to 2,30 V/eell, averaged over the log
interval between 14h20 and 14h40 under charge on 05710787,
The f£inal voltage under constant current charging would be
expected to be approximately 43,2 V (2,4 V/cell)., The
mininum battery voltage was 31,8 V (1,77 V/cell) averaged
between 20h00 and Z20h30 under load on 13/10/87, following
four davs of overcast weather. This condition is well
below the sugpgested f{inal voltage of 1,85 V/cell and the
battery must have been practically fully discharged. As
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suggested earlier the under-voltage protection function of
the inverter did not operate at the suggested final
voltage of 33,3 V.

The average voltage under discharge was 35,2 v
(1,85 V/cell) and the average voltage under charging was
37,8 V (2,10 V/cell).

The open c¢ircuit voltage of the battery at full charge
would bs  expectsd to be 37,82 V, based on the initial
specific gravity of 1.250. The maximum open cirecuit
voltage recorded was 35,9V at 08BROO on 15/10/87. The
batbtery appeared not to have been fully charged at any
stage during the nonitoring period. Based on the
stabilized battery voltage, (open ecircuit voltage),
immediately before dawn on nights when there had been no
discharge into the load for at least eight hours, the
specific gravity was caleculated according to the linear

expression

SG = Vaes1r ~ 0,84

where Veell is the open circuit cell voltage (Smith, 18803

On the mornings of 14/10/87 to 18/10/87 the S5G hoversd
between 1,085 gnd 1,158, The 5% of & discharged lead sacid
cell such as the Jock of the Bushveld batteries is 1,100.
As suggestsd earlier, this inplies that the batteries were
practically exhausted despite receiving a daily average
nett positive energy charge of 5,3 Ah/day. The resoluticn
and stability of the battery voltage data logging  channel
was not high enough to aliow a determination of the
absolute state of charge for comparison between successive
days of nett energy input. HNo record of the SG was
available to trace long term changes in the condition of
the cells.

The ampere-hour efficiency of the batteries was 72% and

the watt-~hour efficiency was B8Y. The latter is an energy

LY
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related efficiency which is relevant in the overall
efficiency of an off-grid energy system. These
efficiencies were calculated on the basis of the quotient
of the nett Ah, or nett energy, out over the nett Ah, or
neti energy, in over the monitoring period. The efficlency
calculation should ideally be based on an interval between
two instants of egqual state of charge of the battery. In
thiz case the interval was selected between two instants
when the open circuit voltage before dawn were Jjudged to

be sgusal.

These efficiencies are low compared to the Ah efficiency
of approximstely 90% and Wh sefficiency of 75-80% quoted
for lead acid batteries by manufacturers and standard
texts, (Willard:28; Vinal:334; Smith:48).

The batteries were clearly not accepting charge and they
are most likely to have permanently lost much of their
initial capacity.

Over-discharging. infreguent battery maintensnce and
particularly the lack of any evidence of equalizing
charges are likely to have severely reduced the originsl
battery capacity and conseguently shortened the useful
life of the batteries. In addition, the maximum charge
voltage Funetion of the voltsge regulator had been bhridged
out allowing PY output currents in excess ¢f the nominsal
trickle-charge current to cause over-heating and gassing

of the batftervy when it spproached full charge.

5.2.1.3.3 Voltage regulator ‘

The primary function of the voltage regulator in a PV
system iz to prevent overcharging aof the gstorage
batteries. The most likely scenario in which overcharging
iz likely is under conditions of high levels of insclation
ang low panel temperatures. A further function would
typiecally involve a diode to prevent discharge of the

batteries during periods of low insolaticen and at night.
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The potential for overcharging is greatest for PV
installations for which the rated output of the PV arrav
is large in relation to the battery storage capacity. In
these cases the array output ecurrent could excesd the
maximum trickle charge corrent specified for the
batteries. MNo voltage regulation 1s required for PV
systems for which the arrasy output current is less than =a
trickle charge rating of 0,6-1,5 A per 100 Ah battery
storage capacity, {(Xeomp, 1883:47).

The 30 A 38 V voltage regulator installed at Jock of the
Bushveld is aspproximately 40% larger than that required to
handlie the 782 ¥ array output and the short circuit,
array pesak current output of 18,4 A.

The mean current through the regulator was 5,35 A,
averaged over the pericds during which there was =z
charging current. The peak current through the regulator
was 18,2 A averaged over the twenty minute log interval
between 11h20 and 11h40 on 04/10/87. The instantaneous
peak current would not exceed the array sheort circuit
current of 18,4 A.

The maximom voltage cut—-out of the voltage regulator had
been bridged out and consequently the regulstor did net
restrict the current into the battery during the
monitoring period. The blocking diode did however appear
to fulfill its function.

Neither the PV array voltage ocutput nor the voltage drop
across the regulstor were nmonitored and therefore the
efficiency of the voltage regulator is impliecit in the
caleulated combined efficiency of the PV array and veoltage
regulator,

An average voltage regulator efficiency in excess of 93%
would be expected for this type of device according to
Miller (1988),
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5.2.1.3.4 PV array

The 7892 Wy PV array at Jock of the Bushveld ls tilted at
32 to the horizontal on a8 fabricated steel support

structure. The electrical cutput of the array iz a

funetion of

- insolation
- cgell temperature

- the impedance of the load

The electrical characteristics of a PV array are described
in terms of a range of current vs. voltage curves, known
as I~V curves, for a corresponding range of combinations
of insolation levels and cell temperatures. The array
oubtput powsr 1s the produact of the output voltage znd the
corresponding array current for & given insolation and
cell temperature. The peak power output is found at the

optimum cutput voltage on the knee of the I-V curve.

The short ecircuilt current of the asrray is more or less
proportional to the level of insolation, whereas the open
circuit voltage is a logarithmic function of insolation.
The power cutput of the array is approximztely a lineszr
function of insolatien for an applicaticon with ainimal
load voltasge wvariation such as at Jock of the BRushveld
{snd Boulders).

The short clrecuit current increases linearliy with
increased cell temperature and the open circuit voltage
decresases linearly with incressed cell tempersture. The
nett effect of increased cell temperaturs is an  overall
reduction in array power of about 0,3% per degree Celsius

rise in cell temperatures,

The impedance of the load determines the actual operating
point of the array ocutput by fixing the output wvoltage.

This is an important consideration in selecting 8
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combination of array and storage battery to optimize the

system matching of these components.

Figure 5.10 shows three array I-V curves for the Jock of
the Bushveld array generated by a method suggested by
Singer, et al (1984). The method provides a sufficiently
good fit for the measured I-V curve of a PV array using
only three measurable parameters: the open circuit
voltage, the short circuif current and the maximum power.
In addition, based on the temperature and insolation
coefficients, an I-V curve for any combination of cell
temperature and insolation may be plotted. The method is
particularly useful in this instance where no
manufacturer’s I-V curves are available for the ARCO SOLAR
ASI-186-2000 modules. The curves are based on the

manufacturer’'s specifications for the three parameters.

Power (W)
6 Current(é) ‘ : ( 800
800 W/m~2 @ 47 deg.C
12 = ’ 450
600 W/m~2 @ 33 deg.C
8 400 W/m~2 @ 25 fi'eg.C 300
4 T — 150
0 I"- L 1 0
0 10 20 30 40 50 60 , 70
Voltage (V)
— I-V curve -~ Power curve

Figure 5.10 : I-V and array power curves for the Jock of
the Bushveld ARCO array as generated by the
method suggested by Singer et al (1884)

The three I-V curves correspond to representative

operating combinations of insolation and cell temperature.
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In addition the curves of array power as a function of
output voltage are plotted to show the optimum output

voltage for +the three representative array operating
conditions.

Based on these curves the optimum output voltage for the
array is between 44 V, for high insolation and high cell
temperature conditions, and 47 V, for low insolation and

low cell temperature conditions.

Some selected comparative operating points for the

predicted and measured output of the array are listed in
Table 5.8.

Table 5.6 : Calculated (Singer et al) and recorded array
output for Jock of the Bushveld

Time Date Temp. Insocl Voltage Amps Power
Act.Cale. Act.Calc. Act.Pred.
(00h00) (eCH(MI/rn2/d) (V) (AY (A) (W) (W)

08h40 4-0Oct 33,0 723 38,4 38,4 11,2 12,9 431 495
13h40 5-0ct 46,3 876 41,2 41,1 11,7 16,3 479 871
11h00 4-0ct 44,5 1158 39,6 39,6 16,2 19,8 641 783

Discrepancies between the predicted and the recorded power
are due to uncertainties in the temperature coefficients,
the arrasy degradation and, to a lesser extent, the
approximations in the method.

As a measurs of the systems match between the array and
the battery c¢harging load, a graph of the load curve of
logged battery wvoltage vs. charging current is shown in
Figure 5.11 superimposed on the I-V curves generated by
the Singer method.

The average battery voltage, under charge, was 37,8 V (see
Section 5.2.1.3.2), varying between 34,6 V and the maximum
of 41,3. Assuming a voltage drop of approximately 2 V
across the transmission wires to the regulator and across
the regulator, the array would have been operating at the
less than optimal average load voltage of 40 V, varying
between 37 V and 43 V.
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The main cause for the poor match between the average
battery charge voltage of 37,8 V (2,10 V/cell) and the
optimum PV array voltage of between 44 V and 47 V is the
extent of the battery degradation. A battery in good
condition would typically charge at voltages between
41,4 V (2,3 V/cell) and 43,2 V (2,4 V/cell), The
corresponding array voltages would be 43-45 V assuming a

voltage drop of 2 V between the array and the battery.

However, the effect of this sub-optimal array and battery

systems match is a power loss of between 3% and 12%, which

ig relatively small.

8 Charging current (A) ,

15

12

70

Battery voltage (V)

batt. charging data — [-Y curve “=-~ Power curve

Figure 5.11 : I-V curves and load characteristic fér Jock
of the Bushveld battery charging as logged
between the voltage regulator and battery

The maximum recorded output of the array was 640,33 W
averaged over the logging interval between 11h20 and 11h40
on 04/10/87 under =averaged conditions of solar radiation
of 1138 W/m2 and a panel temperature of 44,5oC. The
predicted array output for the conditions above is 783 ¥.
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The averags combined array and voltage regulator
efficiency for the legging period was 5,78%. The
efficiency of the PV array 1s estimated to be 8,2% based
on an estimated efficiency of 83% Ffor the vaoltage
regulator (zee ESgetion 5.2.1.3.3). The wmaximum daily
average array efficiency was 8,9% and the minimum was
4,54%. The peak efficiency averaged over one log interwal
was 7,8% under conditions of 945 W/m? and an array
temperature of 40,4«C. As expected +these daily average
recorded efficiencies are lower than the claimed rated
gfficiency of 8,87% for new ARCD ASI-1B6-2000 modules at
standard conditions of 1000 W/=2 and 25°0. As discussed
earlier, the array efficiency is a function of cell
temperature {(and degradation), and therefore dependent on
the ambient temperature and indirectly on the global
radiation through hesting. Increased temperature increasss
lattice vibrations in the silicon cells which interfere
with the free passage of charge carrisers. In addition high
cell temperstures sccelerate the degradation of the module

ountput over the longer ternm.

Bazed on the particular configuration of the temperature
sensors at Jock of the Bushveld, the relation between the

array temperature, ambient tenpersture and global
radiation is

Terray = 00,0883 Ige + Tamb + 0,34 (r2 = 0,551)

The logged dats and a plot of the linear regression and

standard deviation iz shown in Figure 5.12.

The scatter in the recorded data points renders the linear
regression worthless for predicting precise Array
temperature except to demonstrate the general trend. The
scatter iz a2 function of the measurement method which
enploved an ambient temperature probe that dangled benesth
the array in the wind.
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The maximum recorded array temperature was 47,0eC,
corresponding to an ambient temperature of 34,0¢C and
global solar radiation of 949,4 W/m2, averaged over the
log interval between 12h00 and 12h30 on 08/10/87. The
average array temperature over the logging period was-
29,2°C,

5 Tarray — Tamblent (deg C)

12 —

et I ;_ " e "
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* Logged data ~=— Linear regression - +/— Std. dev.

Figure 5.12 : Array and ambient temperature data vs.
global solar radiation and best fit linear
regression for Jock of the Bushveld

The combined effects of global radiation and array
temperature on efficiency are shown in Figure 5.13 which
shows plots of these parameters against the time of day
for 08/10/87 and 10/10/87 respectively.

The negative effect of increased array temperature is
illustrated by the drop of 0,4% in array efficiency
corresponding to a 14,8°C increase in array temperature
between 08h00 and 13h00 on a clear day. However the array
efficiency is highly sensitive to low levels of global
radiation as shown by the variation between B,B85% and
4,37% for fluctuation of global radiation levels between
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348 W/m2 and 71 W/m2 over one thirty minute log interval

on a cloudy day.
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Figure 5.13 : Graph of combined array efficiency, global
radiation and panel temperature against the
time of day on a clear (1) and an overcast
(2) day

5.2.1.4 System availability

No empirical data regarding the availability of the systen
was available. The system has apparently met the 1load
requirements to the satisfaction of the National Parks
Board. As discussed previously, this has been possible
through gross oversizing of particularly the Gattery,
which, despite apparently severe degradation, was still

fulfilling the requirement.

It would appear that the only loss of availability has
been due to component failures. The voltage regulator has
apparently been a source of concern as indicated by the
bridging out of the maximum charge voltage protection. The
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reasons for this modification are not clear. In addition
the inverter has on occasion been repaired for unspecified
failures. No failures of PV modules have occurred. In
Practice an inverter malfunctien would cause a total loss
of power wheress the modularity of the PV energy source
and the designed system autonomy reduce the impact of PV
module or voltage regnlator failures. Degradation of the
battery capacity or the PV array output over time would
merely reduce the autonomy and availability of the system.

The system’s night time operating regime and the camp’s
ocecupancy/vacancy ratio allows approximately ten hours per
day of uninterrupted maintenance time for most of the year

without noticeably reducing the system availability.

Any short term loss of supply can be met within a maxinum
delay of two hours by the substitution of the inverter and
PV/regulator sub-system with a small portable 220 ¥V AC
petrol genset from the Skukuza or Berg-en-dal maintenance

workshops.,
5.2.1.5 Operation and paintenance considerations

The Jock of the Bushveld AC PV system is operated on a day
to day basis by the resident camp attendant and indirectly
by the tourists in the camp. The extent of the attendant’ s
involvement is limited to switching on the inverter =at
dusk if the camp is occupied and switching it off sgain on
the following morning. Anv irregularities or gvstem faults
are reported to the engineering maintenance department for
repair. The tourists’ role is limited to their patterns of
electricity consumption in terms of their lighting needs.

The maintenance of the svstem is limited to four site
visits per vear by the Johannesburg based manufacturer
which supplied thes system. These site visits are =a
contracted service to the Hational Parks Board charged at

a flat rate of R 450 per visit.
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reasons for this modification are not clear. In addition
the inverter has on occcasgion been repaired for unspscified
failures. Ho failures of PV modules have occcurred. In
practice an inverter malfunction would cause a total loss
of power whereas the modularity of the PV energy source
and the designed system autonomy reduce the impact of PV
moduls or voltage regulator Failures. Degradation of the
battery capacity or the PV array ocutput over time would

merely reduce the autoncmy and availability of the system.

The system’'s night time operating regime and the camp’'s
gccupancy/vacancy ratio allows spproximately ten hours per
day of uninterrupted maintenance time for nest of the year

without noticeably reducing the system availability.

Any short term lgss of supply can be met within & maximun
delzay of two hours by the substitution of the inverter and
PV/regulator sub-svster with a small portable 220 ¥V  AC
petrol genset from the Skukuza or Berg-en—-dal maintenance
workshops.

5.2.1.5 Operation and maintenance considerations

The Jock of the Bushveld AC PV system is operated on a day
to day basis by the resident camp attendant and indirectly
by the tourists in the camp. The extent of the attendant s
involvement is limited to switching on the inverter at
dusk if the camp is occupied and switching it off again on
the following morning. Any irregulasrities or system faults
are reported to the engineering maintenance department for
repair. The tourists’ role is limited to their patterns of
electricity counsuwmption in terms of their lighting needs.

The maintenance of the system 1s limited to four site
visits per year by the Johannesburg based manufacturer
which supplied the system. These site wvisits are a
contracted service to the Hational Parks Board charged =t

a flat rate of R 450 per wvisit.
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The mzintenance comprises

- ghecking the electrolvte levels in the batteries

- general checks on connectors, voltsage regulator and

inverter
Ho maintenance records for battery 535G zre availabls.

Hinimal administrative overheads are incurred for the 0&H
of the svstem. No processing of maintenance job cards and
no  accounting or storage of cperating consumables and

gpares are reguired.

The maintenance of +the light fittings and wiring in the
camp is performed by a Hational Parks Board electrician

based at Berg-en-dal.

5.2.2 Economic evaluation

The economic evaluation was performed as outlined in
Section 4.7. The analysis was intended to evaluate the
actual costs of the system to the Haticonal Parks Board.

A1l plant and equipment prices are January 1988 prices.

5.2.2.1 Assumptions on which the economic asnalysis is
based

The sssumptions on which the economic evaluation for the
Jock of the Bushveld AC PV system is based are summarised

pverleaf in Table 5.7
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Table 5.7 : Summary of assumptions for the economic
evaluation of the Jock of the Bushveld AC PV

system

System lifetime : 20 years

Battery life : 10 years

Discount rate : 4 %

Escalation rate 0 0%

GST 12 %

PV module costs : R 15 000 (18 R/Wp)

Voltage regulator cost : R 985 (0,82 R/W)

Battery cost : R 5 300 230 R/kWh)

Inverter cost : R 3 370 (1,12 R/WD

Residual batteries walue 10 % of initial cost

Planning costs 0 % of installed
system cost

Cost of land R 8]

Array support cost R 300 (34 R/m2 array area

Battery room cost R 0 (70 R/kWh)

Wiring cost R 90 (10 R/m2 array area

Battery repl. labour cost R 40 (2 R/kWh)

Transport to site : R 0

Installation cost : 3 % of equipment cost

Commissioning cost : 0% of equipment cost

Engineering fees : 0 % of installed cost

Admin. infrastructure cost: 200 R/year

Haint. and labour cost : 1 800 R/year

Ave. daily energy output : 1,15 kWh/day

Twenty vears is an accepted design lifetime for PV systenms
based on accelerated lifetime testing of PV modules. In
addition, the MNational Parks Board is a para-statal
ocrganization which 1is likely to plan for energy
requirements over a longer term than the 5-10 vyear
planning horizon of private individuals or small
enterprises. In Egeneral longer system 1lifetimes favour

high initial cost ventures such as PV energy systems.

The estimated battery life is based on a cycle life of 3500
cycles and an annual total of 50 deep cyecles per year.

A real discount rate of 4% was considered reascnable for
the National Parks Board, which has access to large
established financial dinstitutions. The life-cycle costs
of investment projects with high initial costs are highly
sensitive to the discount rate. High discount rates favour

projects with high operating and maintenance costs spread
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over the lifetime of the investment. Discount rates of
approximately 10X wou ld be more appropriate when
evaluating the cost to investors in less secure financial
environments and are less favourable to projects with long

tern benefits.

The escalation rate is a measurs of the relative
escalation of energy related costs and the general price
index escalation due to inflation, ile. an estimate of the
projected costs of plant, equipment and 0&M costs relative

to the overall costs of living.

General sales tax is cherged for plant and eguipment.

The estimated cost of the discontinued range of ARCO ASI-
18=2800 modules is R 630,00 each.

The battery cost iz based on nanufacturer’ s guoted price
of R 580,00 ex factory per RAYLITE 2 IMR 4 ¥V battery
{inclusive of lead surcharge) Estimated scrap value of the
batteries at the end of their useful life is 10%.

The planning was assumed to be done by the Hational Parks
Boasrd sand these costs have been omitted., The land was
assumed not to have cost the National Parks Board

anvthing.

The sstimated cost of the array support structure is for =

fabricated steel array support on concrete foundations.

The cost of the 4 m2 thatched and ventilated battery room

was ocmitted.

The wiring cost iz the estimated cost of the inter-module

connection and srray to battery reom wiring.

The battery replacement cost is the estimazted cost of

removing and installing new batteries.
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Estimated cost of installation 1s based on the initial

equipment cost inclusive of GST.

Estimated cost of commissioning would be based on the
initial equipment cost inclusive of GST. No commissioning

costs were included.

Estimated cost of professional fees for engineering design
and project management would similarly be based on the
total installed project cost. HNo such fees were incurred

for a small project such as Jock of the Bushveld.

The administrative infrastructure costs are the estimated
costs of administrative overheads for the system. (see
Section 5.2.1.5)

The estimated annual O0&H cost is based on four gquarterly
site visits by the system supplier at R 450,00 per visit.
No cost has been included for the camp attendant’s role in
operating the system.

The ecalculation of the unit cost of energy is based on the
gestimated average daily energy output of the system. This
figure is the measured average system output during . the
monitoring period.

9.2.2.2 Capital costs

The initial capital cost of the system is calculated zs

PV module : 15 000,00
Array support : 300,00
Voltage regulator : 865,00
Batteries : & 300,00
Inverter : 3 370,00
Wiring : 80,00
Sub total : 25 025,00
GST : 3 006,00
Installation : 84G,00

TOTAL : 28 870,00
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'5.2.2.3 Operating and maintenance costs

No. of battery replacements : 01

Battery replacement costs (NPV) : 3 250,00

Residual value of batteries (NPV) i ( 242,00) negative
NPV

Admin. costs (NPV) : 2 720,00

Maint. and labour costs (NPV) : 24 463,00

Overall 0&M costs (NPV) : 27 183,00

5.2.2.4 Lifecycle cost

Total installed cost : 28 870,00

Battery replacement cost : 3 250,00

Residual value N ¢ 242,00)

Total O&M costs : 27 183,00

NPV lifecycle cost : 58 061,00

Annualized unit energy cost : 1 035 c/kWh

The cost components of the NPV life-cycle cost evaluated

over twenty years are

Investment costs : 49 %
0&M costs : 51 %

Figure 5.14 shows the cashflow for the project over the
lifetime of twenty vears and the annualized unit energy
cost at the end of each vear.
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Figure 5.14 : The estimated cashflow and the estimated
unit energy cost of kWh supplied for the
Jock of the Bushveld AC PV system over =
projected lifetime of twenty vears

The graph illustrates the high initial costs of the AC FV
system in yvear zero. The subseguent annual O&M costs for
vears cone to twenty are relatively small. The battery
replacaﬁent cost in  the tenth year is the largest single
operating cost during the system lifetime. The unit snergy
cost line repressnts the unit cost of electricity,
calculated at the =nd of each vear based on the total
number of units generated up until that time. As expected,
the unit cost of electricity denerated decreases
asymptotically to the limit which is the quotient of the
annual O&M costs divided by the annual number of units
generated, 1e. 478 c/kWh. In practice the operating
lifetime of the system ssts the unit cost limit which in
this case is 1 035 c¢/kWh over the twenty vear lifetime.
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5.2.3 Summary

The key
Joeck of

between

areas of interest in the 800 Wp AC PV gsystem at
the Bushveld interaction
the the

regulator and array. The performance of the system

are the performance and

load and the inverter; and battery,

voltage

as a whole as well as component performances are

summarised in Table 5.8.

Table 5.8 : Summary of key indicators of the performance

of the Jock of the Bushveld AC PV system

System description
Array rating
Voltage regulator
Battery storage
Inverter rating

Installed load
Load per person
Peak .load

Ave. load

Load factor
Ave. LED

LED per person

eff.
eff.
output
temp.
temp.

Ave.
Peak
Peak
Ave.
Max.

array
array
array
array
array

Voltage reg. eff.
Battery Wh eff.

Ave.depth of disch.:

Ave. inverter eff.

Overall system eff.

Installed cost
Batt. repl. cost
Q&M costs

NPV life-cycle cost:

Unit energy cost

36 VY DC/220 V AC PV system

792 Wp (24 off 33 Wy ARCO medules)
38 V 30 A

36 V 580 Ah (tubular plate)

3 kW square wave

4183 W AC lighting 1load
35 W/person
357 W
87 W
0,24
1,15 kWh/day
104 Wh/day
6,2
7,8
641 W
29,2 oC
47 oC

o2 e

93 %
66 %
12 %
45,0 %

(assumed)}

2,3 %

R 28 870,00
R 3 250,00 '
R 27 183,00
R 59 061,00

1 035 c¢/kWh

The

3 kW inverter

is grossly oversized
installed AC load of 420 W,
of 87 W
lighting load

and an average load

corresponds to a

the
the average load power
factor of 0,24. The

for peak
demand
average

load diversity factor of
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21%. The consequences of the exceedingly poor matching
between the load and the inverter are: 1) an average
inverter efficiency of 45%, as opposed to 80% for an
appropriately selected sguare wave inverter: and ii)  the
associated increased battery capacity, PV array power and
voltage regulator ratings reguired to compensate for the
losses in the inverter. The battery under-voltags
protection facility on the inverter appeared not to have
been working, which would almost certainly have resulted
in permanent sulphation of battery plates and loss of

battery capacity due to sustained over-discharging.

The nominal battery capacity of 590 Ah ig bigger than that
raquired for the average daily inverter demand and
corregponding average dally depth of discharge of 12%. The
fact that the battery has performed satisfactorily despite
clear indications of severe degradation, ie. Wh efficiency
of B8%, is due to. the oversizing of the initial 580 Ah
nominal battery capacity. The accepted design ¥h
efficiency for lead scid batieries is 83%, Without the
benefits of a physical examination and battery tests, it
iz suggested that these batteries were already approaching
the end of their useful life. The poor condition of the
batteries would have been due to a lack of under-voltags
protection to prevent over-discharging, and the lack of
anyuevidemce of battery maintenance in the form of regular
equalizing charges and specific gravity tests. Battery
plate damage due to over-charging (and the resulting loss
of electrolyte) could also have acee lerated the
deterioration of the cells in situations when the battery
was fully charged and the voltage regulator did not limit
the charge current.

The 30 A 368 V wvoltage regulatoer is 40% oversized for the
maximum (short circuit), PV array current of 18,4 A. The
voltage regulation function of the voltage regulator had
been bridged out.

The PV array is marginally oversized for a syvstem with

inverter losses of 55%, and appears to have been
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performing more than adequately. Any excess in PV  output
is welcomed in terms of rapid charging cycles but st the
expense of increased initial cost. The average array
efficiency of 6,24 and peak array efficiency of 7,.8% ars
lower than expected for newer modules. The guoted peak
efficiency of the ARCO modules was 8,87% as opposed to

newer technology modules with efficiencies of 11-12%.

The power losses due to mismatching of the optimum srray
voltage and battery voltage is s toelerable 3-122 power
loss, but would be reduced if the batteries were in good

conditian.

The unreasonably high unit energy cost of 1 035 c/k¥h is &
direct result of the sub-optimal svstems design, poor
component sizing and lack of effective maintenance. In
practice if the batteries were capable of delivering their
rated capacity, the system could sustain an average daily
load energy demand of aspproximately 1,3 kWh/day despite
the inverter inefficiencies, ie. 124 grester than the
recorded averzage on which the unit «cost calculation is
based.

The fact that the Jock of the Bushveld DC PV system was
oneg of the Ffirst PV systems installed in the Rruger
National Park combined with the novelty of the technology,
would to some extent explain the conservative sizing of
the system. The gross oversizing of the inverter is

however inexplicable.
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5.3 BOULDERS

The 3380 Wp, B0 V/12 V DC PV system at Boulders is
evalusted in the same manner as the AC PV system st Jock
of the Bushveld. The technical evaluation includes a
summary of the overall technical performance and operating
ch#racteristics of the system which is followed by a
discussion of the load demand and the performance of
individual system components. An economic assessment in
terms of overall life-cyele costs and the unit energy cost
of the system as s whole concludes the evaluastion of

Bouldsrs.
5.3.1 Technical evaluation

The technical evaluation of the Boulders systen is
restricted to technical considerations of the system up to
and including the output of the battery. As noted in
Section 4.1.2, the operating characteristics of the seven
860 V to 12 V DC/DC converters were not monitored by the
data logging systenm.

5.3.1.% Oversll resplts and daily cperating

characteristics

Table 5.9 presents s summary of the technical performance
of the DC PV system based on the thirty-six days of

acceptable data cut of the overall project period.

The 1 and O in the occupancy column indicate that the
canp was either occupied (1) or not {0) as deduced from
the logged data rather than from data supplied by the camp
booking data made available by the Kruger National Park.
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Table 5.9 : Overall performance of the Boulders PV DC
system for the period 02/10/87 to 08/11/87

Date Daily Daily Daily Daily Ave, Ave. Array Boost Occ. Nett

solar energy energy energy panel sasmb. & reg. charge energdy
rad. avail. in bat from bat.temp. temp. eff. eff. in bat
MI/m2/d MI/day MJ/day WI/day <C oC % % pers.MJ/day

02-Qct 7,8 257,3 21,0 33,7 17,5 19,5 8,2 8,2 12 -12,7
03-Oct 11,3 388,88 30,8 32,1 18,8 18,3 8,3 8,3 11 -1,5
04-0ct 22,0 719,0 57,7 34,0 25,9 18,7 18,0 8,0 11 23,7
05-0ct 11
06-0ct 26,8 ©68,7 44,8 34,2 37,5 21,9 5,1 7,8 11 10,3
07-0ct 25,8 843,0 46,1 38,0 38,0 23,8 5,5 7,8 1z 10,1
08-Oct 25,1 821,7 51,3 42,6 358 24,5 6,2 7,9 12 8,7
09-0ct 25,6 835,4 47,8 29,5 38,9 25,4 5,7 7,9 0 18,3
10-0et 23,5 787,5 35,4 26,1 36,7 26,9 4,58 8,0 0 g,3
11-Qct 25,1 821,5 32,6 24,7 39,9 26,6 4,0 7,3 0] 7,9
12-0ct 26,0 ©848,8 33,0 25,8 37,2 28,2 3,9 17,1 0 7,2
130t 9,2 299,0 23,3 21,5 23,3 23,0 17,8 17,8 0 1,8
140t 11,8 385,8 24,6 30,8 27,9 21,5 6,4 7,2 1 -8,2
15-0ct 16,2 530,7 42,7 37,8 28,0 22,7 8,0 8,0 10 5,0
16-0ct 19,2 628,1 42,5 33,3 28,9 21,5 16,8 7,8 10 8,3
17-0ct 27,7 905,0 41,2 35,2 32,0 21,5 4,6 7,9 10 8,0
180ct 23,3 782,9 41,6 31,2 34,0 21,8 5,6 7,8 T 10,5
190et 27,1 88,2 42,2 32,3 32,8 22,8 4,8 7,8 1 9,9
20-0ct
21-0ct 12,9 419,88 29,4 27,4 24,7 21,7 7,0 8,3 1 2,0
2Z2-0ct 13,7 448,3 33,7 20,7 30,7 22,4 7,86 7.8 0 13,0
23-0ct 15,2 49,3 26,1 17,1 32,8 23,8 5,3 8,0 o 9,0
24-0ct 23,5 788,4 22,6 17,3 35,7 25,3 2,9 7,7 0 5,3
25-0ct 25,7 840,2 28,4 29,6 40,2 25,7 3,4 7,7 i -1,1
26-0ct 24,5 801,9 43,3 39,8 34,9 28,7 5,4 17,9 1 3.4
27-0ct 8,9 291,11 23,8 33,2 25,9 23,8 8,1 8,1 1 -10,4
28-0ct 16,4 537,2 42,4 34,6 35,5 26,60 7,3 7.9 1 7,8
29-0ct 15,7 512,4 41,6 22,2 30,1 26,0 8,1 8,1 0 19,4
30-0ct 12,7 414,0 29,2 26,9 29,86 24,3 7,0 8,0 0 2,3
310Qct 22,0 718,7 43,8 33,5 33,8 28,2 86,1 8,1 i 10,2
01-Nov 23,9 780,1 41,6 33,7 38,2 28,3 5,3 17,8 1 7,9
02-Nov 20,4 685,86 34,2 21,9 37,1 27,3 5,1 8,2 0 12,3
03-Nov 25,7 B40,4 28,6 21,9 48,2 29,5 3,2 17,2 0 4.7
O04-Hov 22,8 748,00 34,2 24,5 39,7 30,8 4,86 8,2 0 8,7
05-Nov 25,8 842,7 30,7 23,6 45,1 31,8 3,6 7,6 0 7,1
08-Nov 10,6 346,7 25,8 21,8 28,2 27,1 7,4 8,4 0 4,2
07-Nov 13,7 446,7 26,0 18,7 31,9 28,4 5,8 8,3 g 8,3
08-Nov 18,89 B18,9 24,2 19,7 35,9 27,2 3,8 8,2 0 4,5
Ave. 19,6 ©641,2 35,1 28,6 33,1 24,7 5,9 7,9 6,5
Sdev. 6,2 201,0 9,2 8,6 8,5 3,2 1,8 0,3 7,1
Max. 27,7 905,0 57,7 42,6 46,2 31,8 8,3 8,4 23,7
Min. 7,8 257,3 21,0 17,1 17,5 18,3 2,8 7,1 -12,7
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Similarly, as for Jock of the Bushveld, the array and
regulator efficiency refers to the average conbined
efficiency of these components Ffor each day. The boost
charge efficiency is the average combined efficiency of
the array and regulator for periocds during which the
battery voltage was less than the maximum charging voltage
cut-out setting of 6% V. Both efficiencies are based on

the gross array area.

The overall system efficiency is approximately 3,8%7 based
on an estimated DC/DC converter efficiency of 70%. Precise
calculation of the actual efficiency was not possible
because the data logging svstem did not monitor the
voltage and current characteristics across the seven 80 ¥
to 12 V DC/DC converters.

Four typiczl daily opsrating regimes that illustrate the
dzily operzsting characteristics of the system are shown in
Figures 5.15, 5.16, 5.17 and 5.18. They are : 09/106/87, a
clear day following = night during which the camp was
oceupied; 11/10/87, a clear day following a night during
which the ecamp remsained uncccupied; 28/10/87, a cloudy dav
following = night of oeccupancy of the camp and Q7/11/8%, a
cloudy day following =a night during which the camp
renained unoccupied.

The system performance for these days is presented in
Tables 5.10, 3.11, 5.12 and 5.13. The "overall” column
refers to the performance over twentv-four hours per day,
whereas the "boost” column refers to that portion of the
day during which the voltage regulator did not vrestrict
the PV array current output.
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Figure 5.15 : Daily operating characteristics for the
Boulders DC PV system for a clear day and an
occupied camp, 09/10/87

Table 5.10 : Summary of Boulders DC PV system performance
for a clear day with the camp occupied

Date : 08/10/87 Qverall Boost mode
Daily solar radiation : 25,86 12,3 MJ/m=2/day
Daily energy available : 835,4 402,4 HMJI/day
Daily energy into batt. : 47,8 31,7 HI/day
Daily energy from bhatt. : 29,5 MJ/day

Ave. daytime panel temp. : 38,8 °C

Ave. daytime ambient temp.: 25,4 eC

Ave. DC/DC power demand : 341,88 W

Ave. nighttime voltage > B0,9 V

Ave. charge voltage : B5,1 7%

Ave. array & charger eff. : 9,7 % 7,9 %
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Figure 5.16 : Daily operating characteristiecs for the
Boulders DC PY system for a clear day and an
unoccupied camp, 11/10/87
Table 5.11 : Summary of Bounlders DC PV system performance
for a clear day with the camp occupied
Date 11/10/87 Overall Boost mode
Daily solar radiation 23,1 7,9 MI/m2/day
Daily energy available 821,5 2956,4 MJ3/day
Daily energy into batt. 32,6 18,8 MJ/day
Daily energy from batt. 24,7 HJ/day '
Ave. daytime panel temp. 39,9 oC
Ave, daytime ambient temp.: 26,8 <C
Ave. DC/DC power demand 286,2 W
Ave. night time voltage 61,0 V
Ave. charge wvoltage 64,68 V
Ave. array & charger eff. 4,0 % 7,3 %




140

deg.C), (V), (& W/m~2)

o (8 ), & (w/m)
80 - e e 800
60 T e e 600

St 200
LIy
0 [ I8 e { ] = | O
0 4 8 12 16 20 24

Time of the day {hours)

- Arrey ternp, == Amblent temp. = Baltery voitagse

-

Cherging current Discharge current Globel solar red.

Figure 5.17 : Daily operating characteristics for the
Boulders DC PV system for an overcast day

and an occupied camp, 28/10/87

Table 5.12 -
for an gvercast day with the casmp ocoupied

Summary of Boulders DO PV system performancs

Date B/10/87 Overall Boost mode
Daily solar radiation 16,4 n/a HJ/m2/day
Daily energy avallable 53%,2 n/a MJ/day
Daily energy into batt, 42,4 n/a MJ/day
Daily energy from batt. 34,8 MJI/day '
Ave. davitime panel temp. : 35,53 oC

Ave. dayvtime ambient temp.: 26,0 =C

Ave., DC/DC power demand 400,3 ¥

Ave. night time voltage 5,3 ¥

Ave. charge voltage 63,2 V

Ave. array & charger eff. 7.9 % n/a
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Figure 5.18 : Daily operating characteristies for the
Boulders DC PV system for an overcast day

and an unoccupied camp, 07/11/87

Table 5.13 : Summary of Boulders DC PV system performance
for an overcast day with the camp unoccupied

Date 07/11/87 Overall Boost mode
Daily solar radiation 13,7 5,6 MI/m2/day
Daily energy available : 446,7 182,68 HMJI/day
Daily energy into batt. : 26,0 15,1 MJ/day
Daily energy from batt. 19,7 MJ/day '
Ave. daytime panel temp. : 31,9 =C
Ave, dayvtime ambient temp.: 26,4 C
Ave. DC/DC power demand 228,3 W
Ave. night time voltage 60,9 V
Ave. charge voltage 64,1 V
Ave array & charger eff. 5,8 % 8,3 %
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Figure 5.17 is representative as one of the nine days
during the logging period for whieh the battery voltage
did not exceed the maximum charge voltage setting on the
voltage regulator of 69 V. The voltage regulator did not
restrict the PV array current output, and hence the DC
power into the battery bank. The variations in PV charging
current into the battery correspond closely to those of

the recorded incident global solar radiation.

9.3.1.2 DC/DC converter energy demand and load curve

Figure 5.19 shows the average DC/DC converter power demand

recorded over the thirty-six day monitoring period.
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Figure 5.19 : Average DC/DC converter power demand curve
for Boulders representing the DC power
demnand of the seven DC/DC converters
averaged over the thirty minute log
intervals

The DC/DC converter power demand curve shows a substantial
base load throughout the day with peak power demands of up
to 328 W between 04h30 and 06h00, 3681 W arcund 13h00 and a
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major peak demand between 18h00 and 22h00. The average
daily maximum power demand of 488 ¥ peanked at 18h00.

The 280 ¥ DC/PC converter base load is due to freezers,
fridges and to a lesser extent fans. The variability of
the 1load demand during the day is primarily due to the
ventilation fans’ installed rating of 340 W, because the
lighting circuits are switched off during daylight hours
by light sensitive switches in the DC/DC converters. The
variable peak loads in the evening and during the night

are due to fans and lighting.

Figure 5.20 shows the recorded DC/DC converter power
demand plotted in terms of the power demand sorted in
agcending order vz. the number of data peoints recorded as
a percentage. The power demand averaged over the thirty
minute log intervals is less than 400 W for 80% of the
monitoring period.

The average daily DC/DC converter power demand was 332 ¥,

The peak DC/DC converter power demand averaged over a log
interval was 888 W between 18h30 and 19h00 on 15/10/87

corresponding to & DC/DC converter load factor of 0,37.

The overall average daily DC/DC converter load energy
demand was 7,35 kWh/day. The average load energy demand
while the camp was occupled was 9,44 kWh/day. The maxinum
daily DC/DC converter load energy demand of 11,84 kWh/day
occurred on 26/10/87. The average DC/DC converter load
energy demand while the camp was vacant wag 6,28 kWh/dav.

The system design specificetion was for an average daily
DC/ADC  converter load energy demand of 185 Ah/day or
approximately 10 kWh/day, ie. load energy demand for the

lights. fans, refrigerstors and freezersz of approximately
7 k¥h/day.
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Figure 5.20 : Recorded DC/DC converter power demand sorted
into ascending order vs. the no. of log
intervals as a percentage of the monitoring
period

Based on the daily log maintained by the camp attendant
over the fifteen month period between 23/10/85 and
31/01/87, the average daily load Ah demand of the DC/DC
converters was 174,11 Ah/day. Based on the recorded average
battery voltage of 62,4 V for the monitoring period, the
average daily pc/bcC converter energy demand was
10,88 kWh/day, varying between 4,55 kWh/day on 27/04/86,
when the camp was vacant, to 17,90 kWh/day on 25/11/85

when the camp was occupied immediately after
commnissioning. ;

Table 5.14 compares the data recorded over the thirty-six
day monitoring period in 1987 with the corresponding
handwritten Ah data for 1886
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Table 5.14 : Comparison of DC/DC converter daily energy
demand in 1988, based on handwritten Ah data,
with the recorded daily energy demand for the
monitoring period in 1987

Qverall Occupied Vacant

1986 1887 1986 1987 1988 1887
Average : 10,34 7,85 14,09 9,44 6,97 5,28
Haximum : 17,34 11,84 17,34 11,84 8,17 8,20
Minimum : 5,61 4,74 10,79 7,61 5,81 4,74

¥ note that the Ah/day readings recorded for 1986 were =2ll

converted into kWh/day based on an average battery voltage
of 62,4 V.

The average daily energy demand, based on ampere-hour
readings logged in 1988 over the corresponding period, for
the occupied camp are 49% higher than those recorded in
1987 during the monitoring pericd. The 1986 values for the

unoccupied camp are 11% higher than those recorded for
1987.

The discrepancy 1in the values for the camp occupied is
largely due to the use patterns of the tourists, whereas
the differences 1in daily load energy demand for the
unoccupied camp would be a function of the vagaries of the
weather. The nation-wide cold fronts associated with the
Natal floods and generally cool weather in the Eastern
Transvaal during the meonitoring period may have
contributed to reduced refrigeration and fan locads. The
effect of the assumption that the average battery voltage
in 1986 was the same &8s that recorded 1in 1987 would be
typically less than 1%.

Figure 5.21 illustrates the relationship between occupancy
and the average monthly DC/DC converter Ah demand per day,
and in addition, the variation of this average monthly
demand over the above-mentioned fifteen month period.
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Figure 5.21 : DC/DC converter Ah demand per day for
occupied and vacant camp at Boulders for the
period November 1985 to January 1887

The daily energy demand is lowest in the months of May and
June and highest in between October and January. The
variation during the vyear is not dramatic because of the
counter-acting effects of increased 1lighting 1load inm
winter due to reduced daylight hours and the simultaneous
reduction of the refrigeration 1load due to lower ambient
temperatures. The variation in the load energy demand for
periods of occupancy can be seen to be proportionally
greater than for periods of vacancy due to the diversity

concomitant with tourists® patterns of use of lights and
fans.
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9.3.1.3 System component performance

5.3.1.3.1 BC/DC converters

As noted earlier, the seven 80 V to 12 V DC/DC converters
were not monitored for this project and no specific

comments regarding the techniecsl performance of the units

can be made.

The DC/DC converters are low frequency sguare wave devices
with load sensing, high and low voltage protection, fuses
and =z light sensitive switching facility to disconnect the

lighting circuits during the day.

The maximuom combined power rating of the zix 20 A and one
40 & DC/DC converters is 1820 W which corresponds well to
the maximuom installed load power demand of 1825 W. In
practice the loads are unlikely  to be all on
simultaneously and the units would generally incorporate

scme short term overload capacity.

The =aversge DC/DC convertsr power demand of 332 W
corresponds to 232 W actual load power desmsand based on Lhe
pmanufacturer’'s claimed average efficiency for the units of
0%, The peak recorded load power demand would have been
approximately 628 W corresponding to a load diversity
factor of 33%, ie. only 33% of the maximum installed load

power demand.

The use of smell dedicated units increases the overall
average efficlency of the DC/DC conversicon in the same

manner as a single multi-stage device would.
9.3.1.3.2 Ampere-hour neter

The ampere-hour meter was similarly not monitored, exceph
in the =ense of the comparison of the daily lead energy
demand of the vascant c¢amp for corresponding periods in
1888 and 1887, The daily load energy demand recorded for

the vacant camp for the corresponding periods in 18885 and
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1887 agree to within 11%, implying a degree of inaccuracy

in the zmpere-hour meter readings.

The handwritten log of the Ah/day and camp occupancy is
however a valuable record of the daily load energy demand.
A more useful device would, in addition, meter the
incoming daily Ah of +the battery charging current. The
nett Ah/day is a2 wvaluable indication of the nett change in

the state of charge of the battery over each day.

5.3.1.3.3 Btorage battery

The lead acid battery bank in the Boulders PY svstem
fulfills 2 similar energy storage functicn to that of the
Jock of the Bushveld battery. The essential difference
between the two is the fact that the Boulders battery is
reguired to provide energy throughout the day as opposed
to only at night as at Jock of the Bushveld. As at Jock of
the Bushveld both the discharge and the charging ecurrents

are variable as illustrated in Figures 5.15 to 5.18.

The battery comprises thirty 2 V lead acid cells connected
in series. The initial nominal battery capacity rating is

quoted by the manufacturer as

880 Ah to a Final voltaze of 1,85 V/ecell @ 10 hr ratae

{ie. 88 A over ten hours), or

928 Ah to a final voltage of 1,75 V/cell @ 8 hr rate
{ie. 116 A over eight hours)

These capsacities are quoted for 25°C and an ‘initial
specific gravity of 1,250. As for Jock of the Bushveld a
more likely battery capacity would be 10-15% grester than
the 10 hr rate, ie. 8970 Ah. In practice a battery capacity
test should be conducted st the average discharge current
ef 5,32 A to determine the actual capacity for these

batteries in this particular spplication.
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The average daily DC/DC converter energy demand of 174 Ah,
based on the fifteen month handwritten log, represents a

daily depth of discharge of 18% of the initial capacity.

Based on a maximum depth of discharge of B0% the battery
can provide approximately four of days of antonomy under

totelly overcast wezather conditions.

The current drawn from the battery is approximately
proportional to the DC power drawn by the RC/DC converters
sinece the variation in battery voltzge is not signifiecant
when the battery is not being charged. The discharge
current is therefore a good indication of the load demand

during the night.

The battery voltage rises and falls as the solar radiation
varies during periods of boost mode battery charging. In
boost mode the overall trend is an  indrease in battery
voltage until the upper limit of the voltage regulator is
reached. During periods of float charging the battery
voltage fluctuates and during the night the voltage dreps
gradually as the load discharges the battery via the DC/DC

converters.

Figure 5.2Z shows a graph of the recorded bhattery voltage
{and cell voltage) sorted into ascending order and plottsd

against the total number of log intervals as a percentage.

The recorded battery voltage for approximately B60% of the
monitoring period was relatively constant. This
corresponds to the night time periods during which the
battery was only under discharge, ie. 14,4 hours/dasy. The
remaining 40% of the data points reflect the wvariation in

battery voliage under the combined 2ffects of charge and
discharge.

The aversage battery voltage for the monitoring period was
62,4 ¥V with a gstandard deviation of 0,4 V of the dsily

averszge. The maximum battery voltage recorded duoring the
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The average daily DC/DC converter energy demand of 174 Ah,
based on the fifteen month handwritten log, repressnts a

daily depth of discharge of 18% of the initisl capacity.

Bazsed on & maximum depth of discharge of 80% the bhattesry
can provide approximately four of davs of auvtonomy under

totzlly overcast weatheyr conditions.

The current drawn from the battery is approximately
proportionzl to the DC power drawn by the DC/DC converters
since the variation in battery voltage is not sgignificant
when the battery 1is neot being charged. The dischardge
current iz therefore 8 good indication of the load demand

during the night.

The battery voltage rises and falls as the solar radiation
varies during periods of boost mode battery charging. In
boost mode the overall trend is an  increasse in battery
voltage until the upper limit of the voltage regulator is
reached. During pericds of Ffloat charging the battery
voltage fluctustes and during the night the voltage drops
gradually as the load discharges the battery via the DC/DC

converters.

Figure 5.22 shows a graph of the recorded battery voltage
(and cell voltage) sorted into ascending order and plotted

against the total number of log intervals as a percentage.

The recorded battery voltage for approximately 80X of the
monitoring periocd was relatively constant. This
corresponds to  the night time periods during which the
battery was only under discharge, ie. 14,4 hours/day. The
remaining 40% eof the data points reflect the variation in

battery voltage under the conbined effecis of charge and
discharge.

The average battery voliage for the monitoring period was
62,4 V with a standard deviation of 0,4 V of the daily

average. The maximum battery voltsge recorded during the
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monitoring period was 68,2 V (2,27 V/cell) averaged under
charge between 15h00 and 15h30 on 31/10/87 following two

days during which the camp was vacant.

Cell voltage (V/cell) Battery voitage (V)
68
2,20 : —
2,10 — '
' = 1 80
2,00 = — e - e e
1 | i 1
0 20 40 60 80 100

No. of log intervals as a percentage

~— logged voltage

Figure 5.22 : Recorded battery voltage sorted into
ascending order and plotted against the
number of log intervals as s percentage

The minimum voltage was 59,5 V (1,98 V/cell) averaged for
the log interval between 05h15 and 05h30 on 04/10/87
following two days of overcast weather during which the

camp had been occupied by twelve tourists.

The continuous DC/DC converter power demand meant that
battery voltage was not ever an open circuit voltage.
Therefore no deductions could be drawn regarding the
absolute state of charge of the battery at any point

during the monitoring period.

Figure 5.23 shows the energy into and out of the battery

during the monitoring period.
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good condition.

Although the svystem specification for the voltage
regu?ator includes an over-ride facility for egualizing
charges, no records or evidence of +these were found.
Similarly, apart from records logged during the
commissioning, no  records of the battery 8G's are

available.
5.3.1.3.4 Voltage regulator

The 80 ¥V B0 A voltage regulator is rated for a 74 greater
power capsbility than the pezak Array output of 3360 We.

The woltage regulator uses a power switching transistor
and =a voltage reference to switch eight relays in
parallel, thereby disconnecting the battery from the array
at the maximum charge voltage cut out setting. Eight
blocking diodes prevent battery discharge through the

pansls during periods of low insolation.

The maximum cherge voltage setting on the regulator was
B3,.5 V (2,32 V/cell). The regulator was adjuﬁteé to cut in
at battery voltages below B85 V (2,17 V/cell). This
hysteresis window iz designed to avoid persistent
"hunting” and excessive wear of the contact relays due to
rapid switching of relatively high DC currents when the

battery voltage rises to the maximum cut-out setting.

The equalizing chsrge setting on the regulator was T2 ¥V
(2,40 V/cell). )

A=z illustrated in Figures 35.13 to 5.18, the charging
current into the battery mimics the soclar radiation within
the bounds defined by the voltage regulator. The voltage
regulator can be sgeen to have cut in &t approximately
11h30 on 08/10/87, for a clear day when the camp was
ocgcupled, and G7/11/87 on an overcast day when the camp

was vacant, and as early as (089h30 on 11/10/87, for a clear
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day when the camp was vacant. The charging current follows
the solar radiation closgely on 28/10/87, an overcast davy

when the camp was occupied, when the voltage regulator did

not cut in.

The voltage regulator governs the overall ountput of the
array, and hence the overall performance of the system, to
match the load demand of the previcus day. As shown in
Figure 5.22, except for the five davs during which the
demand exceeded the energy supplied from the array, the
excess energy in per day is approximately a consistent
proportion of the total.

The maximum charging current recorded over the monitoring
period was 43,8 A sveraged over the leog interval bstween
10h30 and 11h00 on 02/11/87. The average charging current
over the monitoring period was 12,3 A.

The wvoltage regulator efficiency was not measured but
would be approximately 87%, based on a voltage drop of 2 V
acrogss the diodes snd relsys and =an average battery

voltage under charge of B84 V.

5.3.1.3.5 PV array

The 3360 ¥We array at Boulders comprises ninety-six 35 ¥p
M SETEEK MS-101 modules ccennected in sixteen parallel sub-
arravys of six modules in series. The array is mounted at
21e to the horizontal on a steel support structure on  the

rocf of a ventilated battery roonm.

focording to the manufacturer ' s system specification, the
array and voltage regulator were expected to provide "=z
total amperage of betwssn thirty and forty amps for an
average of =six hours per day giving =an average of
210 Ah/day a8t & nominal battery voltage of 80 V": le,
12,8 k¥Wh/day. The average deily amount of energy supplied
into the batteries from the array and regulstor aver the
monitoring pericd was 158 Ah/dasy (or 10,04 k¥Wh/day).
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The peak DC power input to the battery from the array and
voltage regulator during the monitoring period was 2906 W
averaged between 10h30 and 11h00 on 02/11/87. The panel
temperature averaged over this log interval was 47,9°C,
the ambient temperature was 28,9oC and the incident solar
radiation was 1102 ¥/m2.

Figure 5.24 shows three I-V curves for the Boulders’  array
derived from the manufacturer’s I-V curves for the M SETEK
M¥S-101 modules. These curves represent the claimed output
of the array for differing insclation levels at a constant
cell temperature of 25°C. In practice the cell temperature
is often in excess of 25°C and the output of the array is

significantly less than might be expected.

Current {A Power (W)
50 (a) 4060
1000 W/m-~2 @ 25 deg. C ; : :
N
B \\ .
40 - e TS 43200
800 W/m~2 @ 25 deg. C s
30 [ BO0W/T @25 deg T /" '"'""";','7"; T - 2400
ra
P -~
) R e - 1600
X - - ", i
10 R 800
,/',’: w
0 L’ - L L 0
Q 20 44 80 120
Voltage (V)
— -V curve = Pgwer ¢urve ‘

Figure 5.24 : Three I-V and array power curves for the
Boulders M SETEK array as derived from the
manufacturer’'s I-V curves

The average recorded battery charging I-V characteristic
is plotted together with the array I1-V curves in
Figure 5.25 to gain an indication of the relative systems’

match between the array and battery.
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Figure 5.25 : Typical PV I-V curves and charging
characteristics of the WILLARD FWA 17
batteries at Boulders

The optimum operating voltage for the array would be
between 68 V (1000 W/m2 @ 62oC) and 84 V (400 W/m2 @
25eC). The battery charge voltage would vary between 60 V
and the maximum of 59,5 V set by the voltage regulator.

Allowing for an average combined voltage drop of 2 V
across the transmission wires between the array énd the
battery and the voltage regulator, the array would have
been operating at voltages varying between 82 V and 70 V.

The PV =array optimum operating voltage and the battery
charge voltage are matched best for high array
temperatures. The open circuit voltage of the array, and

hence the optimum operating voltage, decrease with
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increasing array temperature. In practice this
characteristic improves the overall efficiency of the
Brray as the bulk of the incident daily solar energy
Qccurs over a periced when the array temperature is
elevated.

Power losses due to the relative mismatch of optimum
operating voltages between the array and battery would
vary between zero, for 1000 W/m2 @ 82oC, and 330 W, or
5%, for 400 W/m2 @ 25<C,

The efficiency of the array is a function of the cell and
module conversion efficiencies within the array, the
efficiency and operating charscteristics of the wvoltage
regulator, the psanel temperature and on the leoad power

demand in relsation to the inzoclation.

The average combined overall srray znd vwoltage regulator
efficiency over the monitoring period was 5,8%Z and the
corresponding aversge efficiency for the boost mode of
opaeration was 7,894, The efficiency of the voltage
regulator is implicit in the calculated combined

efficiency for the PV array and regulator.

Based on an average voltage regulstor efficiency of 85%,
the average daily srravy efficiencies would be 8,27 and
8,3% respectively. The manufacturer’s quoted sfficiency
for new MS-101 modules under standard conditions of
1000 W/m? and 25¢C is 9,9%.

Figures 5.26 to 5.29 illustrate the effects of global
saolar radistion, array temperature and the action of the
voltage regulastor on the combined array and voltage
regulator efficiency Ffor the four typical operating

regimes discusged in Section 5.3.1.1.
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Figure 5.26 : Graph of combined array and voltage
regulator efficiency as a function of global
solar radiation, array temperature and
voltage regulator action for a clear day
with the camp occupied
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Figure 5.27 : Graph of combined array and voltage
regulator efficiency as a function of global
solar radiation, array temperature and
voltage regulator action for a clear day
with the camp vacant



118

IS

(deg.C), (4), (Eft.x10) (W/m~2)

0 1000
80 e e e 80O
60 —==1 800
40 |- -— 400
20 Fre—— 200

0 0

Q 4 8 12 18 20 24
Time of the day (hours)

— Array temp. *=-= Global solar rad.

—— Charging current = Array and reg. eff,

Figure 5.28 : Graph of combined array and voltage
regulator efficiency as a function of global
solar radiation, array temperature and
voltage regulator action for an overcast day
with the camp occupied
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Figure 5.29 : Graph of combined array and voltage
regulator efficiency as a function of global
solar radiation, array temperature and

voltage regulator action for an overcast day
with the camp vacant
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Generally the highest daily combined (array) efficiencies
were between 8,0% (8,4%) and 8,3% (8,7%).

The panel fempersature ocan be seen to fluctuate above and
below the ambient temperature in Figures 5.15 to 5.18. It
is a function of the ambient temperature, the prevailing
wind and the ineident solar radiaticon. The panel
temperature rises above ambient after sunrise and
inereases with incressing  incident solar radiation to
follow a similar curve to that of the solar radiation but
digplaced by a2 lag time due to the thermsl inertis of the
array. At night the panel temperature falls below ambisnt
due to convective cocling by the wind and radiative Theat

transfer with the night sky.

The overall average daytime panel temperature for the
monitoring period WaS 33, 1leC, The maximum panel
temperature recorded during the monitoring period was
61.8=C averaged between 12h308 and 13h00 on 03/11/87. The
ambient temperature and solar radiation averaged over the
same 1og interval were 30,4eoC and 9681 W/m2. The maximum
average davtime panel temperature over the menitoring
period was 48, 2Z<C on 03/11/87 and the corresponding daily

average ambient temperature was 249,5<C.

Figure 5.30 shows the correlation of the difference
between array temperature and ambient temperature, and the

incident global solar radiation.
The eguation of the best £it linsar regression for the
particular configuration af the ambient and array

temperature sensors at Boulders is

Terreay = 00,0285 Ige + Tsub - 2,208 (r=2 = 0Q,788)
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Figure 5.30 : Difference between array and ambient
temperature data vs. globzal solar radiation

and a best fit linear regression for
Boulders

QOverall, the effective or useful energy delivered into the
battery during the monitoring period was B8,5% of that
potentially available from the array. The data supports
the on-site observation that the battery voltage is often
in the hysteresis window, between 65 V under load and
89,5 V under charge, with the array in open circuit and
that the available incident solar energy was under-

utilised for the period under consideration.
5.3.1.4 System availability

As for the 220 V AC PV system at Jock of the Bushveld, no
enpirical data was found regarding the availability of
supply from the 12 V DC PY system at Boulders.

The system configuration at Boulders is one with a high

degree of inherent availability. There is an low
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probability of a total power failure due to the

decentralized DC/DC converter arrangement.

Anecdotal observations offered by the former Electro-
mechanical Engineer indicated that the Boulders
installiation had not suffered any major breskdowns or loss
of supply in the two yvears of operation since
commizssioning in October 1585, The DC/DC converters have
been prone to blow the light bulbs due te high wvoltage
spikes. This intermittent problem has been solved by the
supplier and, as suggested above, has only affected one of
the huts at a time.

5.3.1.5 Operation and maintenance considerations

The day to day attention given to the system comprises a
daily record of the ampere-hour meter reading and an
oocasional sweeping of the floor of the ventilated battery
room. Long term coperating considerations include switching
off all the circuit breakers except those for the fridges
and freezers when the camp is vacant, as recommended in

the svstem specifications.

The recommended maintenance specified for the Boulders DO

PV syvstem includes

i) maintaining the baitteries according to the
manufacturer s specification

ii) monthly washing of the array to remove dust

iii) monthly checks on the maximum charge voltage setting
and cut in voltage setting on the voltage regulator

iv) monthly equalizing charges for the batteries at 72 V
(2,40 V/cell) until the 8G s stabilize

v removal of dust From the ventilation holes on the
DC/DC converters

vi) checks on the wiring and cables for damage

In practice the maintenance of the system is limited to =&

guarterly site visit by the supplier on the same contract
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basis as for the Jock of the Bushveld system. The annual
cost to the National Parks Board is R 1 800,00.

8o maintenance records of the egualizing charges or cell

SG s sre available.

Axs  for Jock of +the Bushveld, minimal administrative
overheads are incurred and no overheads for the processing
of maintenance Job cards cor accounting or storage costs

for operating consumables ar spares are required.

The maintenance of the electrical applisnces, fittings and
wiring is performed by a Hational Parks Board electrician
based at Letaba.

9.3.2 Econonic evaluation

The economic evaluation of the DC PV system at Boulders is
executed using a LOTUS 123 routine based on the annuity
method reconmended by Finck and Gelert (1883}, as for the
AC PY system at Jock of the Bushveld. All prices are based

on January 1988 prices.

5.3.2.1 Assumptions on which the economic analysis is

based

The zssumptions on which the economic evaluation for the
Boulders DC PV system is based are summarised overleaf in
Table 5.13
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Table 5.15 : Summary of assumptions for the economic
evaluation of the Boulders DC PV system

System lifetime : 20 years

Battery life : 10 years

Discount rate : 4 %

Escalatiocn rate : 0 2%

GST : 12 %

PV module costs : R 63 800 (18 R/¥p)
Voltage regulator cost : R 2 965 (0,82 R/W)
Battery cost : R 21 000 (400 R/kWh)
DC/DC converter cost : R 5 000 (2,80 R/W)
Residual batteries value : 10 ¥ of initial cost
Planning costs : 0 % of installed

system cost
Cost of land
Array support cost
Battery room cost
Wiring cost
Battery repl. labour cost
Transport to site
Installation cost
Commissiconing cost :
Engineering fees :

8]
100 {34 R/m2 array aresa
0 (70 R/kWh)
320 (10 R/m? array area
000 (20 R/kWh)
0]
of equipment cost
of equipment cost
% of installed cost

-

N

0O WM w W
52
H

Admin. infrastructure cost: 200 R/vear
Maint. and labour cost : 1 800 R/year
Ave. daily energy output : 7,80 kWh/day

As for Jock of the Bushveld, the projected operating
lifetime of the DC PV system is twenty vears.

The estimated battery life is based on a cycle 1life of

500 cycles and an annual total of 50 deep cycles per year.

The PV array cost is based on the manufacturer’'s quoted

price ex-factory for ninety-six M SETEK MS-101 modules.

The battery cost 1is for thirty cells based on the
manufacturer’'s quoted price of R 700,00 ex factory per
WILLARD FWA 17 cell (inclusive of lead surcharge).

The DC/DC converter cost is based on the manufacturer’'s
quoted price ex-factory for one 40 A and six 20 A 60 V/12

V units.

As for Jock of the Bushveld, the «cost of land, battery

-room cost, planning costs, transport costs, commissioning

costs and engineering fees were excluded.



124

The estimated costs of administrative overheads for the
system (see Section 5.3.1.5), was 200 R/year and the
estimated annual Q&M cost of 1 8800 R/year is based on four
quarterly site visits by the system supplier at R 450,00
per visit. No cost has been included for the camp

attendant s role in operating the system.

The annualised unit cost of energy 1is based on the
estimgted average daily system energy cutput of
7,80 kWh/day. This figure 1is the average system output
based on the handwritten Ah log for the fifteen month

period discussed in Section 5.3.1.2.
5.3.2.2 Capital costs

The initial capital cost of the system 1is calculated as

PV module : B3 800,00
Array support : 1 100,00
Voltage regulator : 2 985,00
Batteries : 21 000,00
Inverter : 5 000,00
Wiring : 320,00
Sub total : 94 185,00
GST : 11 302,00
Installation : 3 185,00

TOTAL : 108 852,00

5.3.2.3 Operating and maintenance costs

No. of battery replacements : 1

Battery replacement costs (HPV) : 13 444,00

Residual value of batteries (NPV) HEN ¢ 958,00) negative
ﬁPV

Admin. costs (NPV) : 2 718,00

Maint. and labour costs (NPV) : 24 483,00

Total Q&M costs (NPV) : 27 181,00
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5.3.2.4 Lifecyele cost

Total installed cost : 108 652,00
Battery replacement cost : 13 444,00
Residual wvalue S 958, 00)
Total O&M costs : 27 181,00
NPV lifecycle cost : 148 318,00
Annualized unit energy cost : 393 c/kWh

Figure 5.31 shows the cashflow for the project over the
lifetime of twenty years and the annualized unit energy

cost at the end of each year.
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Figure 5.31 : The estimated cashflow and the estimated
unit energy cost of kWh supplied for the
Boulders DC PV system over a projected
lifetime of twenty years

As for the AC PV system at Jock of the Bushveld, the graph

-11lustrates the high 1initial costs in vear zero for the
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Boulders PV DC system. Similarly the subseguent annual O&H
costs For years one to twenty are relatively small, and
the battery replacement ecost in  the tenth vear is the
largest single coperating cost during the system lifetime.
The wunit energy cost line represents the unit cost of
electricity, calculated at the end of each year, based on
the totsl number of units generated up until that time. As
expectaed, the unit cost of electricity generated decreases
asvmptotically to the limit which iz the guotient of the
annual 0&M costs divided by the annual number of units
generated, ie. 72 o/k¥h. In practice the aperating
lifetime of the svystem sets the unit cost limit which 1in

this case is 393 c/kWh over the twenty vear lifetime.

The cost components of the HPV life-cyele cost evaluated

over twenty years are

Investment costs : 73 %
Q&H costs F A 4
S5.3.3 Summary

The key operating dvnamics that determined the overall
parformance of the DC PV asvstem at PBoulders are the
interactions between the arrayv, the voltage regulator and
the average daily load energy demand. A summary of the

overall svstem performance is presented in Table 5.185.

The DC PV syvstem at Boulders operates competently and  is
egssentially a8 well designed system but the relative =sizing
of the PV s=srray sppears to be sub-optimal for wminimum
initial costs and overall life-cvecle costs for Lhe

application.

The original design specification for the aystem was based
on & mpazinuam DO/DC converter demand of 185 Ah/day
{143,3 k¥h/day). Assuming a DC/DC conversion efficiency of
T0%, this corrvesponds te an averasge load energy demand of

T,2 kWh/day. In practice the recorded average daily DC/DC
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converter demand was 7,95 kWh/day, ie. 23% less than the

prejected demand.

As a consequence of oversizing the array relative tov the
actual load energy requirement, the array was frequently
shunted to open circuit by mid-morning as the battery
voltage approached full charge and the upper limit of the
voltage regulator was reached. The array was therefore not
required to contribute to the overall 1load energy
requirement for the bulk of the solar day. A direct result
df this is a reduction in the overall system efficiency
due to the potential PV array output effectively being

wasted.

Table 5.16 : Summary of key indicators of the performance
of the Boulders DC PV system

System description : 60 V DC/12 V DC PV system

Array rating : 3360 Wp (98 35 Wp M SETEK medules)
Voltage regulator : 60 V B0 A

Battery storage : 60 V 880 Ah (flat plate)

DC/DC conv. rating : 1,92 kW

Installed load : 1,92 kW 12 V DC (lights, fridges
Load per person : 160 W/person freezers, fans)
Peak load : B28 W

Ave, load : 232 W

Load factor : 0,37

Ave. LED : 7,80 kWh/day

LED per person : B33 Wh/day

Ave. array eff. : 8,3 %

Peak array eff. : 9,5 %

Peak asrray output : 2808 W

Ave. array temp. 1 33,1 =C

Max. array temp. : 62,0 oC

Voltage reg. eff. : 95 % (assumed)

Battery Wh eff. : 81 %

Ave.depth of disch.: 18 %

DC/DC conv. eff. : 70 % (assumed)

Overall system eff.: 3,8 % (average)

Installed cost : R 108 652,00
Batt. repl. cost : R 13 444,00
O&M costs +: R 27 183,00

NPV life-cycle cost: R 148 319,00

Unit energy cost : 393 c/kWh
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The higher array efficiencies recorded for the M SETEK
nodules at Boulders, compared to the older ARCO modules at
dJock of the Bushveld are a function of the izmprovements in

solar cell technology rather than PV degradation.

Despite the long term economic disadvantages of & higher
PY array power than necessary, the excess We rating meant
that the battery was maintained at a high state of charge.
Az a result the 880 Ah Dbattery bank was operating
congistently well with high charge/discharge cvels
efficiencies. The regular charging to the 88,5V (2,32
V/cell) voltage regulator 1limit is healthy for the
battery, but the lack of evidence of regular equalizing
charges or records of the specific gravity could however

lead to premature desterioration of the batteries.

The woltage regulator was functioning competently in all
raspects despite beling rated for a 37% higher current than
the peak avray charging ourrent. & boost/float mode of
voltage regulation, as opposed Lo the boost/open oircuit
node installed, would have been a refinement to control
the charge current in s more efficient and smooth manner

in a svstem where the array was more optimally sized.

Ho comment can be made on the performance of the DC/DC
gonverters except that thevy have spparently functioned
adeqguately after the initial component fallures had besen
rectified. The seven independent units decrease the
probability that the entire canp be?® deprived of

electricity af any one time in the svent of 3 wmalfunction.

The declared satisfsction with the system by the Electo-
mechanical Engineer, and the relatively low RAPS unit
energy cost of 383 o/kWh reflect the overall benefits of
an ssgentially well engineered, if slightlv conservatively

gized and unnecessarily expenszive, svstenm.



128
5.4 WOODLANDS
5.4.1 Technical evaluation

The technical evaluation of the 220 V AC 7,0 kVA, 1180 Ah
genset-plus system installed at Woodlands isg presented in
the wsame fashion as those for Jock of the Bushveld and
Boulders. The fact that only seven days’ of data were
considered acceptable, from the data recorded for the
Woodlands svstem, reduces the reliability of the rescorded
data and the calculated findings deduced freom the dats.
Hevertheless, the data does provide a valuable gualitative
messure of the technical performance despite being a less

than ideal basis for the more guantitative cbservations.

5.4.1.1 Overall results znd daily operating

characteristics

Takle 5.17 presents 2 summary of the overall technical
performance of the Woodlands genset-plus svstem bhased on

the seven davs’ recorded data.

The average daily run time is the number of hours that the
genset was opervated per day. The genset load shsre is the
proportion of the daily 1lozad energy provided directly by
the genset, the balance heing provided indirectly via the
battery charger. battery and inverter. The overall systen
efficiency ig the quotient of the useful energy delivered
to the loads per day over the nett energy in the fuel per

day expressed as a percentage.

Tue davs were selected to illustrate the tygioél daily
operating characteristics of the system. 0Z2/10/87 was
selscted ag being representative of a day during which the
ranger’ s house was noit occupied. In contrast 08/10/87 was
selected as being representative of a day during which the
house was ocoupied. In practice the ranger’'s house 1is

pecupied For most of the vesr.
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Table 5.17 : Overall technical performance of the
Woodlands genset-plus system over the period
from 01/10/87 to 09/1G/87

Date Daily Ave. Energy Energy Energy Energy Genset Overall Occup.
run  fuel out of into BC out of into load system
time cons. genset charger invert loads share eff,
(hours)(l/hr) (MJ/d)y (Md/d)y (MI/zd) (MI/d) (%) (%) (pers)

01-0ct 10,0 1,41 66,1 58,0 29,5 36,5 19,4 7,0 0
02-0ct 10,3 1,47 68,2 60,4 28,1 35,9 21,7 6,4 0
03-0ct 13,3 1,41 94,2 79,8 26,9 41,3 34,9 6,0 0
04-0Oct

05-0ct

0oe-0ct 11,5 1,39 98,1 63,7 47,5 80,0 40,8 13,5 4
07-0ct 11,5 1,52 96,1 61,9 51,1 85,4 40,1 13,1 4
08-0ct 19,0 1,45 178,1 111,7 13,8 80,0 83,0 7,8 4
08-0ct 17,0 1,31 112,0 78,7 26,1 58,3 55,3 7,1 4
Ave. 13,2 1,42 101,86 73,7 31,8 58,6 42,2 8,7 2,4
Std.dev. 3,2 0,06 34,7 17,5 12,1 20,4 20,1 3,0

Max, 1g,0 1,5 178,1 1i11,7 51,1 85,4 83,0 13,5 4
Min, 10,0 1,3 66,1 59,0 13,6 35,3 19,4 8,0 0]

Figures 5.32 and 5.33 show the recorded system parameters
plotted against the time of day for the house vacant on
02/10/87. The technical performance of the system over

this day is summarized in Table 5.18.

Figures 5.34 and 5.35, and Table 5.19 are the
corresponding presentations of the system performance on
06/10/87 for the house occupied.
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— Genset output —*— Bat, charger demand

Inverter output — Load power demand

Figure 5.32 : Genset and inverter power output, battery
charger power demand and load power demand
for a vacant ranger s house at Woodlands,
c2/16/87
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"Figure 5.33 : Daily battery voltage, charge and discharge
current and fuel level characteristics for a
vacant ranger’'s house at Woodlands, 02/10/87
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Table 5.18 : Daily system performance for a vacant
ranger 's house at Woodlands, 02/106/87

Daily run time : 10,3 hours

Ave. fuel consumption : 1,47 l/hour

Diesel consumed : 15,1 1/day

Energy in fuel : 558,6 MI/day

Energy out of genset : 68,2 MJ/day 19,0 kWh/day
Energy into charger : 80,4 MJd/day 16,8 kWh/day
Energy inte loads : 35,9 MJ/day 10,0 kWh/day
Energy into battery : 09,4 HJI/day 15,4 kWh/day
Energy out of battery : 47,7 MJ/day 13,3 kWh/day
Energy out of inverter : 28,1 MJ/day 7,8 kWh/day
Ave. genset eff. : 12,0 %

Ave. gen. capacity factor: 32,8 %

Ave. DC charger eff. : 91,8 %

Ave. inverter eff. : 98,8 %

Ave. inv.capacity factor : 18,3 %

Genset load share : 21,7 %

Inverter load share : 98,3 %

Ave. charge voltage : 39,5 ¥V

Ave. discharge voltage : 36,3V

Overall system eff. : 6,4 %

w

3 {kw)
2.5 e e
5 e

- ¥
—— B ek a8 R e

R T ey

0.5
0 --------------
0 4 8 12 18 20 24
Time of the day (hours)
—— QGenset output - == Bat, charger demand
‘~*- Inverter cutput — Load power demand

Figure 5.34 : Genset and inverter power output, battery
charger power demand and load power demand
for an occupied ranger’'s house at Woodlands,
06/10/87
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Figure 5.35 : Daily battery voltage, charge and discharge
current and fuel level characteristics for
an occupied ranger s house at ¥Woodlands,
06/10/87

Table 5.19 : Daily system performance for an occupied
ranger 's hownse at Wooedlands, 06/10/87

Daily run time : 11,5 hours
Ave. fuel consumptien : 1,39 l/hour
Diesel consumed . i 16,0 l/day
Energy in fuel : 593,77 MJ/day
Energy out of genset : 96,1 MJ/day 26,7 kWh/day
Energy into charger : B3,7 MJ/day 17,7 kWh/day
Energy into loads : 80,0 MJ/day 22,2 kWh/day
Energy into battery : 59,8 MJI/day 16,8 k¥Wh/day
Energy out of battery : B4,5 MJ/day 17,8 kWh/day
Energy out of inverter : 47,5 MJ/day 13,2 kWh/day
Ave. denset eff. : 16,2 %
Ave. gen. capacity factor: 38,1 %
Ave. DC charger eff. : 93,9 %
Ave. inverter eff. : 73,6 %
Ave. inv. capacity factor: 33,9 %
Genset load share : 40,86 %
Inverter load share : 59,4 %
Ave. charge voltage : 39,5 V
Ave. discharge voltage : 36,1 V
Overzall system eff. : 13,5 %
t
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In general the genset is started at about 07h00 by the
ranger and operated until sunset at about 18h00. The
inverter supplies the loads during the night. The inverter
output falls to =zero when the genset is started and
remains at =zero until the genset is switched off in the
evening. The genset output and the battery charger power
demand both increase from zero on startup. The battery
charger AC power demand is determined by the manually
adjusted charge current setting and the state of charge of
the batteries. The genset output is determined by the
combined AC power demand of the battery charger and the
domestic loads in the household. The load power demand is
the difference between the instantaneous sum of the genset
and inverter output and the instantaneous battery charger
power demand,

The battery voltage decreases slowly under discharge
during the night and undergoes a step increase on startup
when the batteries start being charged. A marked drop in
battery voltage occurs as the genset is switched off when
the batteries immediately cease to be charged and are
simultaneously required to provide power for the inverter.
The discharge and charge currents also reflect the cycling
of the battery. The discharge current is variable, being
dependent on the DC power demand of the inverter and
therefore indirectly =a function of +the variable AC load
power demand of the household. The charge current is
generally constant, for the duration of the genset run

time, at the battery charger charge current setting.

The asverage proportions of the load energy demand supplied
from the inverter and genset over the monitoring period
were 57,9% and 42,1% respectively. These proportions are
slightly skewed from the expected annual averages dus to
the high vacancy/occupancy ratio and the 36,5 hour genset
run time on 08/10/87 and 09/10/87. The figures in
Table 5.19 are more representative of the system

performance for an occupied house.
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5.4.1.2 Load energy demand and load curve

The data monitoring system for Woodlands did not account
for the power and energy requiremsnts from the genset for
the float switch controlled 2,0 hp (1,47 kW) submersible
AC borehole pump supplving water to the household, garden
and the compound. The fact that the power cables to the
pump were connected Tupstream” of the data logging AC
POWer measurement was only revealed late in the monitoring
program. However, the average uncertainty in the daily
energy demand introduced by the omission of the ensrgy
requirement of the pump is caleulisnted to be less than 1%
of the averasge daily load energy demand of 18,58 k¥h/day,

on the basis of a daily water pumping requirement of

100 litre/day/person

-~ 10 people

25,0 m total head

- ave. pump efficiency of 60%

The average system load curves for the monitoring period
are shown in Figure 5.38. Curves of the aversges of the
recorded load power demand averaged over the individual
log intervals for the overall monitering period as well as

for 8 vapant and an occupisd ranger s house are pressentad.

The svstem load curves show a base load of approximately
BOO -~ 800 W due to lighting during the night with load
peaks at 08h30, 13h00 and 18h00 for breakfast, lunch and
supper respectively. These peaks are particularly
pronounced for the load curve corresponding to the house
when occupied. The difference between the load power
demand for the house vacant and occupied is roughly 400 -
BOO W. Peak average load power demands of 870 ¥ and 980 ¥
occurred over log intervals between 18h30 and i8h30 and
21h30 =and 22Zh00 respectively. The nminimum average 1load
power demand of 380 ¥ ocecurred over the log interval
between 10h30 and 11hOO,
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Figure 5.36 : Average system load curves for Woodlands for
the overall monitoring pericd between
01/10/87 to 09/10/87, and for a vacant and
occupied ranger s house

The overall average daily 1load energy demand for the
monitoring period was 16,56 LkWh/day and the average load
power demand was B85 ¥.

The maximum daily load energy demand was 23,7 kWh/day on
07/10/87. The aversage daily load energy demand during the
period of occupation was 21,1 kWh/day with an average load
of 879 W corresponding to a load factor of 0,48. The
average load energy demand during the period! of no
cccupation was approximately halved, being 10,5 kWh/day
with an average load of 439 W and a peak load of 1000 ¥
averaged between 02h30 and 02h45 on 03/10/87 resulting in
a load factor of 0,44. Based on the maximum load power
demand of 1850 W averaged over the log interval between
18h30 and 19h00 on 07/10/87, the saverage system load

factor for the overall monitoring period was 0,37.
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The load power demand curve for 02/10/87 in Figure 5.33
shows a base load of approximately 800 ¥ at night dus to
lighting and daytime base lcad of approximetely 100 ¥
together with a recurrent pericodic load of spproxinately
500 W lasting for 3 hours which recurs at 8 to 12 hourly
intervals. This load can be seen to end at 01h30 and come
on between 12h30 and 15h00.

The recurrent "GO W load is probably due to the
thermostatically controlled large GEC Coldspace freezer

aycling on a 20-38% duty cvele.

Similarly, the load power demand curve for 08/1G/87 in
Figure 5.34 shows an incrsased base load of &aporoximstely
800 W st night due to lighting, an increased davtime load
of approximately 700 W and the superimposed loads due to
breakfast, lunch and supper. The recurrent 200 W load is
also apparent between 05h30 and O8h30 and again between
18h00 and 21h30.

5.4.1.3 Systen component performance
5.4.1.3.1 Inverter

The 3 kW 38 V/ 220 V sine wave inverter AC output is
determined by the load energy demand and the operating
regine of the diessl genset. The inverter ouitput falls to
zero during the day when the genset meets the combined
load demand of the household loads snd battery cha;ger. At
night the inverter output wag directly determined by the
load demand during the time that the genset was off.

The average load denand on the inverter over the
monitoring period was 730 W. The peak load demand on tﬁe
inverter averaged over cne log interval wazs 1,85 kW
between 18h30 and 19h00 on 07/10/87. This corresponded to
the maximum DC inverter power demand of 2,30 k¥ drawing
83,4 A from the battery at 36,3 V.
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The average inverter efficiency for the monitoring period
was 63,8% corresponding to the average load demand of
730 W, with a maximum efficiency of 80,8% averaged over
one log period corresponding to the peak load demand of
1,85 kW between 18h30 and 19h00 on 07/10/87.

The relationship between inverter efficiency and AC power
output is illustrated in Figure 5.37 and a2 frequency
distribution of the inverter efficiency over the

monitoring period is shown in Figure 5.38.

o Inverter eff. (%)

40 e bt mmm s e 4= g seme e memon e i g o n ke A e S s i o & i o o]
20 e e e b e
0 1 | L
0 0.5 1 1.5 2

Inverter AC power cutput (kW)
* Logged dala points T Curve fit
Figure 5.37 : Graph of the inverter efficiency as a

function of the AC power output for the 3 kW
sine wave inverter at Woodlands
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Figure 5.38 : Frequency distribution of inverter
efficiency for the 3 kW sine wave inverter
at Woodlands

The curve fit was derived from the linear relationship

between DC power demand and AC power output of the
inverter as 1illustrated in Figure 5.38. A linear
regression for the recorded data points vields the
following expression for the relation between DC power

demand and AC power output, as for the Jock of the

Bushveld square-wave inverter :
Ppc = 1,027 Pac + 0,387 (r2 = 0,987)

The calculated inverter efficiency at the rated output of
3 kW 1is 87%
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Figure 5.39 : Graph of the DC power demand as a function
of the AC power output of the 3 kW sine wave
inverter at Woodlands

The no load DC power demand is approximately 0,37 kW. The
load sensing facility of the inverter did not appear to
have been required during the monitoring period. Sketches
of the current and voltage waveforms for the inverter are
reproduced in Appendix E. The corresponding power Ffactor
is approximately 0,85,

5.4.1.3.2 Storage battery

The function of the battery in the Woodlands genset-plus
system is as an energy storage reservoir which serves to
improve the capacity factor of the genset by allowing the
genset theoretically to be operated at close to its
optimum rated output. The battery is required to meet the
load energy demand on a cyclical basis. The period of the
charge/discharge cyele 1s ultimately determined by the
available battery capacity and the average daily 1load
energy demand. The operating regime at Woodlands is
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dictated by factors other than the energy flows, such as
switching off the genset at sunset to aveid the noise
throughout the night.

The battery installed at Woodlands comprises two parallel
strings of nine 4 V RAYLITE 2IMR tubular plate lead acid
batteries in series. These batteries are identical to
those installed =t Jock of the Bushveld. Thelr nominal
capacity is 580 Ah each at the 8 hour rate to a final
voltage of 1,75 V/cell & 20<C. The &G is §1,256a The
battery configuration ét Woodlands provides a 38 V 1180 Ah
{nominal) DC energy storage reservoir for the genset-plus

svstem.

The battervy bank is charged by the battery charger =t =2
manually selected maximom DC current subject to charges
current limitation when a maximum battery voltage of
43,3 V (2,40 V/cell) is reached. The discharge current of
the battery is not constant, being dependent on the DC

power demand of the inverter,

The sverage charging period per day corresponds to the
dailvy run time of the diesel genset ie. an average of
13,2 hr/day over the mnmonitoring period or 11,15 hr/day
cver a 411 day Kruger HNational Park log period, (see
Section 5.4.1.3.43.

The saverage daily charge energy waz 88,8 MI/day or
478 Ah/day. The average daily discharge energy WES
46,8 MJd/day or 380 Ah/day corresponding toc an average
depth of discharge of 30% of the initial capacity of the
battery, The oversall ampere-hour efficiency of the
batteries was 78% and the average watt-hour efficiency was
71%. These battery efficiencies were evaluatsd over the
seven day monitoring pericd based on similar battery
voltages under a constant charge rate, {(ie. similar state
of charge), st the beginning or at the end of the interval
over which the efficienciles were calculated. The extended
‘battery charging period was excluded in the efficiency

calculations to avoid shewing of the results.
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Nevertheless, the efficiencies are low compared
accepted Ah efficiency of 90% and Wh efficiency of
for sound batteries, which implies deterioration
cells and a loss of capacity, as well as less than

charging routines.

Figure ©§.40 shows the energy flows into and out

battery for the monitoring period.
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Figure 5.40 : Graph of the daily energy flows into, and
out of the 1180 Ah (nominal) battery at

Woodlands

Based on a maximum allowable depth of discharge of B80% and

the extremes of daily energy discharged from the

batteries, the batteries would provide between 1,33 days

and 2,10 days of autonomy before requiring charging from

the genset via the battery charger.

Similarly, the time required to bring the batteries back

up to charge from a state of charge of 40% would take

approximately nineteen hours at a constant charge

current
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of 38 A. The corresponding AC power reguired from the
gensed would be spproximately 1.8 kH. The charging tine
could be more than halved by adjusting the charge current
setting te the manufacturer’s suggested maximum of 88 A
which corresponds to a demand mf‘agyr@ximately 4,2 k¥ on
the genset., The genset rating of 5,8 k¥ would, in
addition, Still allow =z margin of 1.4 kW for domestic

loads.

The averasge battery charging current over the mnonitoring
period was 36,2 A. The maximum was 3%,5 A averaged over
the log interval bstween 185h1l5 and 18h30 on 01/106/87 and
the minimum was 24,8 A averaged between 05h30 and 07h00 on

08/10/87.

The maximum charge ourrent setting during the monitoring
period was approximately 38 A. The current into the
battery bank remained at this maximuomn throughout the
monitoring period up to 2230 on 08/10/87, after 28 hours
of continucus genset operation, when the charge current
decreased to approximatsly 28 & over & period of seven
hours. The current remained at 26 & for a further ten

hours before the genset was switched off,

The current out of the battéry ig & Ffunction of the BC
power requirements of the inverter, and hence the load

power denand.

The average current out of the batteries during the
monitoring period was 31,0 A and the maximum was 83,4 A4,
averaged over the log period corrssponding to ths ‘maximum
load demand on the inverter betwsen 18h30 and 18h00 on
G7/10/87.

The battery voltage im alternately a function of the load
denand of the invertsr, sand hence the household, st night,
end the sutpuet of the IC charger during the day.

The average battery voliage over the monitoring period was
38,2 V (2,12 Vicell). The maximum was 43,3 vV
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(2,40 V/cell), for the five hour pericd between 12h00 and
17h00 prior to switching off the genset after 26 hours of
continuocus operation. The minimum battery voltage was
33,7 V (1,87 V/cell}), averaged over the log interval
between 04h30 and 05h00 on 08/10/87 immediately prior to

the extended genset operation referred to abave.

The reason for this protracted genset operation was almost
certainly due to draétically discharged batteries for
which the battery voltage fell below the minimum voltage
cut out setting of the inverter. The inverter ceased to
provide the required lead power demasnd and the genset was
manually started to restore the supply and begin charging

the batteries.

Figure 5.41 shows the charge current and battery voltége
for this extended charging period as well as the preceding

twenty-four hour charge/discharge cycle.

V), (4)

40 ——
36
32 H-—em —— SN R - —
28 H — et v :
i
24 1 1 1 : f
0 12 24 36 48 80

Time : 08h00 on 7 Oct to 24h00 on 9 Oct

— Batlery vollage ——= Charge current

Figure 5.41 : Graph of charge current and battery voltage
for the extended charging period and
preceding twenty-four hour charge/discharge
cycle, 07/10/87 to 09/10/87
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The voltage drop of approximately six volts between the
voltage at the end of the charge period and the subseqguent
discharge period i1is & function of the elevated voltage
under charge (2,40 V/ecell) compared to the nominal open
circuit voltage (2,08 V/cell)d, and the drop in voltage due

to the internal resistance of the battery under load.

5.4.1.3.3 Battery charger

The function of +the battervy charger is to restore the
oharge in  the battery following 8 pericd of discharge
during which the load power demand had bheen met by the
inverter. The batterv charger begins charging the battery
bank automatically when the diesel genset is switched on.
In Figures 5.32 and 5.34 the AC power demand of the
battery charger can be seen to follow the operating regime

of the diesel genset.

The AC power intoc the battery charger is determined by the
manually adjusted maximum DC charging current setting and
the state of charge of the battery bank. Thyristor
controlled voltage regulation prevents overcharging and
damage to the battery due to gassing and overhesting. The
battery charger is rated for s 100 A charging current,
however the maximum DC charging current wag set at
approximately 38 A, az 1illustrated in Figures 5.33, 5.35
and 5.41.

In Figure 5.32 on 02/10/87, the AC power demand of the DC
charger c¢an be sgeen to rise linearly for the constant
charge current ¢f 38 & from 1,60 kKW to 1,71 kW as the
batiery voltage rose from 38,2 V to 40,8 V, and in Figure
5.34 on 0B/10/787, 1.55 kW to 1.85 kW for a veltage rise
from 38.4 V to 41,3 V.

The average daily efficiency of the DC charger was 92,8%
varving between a2 maximum of 83,8% and a minimom of 91,8%.
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Ho di$act gorrelations were derived between the efficiency
of the DC charger and factors such as the battery voltage,
maximum charge current setting, state of charge of the
battery, battery and ambient temperature or nett energy

into the bhattery.

The battery charger operated in the msximum battery
voltage/current limit mode once durimg the monitoring

period. (see Section 5.4.1.3.2)
5.4.1.3.4 Diesel genset

The function of thes single phase 7 kVA LISTER 8T2 genset
in the genset-plug system at Hoodlands is to provide the
energy conversion of fuel energy intec electrical energy
for supplying the load energy demand of the Woodlands
ranger’'s compound. As mentioned earlier the genset was
operated so as to meet the parallel AC power requirements
of the battery charger and the household 1load power

demnand.

The genset output was measured directly as AC power and is
determined by the npett effect of the maximum charging
current setting of (i} -the DC charger and the state of
charge of the batteries; and (i1i) the load paover demand of
the household.

In Figures 5.32 and 5.34, the genset power output can be
seen to rise to meet the combined reguirements of the DC
charger and domestic loads st startup in the morning
between 08h30 and {07hO00 and f£all to zeroc again at shut
down in the evening between 17h30 and 18h00. '

The average diesel genset run time for the nonitoring
period was 13,2 hr/dav. This average is based on only
seven davs  data during which the house was unoccupied for
three davs and is therefore not s true reflection of the
long term average run time. Furthermore, this averade
should be interpreted with caution dus to the fzet that
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the genset WAE Tun continuwously for approximately
38,5 hours from 05h00 on 08/10/87 +to 17h30 on 08/10/87.
The extended operation of the diesel genset is likely to
have been required to charge depleted batteries and 1is

discussed further in Section 5.4.1.3.2.

Based on the Hational Parks’™ Board fuel consumption log
sheets for the psriod 22/12/85 to 20/04/87, as sunmarised
in Table 5.20, the sverage run +time per day was
11,15 hours.

Table 5.20 : Summary cof National Parks Board fuel
consumption log sheets for ¥oodlands genset-
plus swyvstem for the period from Z22/12/85 to
20704787

WOCDLARDS "MOTORVOERTUIGLDBSTAAT' RUN TIME AND FUEL CONSUNFTION

ch period No. Epgine hours Ha, Fuel gil fve., Ave.fuel Ave.oil
roa o days ?raa to hours run tise  cons. Cons.

{litres) {litres) (he/dayd (L) {alihr)
22-dec  19-jan 28 5114 5443 I47 3% 0.3 12.39 t.12 1.44
20-1an  13-feh 27 3443 194 331 350 1.3 12.26 i.i8 4,83
146-feb  27-aar 41 3794 &113 319 340 8.0 7.78 1.13 §.00
28-gar  18-apr 22 8113 8342 229 330 6.3 10,41 1.44 2.18
19-apr  19-may 3 4142 4715 373 480 8.3 12.03 1.29 1.34
20-gay  i&-jun 28 4715 7027 32 £33 0.0 11,14 1.3%9 0.90
17-jun  Zi-jul k] 7027 7413 384 453 1.0 11.03 1.20 2.59
22-jul  i8-aug 28 7413 7486 73 435 4.3 9,758 1.39 1.8
19-aug  20-sep 1 74864 8068 I8z 433 G.3 11.38 1.39 1.31
H-sep  1Z2-oct 22 BOLE 8320 232 300 0.5 11.45 1.19 1.98
{3-act  i4-nav ki 8320 8483 343 4435 1.0 11,60 1.28 2.73
{5-noy  ZI-dec k] 8483 7123 247 &30 1.0 11,33 1.35 2.24
24-dpc  0B-jan i 7128 9333 208 210 0.0 13.87 {.01 0.00
Z0-gar  20-apr 24 9532 9873 253 3435 4.¢ 10.13 i.42 0.0¢
Average : 11,145 i.28 1.3%
Std.dev.: 1.37 0.18 1.24
Baxisug : 13.87 159 4,33
Hinigus : 7.78 1.04 8.00

From the constant slope of the plot of cumulatives engine
hours over time, as illustrated in Figure 5.42, the
variation of the daily genset run time appears to have
been negligible over this period. The corresponding
average daily run times calculated for each fuel
consumption log sheet period are plotted in Figure 5.42 as
8 bar chart. The sverage daily run time varies between
7,8 hrs/day to 13,8 hrs/day. The apparent contradiction



148

between the constant siope of the cumulative engine hour
line and the varving aversage daily run time bar chart is
due to the variation in the fuel consumption log sheet

intervals. as presented in Table 5.20.
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Figure 5.42 : Graph of cumulative engine hours sgainst
time and average daily run time for the 411
day period between 22/12/85 and 20/04/87

The average daily loasd share provided directiy by the
genset was 42,2%.

The overall average diesel genset output, while operating,
for the monitoring period was 2,05 kW, corresponding to an
average overall capacity factor of 0,30. The maximum
gensel output was 3,29 kW averaged over the laog interval
between 08h00 and 08h30 on 08/10/87. under the combined
demand of the battery charger (1,57 kW) and the domestic
loads (1,71 k¥). This corresponds to & load fzctor, as

seen by the genset, of 0,82.

Figure 5.43 illustrates the relaticnship between the

genset efficiency and AC power ocutput. The efficiency
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inecreases from 9,3% to the maximum of 19,4% with
increasing AC power output. The scatter of the points on
the graph reflect the influence of factors such as engine
temperature, time since startup, state of  tune and the
fluctuations in the load power demand during the log

intervals.

The data is directly comparable to the results of the
tests performed by EKenna (1987) on a similar LISTER ST2

genset in Kenva, as shown in Figure 2.3.

Genset efficiency (%)

<0

15 - —-

10

i i i i

0 ! i
0 0.5 1 1.5 -2 2.5 3 3.5
Genset AC power output (kW)

* Logged data points — Linear regression

Figure 5.43 : Graph of the genset efficiency as a function
of the AC power output for the Lister ST2
genset at Woodlands

The average genset efficiency was 14,3% corresponding to
the average load power demand of 2,05 kW. The maximum
genset efficiency was 18,5% averaged over the log interval
between 21h00 and 21h30 on 08/10/87 at a genset output of
2,78 kW, battery charger power demand of 1,89 kW and a
load power demand of 1,03 kW. Figure 5.44 shows the
frequency distribution of the genset efficiency over the
monitoring period. The efficiency was between 10% and 18%

for the majority of the time.
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Figure 5.44 : Frequency distribution of genset efficiency
for the Lister S5T2 genset at Woodlands

In Figures 5.33 and 5.35 the fuel level in the diesel tank
of the genset can be seen to fall uniformly over the
periods during which the genset is running with sudden
increases in fuel level corresponding to the intermittent
" topping up of the fuel tank. The fuel 1level remains
unchanged over those periods during which the genset was
off and the loads are supplied by the inverter ie. at
night. The fuel consumption of the diesel genset 1is

represented by the slope of the fuel level curve.

The average fuel consumption over the monitoring period
was 1,42 1/hr, calculated from 1linear regression of the
fuel 1level with respect to time. The minimum fuel
consumption averaged over one day was 1,31 1l/hr on
08/10/87 and the maximum was 1,52 1/hr on 07/10/87.

The average fuel consumption calculated for the 411 day
period recorded on the National Parks”  Board log sheets

was 1,28 1/hr, ranging between a maximum of 1,59 1/hr and
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a minimum of 1,01 1l/hr. The o0il consumption was calculated

as 1,58 ml/hr.

Based on the recorded AC power output the average specific
fuel consumption of the genset was 620 g/kWh varying
between 438 g/kWh and 893 g/kWh. The manufacturer s
claimed fuel consumption at 1500 rpm ranges between
233 g/kWh and 245 g/kWh, based on the mechanical power
output for the bare engine without transmissions,
Eearboxes and optional extras. Eskenazi et al (1886) quote
a generalized specific fuel consumption of 0,4 1/k¥h
(390 g/kWh) for diesel gensets in the range between 3 kW
and 25 kW. Figure 5.45 shows the specific fuel consumption

. 8as a function of the genset power output.

KW/hour
1000 (g/kW/hour)
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* Specific fuel cons.

Figure 5.45 : Graph of the specific fuel consumption vs.
the output power of the LISTER STZ genset at
¥Woodlands
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The limited range of recorded capacity factors for the
genset gperaticon precludes a complete illustration of how
the specific fuel consumption varies as a function of the
capacity factor under the full range of steady state
operating conditions. The graph shows the reduction in
gpecific fuel consumption which would be expected to be a

minimum for capacity factors between 70% and 80X%.

The voltage and current waveforms of the ¥Hoodlands genset

are reproduced in Appendix E.
5.4.3.1.4 System availability

Ho recorded dats regarding the system availability was

available from the National Parks Bozrd administration.

The energy storage facility of the gdenset-plus
configuration, combined with the rated capacity of the
genset and parallel power supply options, increases the
reserve capacity of the svstem in the event of down-time
of components due to routine maintenance or breakdowns.
There is effectively between 1-3 days of autonomy for the

system depending on the state of charge of the batteries.

The wversatility of the =svstem was demonstrated ofn
A8/10/87, when the genset was started manually following a
temporary loss of supply after the inverter had kicked out

due to & low battery voltage condition.

5.4.1.5 Operation and maintenance considerations

As discussed in Chapter Two, the operating and maintenance
costs of diesel pgensets have been the mpost diffiecult
factor of the life-cycle cost to estimate and have in the
past been assumed to be much lower than appears to be the

case in practice.

Records of maintenance performed on the genset at

Woodlands were obteined from the Electo-nechanical
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Engineer in the form of job cesrds for the 804 day period
between 18/03/86 and 12/11/87. The complete maintenance

record is presented inm Appendix G.1.

The engine had logged 6040 hours by 18/03/86 and 12210
hours by 12/11/87, a8 difference of 8170 hours at an
average of 11,15 hrs/day.

The recorded cost of maintenance for this periocd was
estimated to be R 6 280,00 which equates to 1,02 R/hr. The
estimate is based on the following National Parks Board

rates

Diesel fitter lsbhour rate : 22 BE/hr
OQvertime rate : 35 R/hr
Travelling costs : 33 o/km

However., the genset should have been given twenty-five
2530 hr services over this period although only nine were
recorded on the job ecards. Furthermore, the genset was
removed te the Shingwedzi mechanical workshep between
05/12/86 and 27/02/87 for undisclosed maintenance. This
could have been a 5000 hr major overhaul as recommended by

Stewarts and Lloyds.

The maintenance cost c¢alculated above would therefors
appear to be deceptively low and could more realistically
be estimated at R 10 800,00 or 1,72 RK/hr if the additional
sixteen 250 hr services @ R 208,40 each (R72,00 in spares,
5 hours of work and travelling time and 80 km travelling
costs) and a major overhaul (R1 0O00,00) are included for

the period under considerzation.

- The fuel costs for the average fuel consumption of
1.28 1/hr is 0,983 R/hr based on the current cost of diesel
tc the National Parks Board of 72,8 co/litre.

The o0il consumption cost would be 0,3 c/hr based on o0il
cost of Z,00 R/litre and the recorded 0il consumption of
1,58 ml/hr.
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The total hourly 0O&M cost would be 1,835 R/hr based on the
recorded 0&M costs or 2,65 R/hr based on more probable

assumptions.

The annual Q&M cost for 365 days and an average run time
of 11,1% hr/day (4070 hr/vear) would be R 7 836,50. The
annual 0&%H cost based on the more probable assumptions

would be R 10 7835, 50.

The cost of an attendant to operate the genset and
maintain the fusl tank level hzas not been included in thse

above costs,
5.4.2 Economic evaluation

The economiec evaluation was performed as described in

Section 4.7 based on January 1988 prices.

5.4.2.1 Assumptions on which the economie analysis is

based

The assumptions on which the economic evaluation for the
Woodlands genset-plus system is based are sumnarised

overlesf in Table 5.21
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Table 5.21 : Summary of assumptions for the economic
evaluation of the Woodlands genset-plus

system
System lifetime 7 years
Battery life 5 years
Discount rate 4 %
Escalation rate 0 %
GST 12 %
Genset costs R 14 000
Fuel tank R 150
Battery gharger cost R 1 930
Battery cost R 11 800
Inverter cost R 4 350
Residual batteries value 10 ¥ of initial cost
Planning costs 0 % of installed

system cost

Cost of land R 0

Generator room : R 2 600 \
Battery room cost : R 0

Wiring and switchgear R 150

Battery repl. labour cost R 1G0

Transport to site : R ¥

Installation cost : 3 % of equipment cost
Commissioning cost : 0% of equipment cost
Engineering fees : 0 ¥ of installed cost
Admin. infrastructure cost: 2 000 R/year

Maint. and labour cost : 10 800 R/year

Ave. daily energy output : 16,58 kWh/day

The system lifetime is based on the projected useful
lifetime of the genset. The useful operating lifetime of
diesel gensets is highly variable, depending on such
factors as duty cycle and maintenance. Estimates vary
between 3 000 and 15 000 hours (Fraenkel, 1979; Williams,
1886; McNelis, 19868). Eskenazi et al (1888) have suggested
that 20 000 hours is reasonable for most gensets. Based on
a generous service life of 30 000 hours for a well
maintained engine and an average daily run time of
11,15 hr/day, the system lifetime adopted for this
analysis is seven years. The service 1life of 30 000 hours
was considered attainable because the genset had already

logged 13 000 hours and was in good working order.

The battery at Woodlands is c¢yecled on & daily basis. The
estimated battery life is based on a cycle life of 500
cycles and an annual total of 100 deep cycles per vear.
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& real discount rate of 4% was thought to be reasonable

for the National Parks Board (see Section 5.2.2.1).

The escalation rate of 0% is a mnmeasure of the relative
escalation of energy related c¢osts and the general price

index escalation due to inflation.
Generazl sales tax is due on plant and equipment.

The cost of the genset is for s 7 kVA (electrical) =single
phagse 220 ¥ LISTER 872 diesel genset complete with
bedplate, remote stop/start, exhaust and control panel ex

factary.

The fuel tank cost includes & 45 litre steel fuel tank

complete with fuel lines and diesel filter.

The battery charger cost is the manufacturer’s guoted
price ex-factory for a 368 V 100 A DC charger with

thyristor regulzator.

The battery cost iz based on manufacturer’s quoted price
for eighteen batteries at R 530,00 per RAYLITE 2 IMR 4 ¥

battery {inclusive of lesd surcharge) ex Ffactory.

The planning was assumed to bhe dene by the National Parks

Board and these costs have been omitted.

The land wss assumed not to have cost the National Parks

Board anvthing.

The generator room cost is based on the estimated cost of
a 9 m2 ventilated brick generator room and conecrete genset

foundations,

Az for Jock of the Bushveld and Boulders, the cost of the

8 m2 ventilated battery room was omitted.
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The wiring cost includes the estimated cost of the
switchgear and wiring between the generator room and the

battery room.
No cost has been included for transport

The estimated cost of installation 1is 3% based on the

initial eguipment cost inclusive of GST

No commissioning costs or engineering fees were included.

The estimated annual costs of administrative overheads for
the system was R 2 000 (see Section 5.2.1.5%) and the
estimated annual O&H cost is based on the more probable

O&M costs discussed in Section 5.4.1.5.

The estimated average dally energy output of the system on
which the wunit cost of energy calculation is based was
16,568 kWh/day. This figure 1is the measured average daily
system output during the moniteoring period.

5.4.2.2 Capital costs

The initial capital cost of the system is calculated as

Diesel genset : 14 000,00
Fuel tank : 150,00
Generator room : 2 000,00
Battery charger 1 830,00
Batteries : 11 800,00
Inverter : 4 350,00
Wiring : 150,00
Sub total : 33 180,00
GST : 3 882,00
Installation : 1 115,00

TOTAL : 38 277,00
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5.4.2.3 Operating and maintenance costs

No. of battery replacements : 1

Battery replacement costs (NPV) : 7 923,00

Residual value of batteries (NPV) : ( 806,00) negative
' NPV

Admin. costs (NPV) : 12 004,00

Maint. and labour costs (NPV) : B4 822,00

Overall 0&M costs (NPV) . 76 826,00

5.4.2.4 Lifecyecle cost

Total installed cost 38 277,00

Battery replacement cost : 7 923,00

Residual value S 805, 00)

Total O&M costs 1 76 822,00

NPV lifecycle cost : 122 217,00

Annualized unit energy cost : 337 c/kWh

Figure 5.48 shows the cashflow for the project over the

lifetime of seven years and the annualized unit energy

cost at the end of each year.

In contrast to the PV systems at Jock of the Bushveld and
Boulders, the graph 1illustrates the relatively Ilower
initial costs in year zero for the Woodlands gdenset-plus
system. Similarly the subsequent annual Q&M costs for
years one to seven are relatively high. The battery
replacement cost in the fifth year is 1less than the
individual annual O0&H costs. The unit energy cost line
represents the unit cost of electricity, calculated =mt the
end of each year, based on the totzl number of units
generated up until that time. Agzin, the unit cost of

electricity generated decreases asymptotically to the
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limit which is the quotient of the annual O0&M costs
divided by the annual number of units generated, ie,
179 c/kWh. In practice the operating 1lifetime of the
sSystem sets the unit cost limit which in this case is

337 c/kWh over the seven year lifetinme.
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Figure 5.46 : The estimated cashflow and the estinated
unit energy cost of kWh supplied for the
diesel genset-plus system at Woodlands over
a projected lifetime of seven years

The cost components of the NPV life-cycle cost evaluated

over seven years are

Investment costs : 31 %
0&H costs : B9 %

5.4.3 Summary
The single most important factor which determined the

overall performance of the Woodlands genset-plus system
was the operating regime. Table 5.22 briefly summarizes
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the recorded performance of the Woodlands genset-plus

system.

Table 5.22 : Summary of key indicators of the performance
of the Woodlands genset-plus system

System description : 38V DC/220V AC genset-plus system

Genset rating : 7,0 kVA (5,6 kW) LISTER denset
Battery charger : 36 V 100 A thyristor regulated
Battery storage : 36 V 1180 Ah {(tubular plate)
Inverter rating : 3 kW sine wave

Installed load : 9,00 kW 220 V AC (lights, fridges
Load per person : 3,0 kW stoves, A/C, etc.)
Peak load : 1,85 kW

Ave. load : BBS W

Load factor : 0,37

Ave. LED : 16,56 kWh/day

LED per person : 5,52 kWh/day

Ave. genset eff. : 14,3 %

Hax., genset eff. : 19,5 %

Ave. genset output : 2,05 kW
Max. genset output : 3,29 kW

Ave, cap. factor : 0,30
Ave. run time : 11,15 hours/day
Ave. fuel cons, : 1,42 1/hour (620 g/kWhe)

Batt. charger eff.: 83 %
Ave. charge current: 38 A
Ave .depth of disch.: 30 %
Battery Wh eff. : 71 %
Ave. inverter load : 730 W
Max. inverter load : 1,85 kW
Ave. inverter eff. : 64 %

Overall system eff.: 8,7 % (average)

Ave. Q&M costs : 1,72 R/hr

Ave. fuel costs : 0,93 R/hr

Installed cost : R 38 277,00

Batt. repl. cost : R 7 923,00

0&HM costs : R 76 822,00 s

NPV life-cyele cost: R 122 217,00

Unit energy cost : 337 c¢/kWh

The underlying rationale on which the genset-plus concept
is based is the reduction of running costs of the genset
by increasing the average genset capacity factor by the

introduction of an energy storage reservoir. The evidence



161

accumulated over the brief period of recorded data
indicates that the coperating regime is based purely on the
elimination of neise at night regardless of fhe operating
efficiency of the oversll svstem. The genset is started at
dawn and switched off at dusk regardless of the energy

flows zcross the battery,

Cptimum operasting efficiency would be achleved by
increasing the manually adjustable battery charge current
from 38 A to the maximum recommended charge current for
the batteries, (98 A in the case of the RAYLITE batteries
installed), and operating the genset for approximately
five hours per day, at an average capacity factor of 80%,
until the batteries sare fully charged, befeore shutting
down the genzmet. The wheles cocyecle would be repested as soon
a3 the battery state of charge fell to aspproximately 40%
ie, roughly 23 hours later.

The overall operating regime should therefore be
determined by the charge/discharge ovele of the battery.
Ideally the system should be controlled automatically
(with a manual ovsr-ride Tacilityd, on  the basis of the

battery veltage under charge and dischavge,

Despite the inefficient opersting regime, the system is
egsentially correctly sized and the system components are

well matcohed,

The 3 k¥ sine wave inverter is appropriastely =ized ¢to
supply the average load power demand of 730 ¥ and in
addition provide sufficient capscity to start and run AC
motors in the househeld appliances. The averages inverter
gfficiency of 84% is tolerably good for this compromise. A
nore sophisticated multi-stage inverter would =zaccommodats
the swkward range of load power demands 2t & higher

average efficiency but at a8 higher initial cost.

The 13180 Ah nominal coapacity batteries gre sized to

provide between 0,8 and 1,85 days of autonomous operation
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baged on 8 maximum depth of digcharge of 80% and the
variation in the load energy demand of between
10,5 k¥Wh/day and 23.7 kwh/day. Based on the naximum
recommended charge current of 98 A, to prevent overhezting
and excessive gassing, the average charde time would be
approximately five hours. In practice the batteries
appeared to have been abused and displayved signs of
deterioration, {(ie. & Wh efficiency of 71%). Anscdotal
evidence indicated that they had stood unattended for over
8 vear before being commissioned at Weoodlands. The battery
capacity would almest certainly have been reduced by such
an  extended pericd of disuse. In addition the lack of
evidence of egualizing charges or battery maintenance
implies a lack of basic care for this essential component

in the genset-plus system.

The 100 A 36 V  Dbattery charger 1is ideally sized, but
under-utilized, for the 88 A maximum charge current
specified for the batteries. It operated at an average
efficiency of 93% at an aversage charge current of 38 A& and
functioned well in the constant current/constant voltage
mode, as demonstrated over the protracted 38 hour charging
period. In practice the battery charger should have heen
operated at the optimal recommended maximum charge current
of 98 A instead of at the less efficient rate of 38 A.

The 5,8 k¥ 7 kVA LISTER 8T2 diesel genset ig well sized
for the combined power demand of the battery charger at
full 100 A rated charge capacity and the load power demand
of the household sappliances. The unnecessarily long
cperating hours at a low capacity factor of 0,3 (due to
the low charge current setting on the battery 6harger),
contribute to the high average specific fuel consumption
of 820 g/kWh and low average operating efficiency of
14,3%.

Overall, the systenm could meet the electricity
requirements of the ranger’'s camp for 2 lower unit cost
than the current cost of 337 c¢/kWh, and accomplish it with
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less noise, if more efficient utilizstion were made of the

existing plant.

5.5 Shingwedzi

The technical sand economic evalustion of the two 380 ¥
three phase 2285 kVA and 250 kVA diesel gensets installed

at Shingwedzi iz based on

- handwritten logbooks of the hourly instantansocus power
output of the two gensets for the period 13/01/886 to
30/08/,87.

- "Hotorveoertuiglogstaat® fuel and oll consumption logs
for the period January 18986 to September 1887,

~ Maintenance job cards for the work done to ths gensets
aover the period January 1883 to November 1887.

- Accommodation datas ag recorded by the tourism

administration at Shingwedzi.
2.5.1 Technical evaluation
5.5.1.1 Svatem lozd curves and load energy demand

Baged on the log of the hourly power output for the one
vear period between 01/09/88 and 01/10/87 the maximunm,
minimum, and the gverage hourly power oubtput were
caleulated and are tabulasted in Table 5.23.

The system load factor was 0,43 based on the average daily
load power demand of 108,868 k¥ and the maximum recorded
load power demand of 255 kW at 18h00 on Saturday 11/10/88,
The minimum recorded load power demand was 40 k¥ st 03h030
and 04h00 on Fridsy 18/06/87. The total installed load
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power demand of the system loads is 454 kW which

an average load diversity factor of 23,9% and a

and minimum of 56,2% and 8,8% respectively.

reflects

maximum

Table 5.23 : Tabulated load power demand for Shingwed=zi
over the 385 day period between 01/09/88 and

01/106/87
Time Average Haximum Minimum
power power power

(00h00O) (kW) (kW) (kW)
01h00 74,386 140 45
02h00 71,62 135 45
03h00 70,00 120 40
04h00 70,12 125 40
05h00 74,58 135 45
06hG0 105,73 200 355
07h00 130,31 195 80
08h00 131,37 200 85
0sho0 124,84 195 80
10hL00 116,20 185 75
11h00 115,44 195 75
12h00 120,77 185 75
13h00 120, 56 200 73
14h00 118,43 230 70
15h00 117,13 215 85
16h00 118,73 215 65
17h00 124,98 225 70
18h00 147,88 255 80
19h00 147,16 240 g0
20h00 132,11 240 75
21h00 115,98 210 55
22h00 96,04 180 55
23h00 82,51 150 50
24h00 77,55 145 45

Figure 5.47 shows ‘the load curves for the annual

hourly load power demand as well as those of the ,monthly

average hourly leoad power demand

1886), and winter,

(June 1887).

for summer,

average

(December



165

Load power demand (kW)

T 0 — ; S— .

0 4 8 12 16 20 24
Time of the day (hours)

- December 1988 =--- June 1987 — Average

Figure 5.47 : Load curves of the annual average hourly
load power demand and the ronthly average
hourly demand in summer and winter For
Shingwedzi

The system load curves exhibit two peaks of about 135 kW
between 07h00 and 08h00 and 130 kW to 180 kW between 18h00
and 19h00. The annual average base load is approximately
70 kW. A further characteristic of the load power demand
illustrated by the c¢urves in Figure 5.47 1s the contrast
between the summer and winter hourly average loads. The
summer load curve exhibits a base load of approximately
85 kW as opposed to a winter base load of approximately
60 kW, The early morning peak of approximately 135 kW
between O07h00 and 08h00 is similar in magnitude and
timing, but the increased load power demand due to air-
conditioning 1is clearly evident from 10h00 onwards and
during the night. The evening peak of approximately 163 kW
at 19h00 in December is 30 kW greater and displaced one
hour later than the evening peak of 130 kW between 18h00
and 18h00.
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The average daily load energy demand for December and June
were 2844 kWh/day and 2257 kW/day respectively.

The monthly averages of the daily load energy demand and
average capacity factor per single set are tabulated in
Tahle 5.24.

Table 5.24 : Monthly averages of the daily load energy
demand and monthly average capacity factor at
Shingwedzi for the 365 day period between
01/08/86 and 01/10/87

MHonth Average Average
monthly capacity
LED factor
(kWh/day) (%)
Oct 86 2638 0,38
Nov 86 2518 0,55
Dec 8B 2844 0,62
Jan 87 2691 0,589
Feb 87 2837 0,62
HMar 87 2784 0,61
Apr 87 2999 0,66
Hay 87 2418 0,53
Jun 87 2257 0,49
Jul 87 2547 0,58
Aug 87 2523 0,535
Sep 87 2398 0,33

The average daily load energy demand was 2805 LkWh/day
varying between a maximum of 4130 kWh/day on Monday
08/06/87 and a minimum of 1995 kWh/day on Wednesday
28/10/86.

The average daily load energy demand for each month is

plotted in Figure 5.48 for the year under consideration.
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Figure 5.48 : Monthly average daily load energy demand for
Shingwedzi for the 385 day period between
01,/09/86 and 01/10/87

The annual variation in daily load energy demand is large
and appears to be a function of the combined factors of
occupancy of the camp and air-conditioning 1load, ({and
hence ambient temperature). This observation is supported
by the lack of a direct correlation between camp
occupancy, in terms of tourists or in terms of huts, and
the daily load energy demand, as 1illustrated in
Figures 5.49 and 5.950.

Based on the schedule of loads installed at Shingwedzi as
listed in Appendix C.4, the calculated load energy demand
for daily use patterns increases from 2376 kWh/day, for
reasonable patterns of 1load usage, to 4240 kWh/day by
increasing the air-conditioner usage from 5 hr/day to
18 hr/day. |
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Figure 5.49 : Graph of the daily load energy demand vs the
number of tourists accommodated in the camp
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Figure 5.51 shows a frequency distribution of the daily
load energy demand for the vear.
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Figure 5.51 : Freguency distribution of the daily load
energy demand over the 385 day period
between 01/09/86 and 061/10/87 for Shingwedzi

3.5.1.2 Performance of the two Shingwedzi diesel gensets
9.5.1.2.1 Operating considerations

The two gensets installed in the Shingwedzi power  station
are CAT D3406 sets, one 225 kVA/180 kW turbocharged set
and one 250 kVA/200 kW set with turbocharger and
aftercooler. They are identified by their National Parks
Board serial numbers, K16 and K125 respectively. The sets
operate on alternate days, providing a duty and standby
capacity. The sets have short term standby ratings of
200 kW and 240 kW for brief overload capacity.
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In practice, the standby set is operated in parallel with
the duty set for periods when the load power demand
exceeds the continuous rated power output of the dutvy set
ie, 180 kW and 200 kW respectively for K18 and K125. A
full-time power station operator is emploved to ensure the
smooth operation of the plant and maintenance of the

hourly power station log records.

Based on the figures recorded on the maintenance Jjob cards
over a pericds of B42 and BB88 days, the average daily run
time for the sets was calculated to be 20,6 hr/day and
21,1 hr/day for K125 and K16 respectively. Based on the
genset loghooks kept by the power station sttendant, thess
figures sppear to be an under-estimate. Each set runs for
at least 24 hr/day and scmetimes more if the load power
demand of the camp exceeds the maximum continuous power
rating of the duty =set. The diserepancy between the
calculated run time and the observed run time in the power
log books would be accounted Ffor by an uncertainty of
5,04 in the engine hour meters resulting in an
uncertainty in the cgaleculated daily run  time of
4,3 hr/day. '

The gensets had operated for 23 550 #1200 hours by
30/10/787 (K18) snd 15 895 800 hours by 03/11/87 (K125)

according to the ieb card records.

Based on the fuel and oil consumption logs for the 21
month pericd between January 1886 and October 1887, the
fuel consumption for K16 and K125 was 35,8 £2.,1 1/hr and
35,1 22,2 1/hr respectively. QOverazall the average specific
fuel consumption was 285 g/kWh. The 0il consumption was
0,25 *0,025 1/hr for K16 and 0,28 %0,032 1l/hr for K125.

The rated fuel consumpticon for K18 is 31,77 1/hr @ 50%
load ri=zing to 43,17 1l/hr @ 75% 1leoad. The rated fuel
consumption for K125 is 31,48 1/hr @ 50% load rising to
44,21 1/hr @ 75% load. By linear interpolation the fuel
consumption at the aversage load of 58% of full rated
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capacity is 35,27 l/hr and 35,37 1/hr for K16 and K125

respectively.

The oversll annual averzge efficiency of the Shingwedzi
power station gensets was 34,4 13,9% based on the recorded
daily run times, fuel consumptions and the average daily

load energy demand of 2805 kWh/day.
5.5.1.2.2 Haintenance considerations

The complete record of maintenance performed on  the
Shingwedzi CAT sets is presented in Appendix G. The
mzintenance record is based on the job cards completed by
the diesel fitter over the B42 and 6868 day periods for
K125 and K18 respectively.

The CAT sgents, (Barlows Product Support Dept.), recommend
230 hour serviece intervals for lightly loaded enginss but
125 hour service intervals are recommended for engines
running at the duaty required at Shingwedzi. In addition
the engines vrveguire = major service at 1000 hour
intervals. The maintenance schedule that appears to have
been adopted at Shingwedzl, as borne out by the job card
records, is based on service intervals of 1235 hours, 250

hours, 500 hours and 14800 hours.

A 125  bhour service would include change of oil and fuel
filters and oil and checks on air clesners, fluid levels,
radiator, hoses etc. The 1000 hour service includes
adjusting the tappet elearances in  sddition to the

125 hour service requirements, ;

The estimated wmaintenance cost in terms of labour and
spares for the two Hensets over the 21 month period
between January 1886 and October 1887 was R 31 847,00 for
El8 and R 24 757,00 for EKl125. These figures eguate 0o
4,52 B/hr and 3,74 R/hr respectively and sre based on  the
maintenance work recorded on Jjob cards and labour cost of
22,00 R/hr. .
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The estimated fuel cost for the gensets is between
25,89 R/hr and 25,57 R/hr based on the cost of diesel to
the National Parks Board of 72,8 c¢/litre and an average
fuel consumption of 35,57 litre/hr for KiB and
35,12 litre/hr for K125. The estimated oil cost would be
0,55 R/hr based on a oil cost of 2,00 R/litre and an

average oil consumption of 0,275 litre/hr.

The cost of twe power station operators is estimated to
cost the National Parks Board approximately R 24 (000,00
wper yvear, ie. 2,74 R/hr.

The overall average (&M cost would be between 33,70 EAhr
for K16 and 32,60 R/hr for K125.

For a combined aggregate average daily run time of
24,3 hr/day the annual 0&H cost for the Shingwedzi power
station is R 294 024,00.

5.5.1.2.3 Availability

One major mechanical failure was recorded in the Job
cards. A cracked No.2 "piston chamber” on K186 on 07/03/86
resulted in water contamination of the crankease coil and a
loss of power. The set was shut down at 17855 for repsirs
which put the set out of commission for two davs. Power
availasbility appeared not to have been affected thanks to

the standby capacity of K125,

The configuration and sizing of the Shingwedzi diesel
gensets contribute to an overall installation with an
inherently high degree of reserve capacity and
availability. The gensets are each capable of meeting the
load power demand for 88% of the time, sllowing a generous
degree of flexibility for routine maintenance and

breakdowns, as illustrated ashove.

There was one recorded power failure of 15 wminutes
duration between 20h00 and 21h00 on 04/04/87 when K18 was
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providing the 1load. The 1load was taken up by K125, on
standby, and the fault on X186 was investigated. As no
faults were detected on K185, the failure was attributed to

cperator error.

5.5.2 Economic evaluation

The economic evaluation was based on the annuity method
described by Fink and QOelert (1885) as discussed in
Section 4.7.

5.5.2.1 Assumptions on which the economic analysis is

based

The assumptions on which the economic evaluation for the
Shingwedzi twin genset system 1s based are summarised in
Table 5.25

Table 5.25 : Summary of assumptions for the economic
evaluation of the Shingwedzi twin genset
systemn

System lifetime : 15 years

Discount rate 4 %

Escalation rate : 0 0%

GST : 12 %

Genset costs : R 172 000

Exhaust costs H 3 600

Fuel tank : R 4 000

Planning costs : 0 % of installed
system cost

Cost of land R a

Generator roon R 20 006G

Wiring and switchgear R 1 000

Transport to site R 0

Installation cost 3 % of equipment cost

Commissioning cost : 1 % of equipment cost

Engineering fees : 4 % of installed cost

Admin. infrastructure cost: 5 000 R/year

Maint. and fuel cost : 294 000 R/year

Ave. daily energy output : 2605 kWh/day

-

The system lifetime 1is based on the projected useful

lifetimes of the gensets. Based on a service 1life of
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g0 009 nours  and  &n average daily runn time of
12,153 hr/day, the system 1lifetime adopted for this
analysig is fifteen vears. The sets had zalready eclocked
18 000 and 24 000 hours respectively and were thought to
be in sound eoperating condition. The estimated lifetime of
60 000 hours is generous but not unattainable for these

large sets.

4 real discount rate of 4% was thought to be reasonzble

for the National Parks Board (see Ssction 5.2.2.1).

The escaslaticon rate 18 a measare of the relative
egralation of energy related costs and the general price

index escalztion due to inflation.

General sales tax of 124 i=s due for plant and egquipment.

The cost of the 225 kVA (electrical) three phase 380 V CAT
D34068T and 250 kVA CAT D3406TA diesel gensets includes the
CAT SE4 generators, bedplates and control panels ex
factory.

The exhaust costs are for two exhaust stacks and silencers

ex factory.

The cost of a2 4500 litre steel fuel tank inciudes fuel

lines and diesel filters.

The planning was agssumed to be done by the National Parks

Board and these costs have been omitted.

The land was assumed not to have cost the Natiocnal FParks

Board anything.

The estimated cozst of the 60 m? wventilated brick generator

room and concrete genset foundations is R 20 000.

The cost of the switchgear and wiring in the generator

room was estimated at spproximately R 1 000,
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No cost has been included for transport of equipment to
site.

Estimated cost of installation of 3% 1s based on the

initial egquipment cost inclusive of GST.

Estimated cost of ccmmissioning a large system such as

this is 1%, based on the initial equipment cost inclusive
of GST.

Estimated cost of professional fees for engineering design
and project management for a large project is 4%, based on

the total installed project cost.

The estimated costs of administrative overheads and annual

0&MH cost for the system are discussed in Section 5.2.1.5.
The estimated average daily system energy output on which

the unit cost of energy calculation is based 1is the

calculated average daily system ocutput based on the hourly
data logs.

5.5.2.2 Capital costs

The initial capital cost of the system is calculated as

Diesel gensets : 172 000,00
Exhausts : 3 600,00
Fuel tank : 4 000,00
Generator room : 20 000,00
Wiring : 1 000,00
Sub total : 200 608,00
GST : 24 072,00
Installation : B 740,00
Commissioning : 2 247,00
Engineering fees : 8 987,00

TOTAL : 242 646,00
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5.5.2.3 Operating and maintenance costs

Admin. costs (NPV) : 55 582,00
Maint. and labour costs (NPV) : 3 268 806,00
Overall 0O&M costs (HNPV) : 3 324 388,00

5.5.2.4 Lifecycle cost

Total installed cost : 242 646,00
Residual wvalue : 0,00
Total 0O&H costs : 3 324 388,00
NPV lifecycle cost : 3 b7 034,00
Annualized unit energy cost 5 33,7 c/kWh

The cost components of the NPV life-cyele cost evaluated

over fifteen years are

Investment costs : 7T %
Q&M costs : 893 %

Figure 5.52 shows the cashflow for the project over the
lifetime of fifteen years and the annualized unit energy

cost at the end of each year.

In contrast to the two PV systems at Jock of the Bushveld
and Boulders and the genset-plus system at Woodlands, the
graph shows that the annual O&HM costs for the system 1is
greater than the initial capital costs in year zero. The
unit energy cost line represents the unit cost of
electricity, calculated at the end of each year, based on
the total number of units generated up until that time.
Again, the unit cost of electricity generated decreases

asymptotically to the 1limit which is the quotient of the
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annual O&M costs divided by the annual number of units
generated, ie. 31,4 c/kWh.

In practice the operating lifetime of the system sets the
unit cost limit which in this case is 33,7 c¢/kWh over the

fifteen year lifetime.
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Figure 5.52 : The estimated cashflow and the estimated
unit energy cost of kWh supplied for the
twin diesel genset system at Shingwedzi over
a projected lifetime of fifteen years

5.5.3 Summary

Table 5.28 overleaf, briefly summarizes the key
performance characteristics of the Shingwedzi twin genset

installation.



178

Table 5.26 : Summary of key indicators of the performance
of the Shingwedzi twin genset system

System description : twin 225 kVA/250 kVA gensets

Genset rating : 180 kW/225 kVA and 200 kW/250 kVA
Installed load : 454 kW 220 V AC (lights, A/C, hot
Load per person : 780 ¥/person water, admin. etec)
Peak load : 255 kW
Ave. load : 109 kW
Load factor : 0,42
Ave. div. factor : 0,24
Ave. LED : 2B05 kWh/day
Max. LED : 4130 kWh/day
LED per persocn : 11,3 kWh/day (average)
: 18,0 kWh/day (maximum)
Ave. genset eff. : 34,4 %
Ave. cap. factor : 0,48-0,66 (menthly averages)
Ave. run time : 24,3 hrs/day (duty set + standby)
Ave. fuel cans. : 35,4 l/hour (285 g/kWha)

Overall system eff.: 34,4 % (average)

Ave. 0O&M costs : 4,13 R/hr
Ave. fuel costs : 25,7 R/hr
Installed cost : R 242 646,00
O&M costs : R 3 324 398,00

NPV life-cycle cost: R 3 567 034,00

Unit energy cost : 33,7 c/kWh

The 225/250 kVA twin genset installation at Shingwedzi is
a very well optimized system that is ideally matched to

the electricity requirements of the tourist camp.

The relatively high load factor of 0,43 coupled to the
load diversity and inertia in the instantaneous load power
demand enable the twin genset system to operate at more

optimal monthly average capacity factors of between 0,48
and 0,66.

The system achieves high capacity factors and a high
degree of standby security by virtue of the alternating
roles of the two gensets, which ultimately minimize the

operating and maintenance costg at the relatively



178

ingignificant price of increased initial capital costs.
Each genset is capsble of meeting 98% of the typiecal daily
load power demand while the other is on standby or

undergoing maintenance.

The bepnefits of economies of scale Tor diesel gensets are
demonstrated by the relatively low unit energy cost of
33,7 ofk¥h for the Shingwedzi installation. Despite the
running coests being =2 high propertion (83%) of the
lifecvecle costs, this well meintained system confirms the
viability of diesel gensets for larger cff-grid

electricity requirements.



CHAPTER 5IX

DISCUSSION

The purpose of the monitoring project deseribed in  this
thesis, and the technical and economic evaluation of the
four RAPS in the Eruger Nationsl Park, was to more fully
underastand the overall systen performance, syvsien
dvnamics, gperating regimes, component matching and the

actual system efficiencies of off-grid power systems.

The imnmediate benefits of this empirically hased
understanding would be improved design of off-grid power
systens resulting in mnore economiczl svstems and  an
increaszsed awvareness amongst engineers and institutional
organizations of the relative merits of PV, gensetzs and

genset-plus svstems in the Socuthern African context.

Most design and sizing procedures for BAPS reguire some
bagic agsumnptions regasrding z range of anticipated
operating parameters such as PV nodule efficiency and
oparating temperature, battery efficiencias, voltage
regulator, inverter and DC/DC converter effiencies, load
factors etc., This groject beging to provide an smpirical
basis, in the form of recorded operating parameters,
summarized in Tables 5.8, 5.16, 5.22 and 5.28, for wmaking
thege assumptions. In addition the reaslistic econonic

evaluation of these four svstems begins to furnish a frame
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of reference for assesing the cost of off-grid electricity

for a range of technologies and electricity demands.

The format of the discussion below is one which first
comments on some genersal technicsl and gconomic
implications of the configuration and design of off-grid
electrical power supply svystems, before discussing more
specific aspects system design in the light of the
analysis and findings for the PV, diesel and diesel

genset-plus systems investigated in this project.

6.1 PHOTOVOLTAIC SYSBTEMS

The 800 ¥y AC PV system at Jock of the Bushveld and the
3360 Wp DC PV system at Boulders are two contrasting
examples of an older, poorly optimized, {(and consequently
nore expensive), AC PV design and =8 newer, better

engineered DC PV system which was operating at 20% of the

cost of the former systen.

As highlighted in Section 5.3, the predominant source of
system inefficiency in the Jock of the Busveld AC PV
system is the gross oversizing of the 3 kW square wave
inverter for the installed load rating of 420 W. In
practice the load demand ocharacteristics of the high
efficiency AC light fittings sare well defined and easily
measured, (Appendix cC.1; Section 5.2.1.25, and
conseguently the correct siging of the inverter should not

have been difficult.

Overall, an AC PV system for Jock of the Bushveld could be
substantially smaller, more efficient and supply the
required pover at a lower delivered unit energy cost if it
were sized and designed te incorporate & more efficient

and better matched inverter.

The other salient feature of the overall performance of

the Jock of the Bushveld AC PV system is the extent of the
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battery degradation, which waz manifested in the low
recorded watt-hour cvele efficiency of B8%. The svstems’
match between the PV array, voltage regulator and the
battery would also be more optimal than the recordsd 3-12%
pewer losg if the battery were in 2 sound operating

condition,

The essentially sound design but conservative sizing of
the DC PY  system at Boulders iz  highlighted in
Section 5.3.3. The 1losd demand characteristics are less
wall defined than for Joock of the Bushveld, {4ppendix C.Z,

Section 5.3.1.2).

The main source of non-optimzality in  this sysiem iz the
apparent mismateh of the array asnd the averasge daily load
power denmand from the battery recorded over the monitoring
period. Both the sizing of the asrray with respect to the
load energy demznd, snd the matching of the battery
charging voltage and the optimum operating voltage of the
array at elevated operating srray temperatures, could bbe

opbtinized to increase the overasll efficiency of the

- systen, (Section 5.3.1.3.53.

The specification of = spaller battery cspacity and
smaller array peak watt rating, and the configuration of
the syvstem as a B4 ¥V {(nominal) svsten, {(to improve the
syvastem matching hetween the optimum operating voltage of
the array and the asverage bDattery charge voltage), with 372
cells and 84 V/ 12 ¥V DC/DC convertesrs vould ssem to  have

been mechsnisms for optimizing the svstem.
6.1.1 General comments on PY svystem components

& brief discussion of the baszic components in PV off-grid
power supply systems is offered in the light of the
avaluation of the AL PV svstem st Jook of the Bushveld and
the DC PV sgystem at Boulders., Detailed discussions of

these components are found elsewhere in standard texts.
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6.1.1.1% P¥ modules

The average efficiencies of the PV arrays were between 807
and 807% of the quoted module efficiency depending on the
temperature, insolation and prim=arily on the gperation of
the voltage regulator. The overall reduction in effective
conversion effiency is due to module mismateh within the
array due to manufacturing tolerances, inter-module

connector losses and dust zccumplation.

The module costs were approximately R 18/¥Wp. The array
costs represent  53% and B0Y of the installed costs and
this high proportion of the installed costs emphssizes the

need to reduce the peask watts reqguired for the systen.
Ho module failures had been recorded.

The matching between the PV array optimum operating
voltage and the average battery charging voltage must be
optimized for operating conditons ranging from 400 ¥/m2 @
252C to 1000 W/m2 @& B60<C. The power losses inferred from
Figures 5.11 and 5.23 vary between 3% at high array
temperatures and high 1legvels of insclation to as much as
35% at low array temperatures and low levels aof

insolation.

The array should be angled =c as +to optimize the power
cutput for the cecritical menth(s). The implications of

tracking array supports were noit considered in this study.

The module temperatures varied from ambient teo as high as
82=2C. The average module temperatures were 29,2°C at Jock
of the Bushveld and 33,1eC at Boulders. The generally
higher module temperatures st Boulders are due to : i) the
fact that the Boulders array is one large 7,0 m x 6,3 m
heat transfer surface compared to the three smaller 1,2 m
X 2,4 m sub-array surfaces at Jock of the Bushveld; ii)
the Boulders array is mounted on a battery room and

tharefore has very 1little air cireculation behind the array
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compared to the free-standind sub-arrays at Jock of the
Bushveld: iii) the Boulders array is tilted at
spproximately 102 less to the horizontal than the arrav at
dJock of the Bushveld which increases the effective arean
under +the high summer sun; ivy the Boulders array was
often in open circuit and therefors not dissipating =any
incident radiant energy intg the battery, unlike the Jock
of the Bushveld array which was never in open circuit due

to the voltage regulator having been bridged out.
8§.1.1.2 DC power conditioning equipment

The nse of maximum power point controllers to optimize the
arrav/battery voltage match was not considered in  this
zstudy although it would appesr that the added complexity
and potential for reduced reliability outweigh the
immediate benefits of reduced power loss due to  poor
natching for small syvstems. Careful selecticn of the array
modules and the babttery veoltage could reduce potential
power losses to 2 minimum and aveild the complexity of DC
power conditioning equipnent except for =a voliage

regulator.

The voltage regulator should operats as a3 boost/trickle
charge device with an override for equalizing charges. The
boost/open circuit type of voltage regulator at Boulders

iz not an optimal device.
§.1.1.3 Storage batterien

The sizing and selection of the batteries is vital bescause
they represent a significant proportion of the initial
costs, {(20%), as well as the operating costz, (12-30%),
over the syvstem lifetime. Correct zizing weould ensure the
reguired degree of avtonomy and rapid recharge rate
combined with the maximum opersting life of the cells.

The apparent loss of capacity and the asscciated reduction
in the watt-hour efficiency from 85% to BBY of bha battepry
bank st Jock of the Bushveld are proof of the need Ffor
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effective battery protection by the voltags regulator and

the inverter and the need for effective maintenance.

6.1.1.4 Inverters

The cost of poor inverter sizing has been shown in
Sections 5.2.2 and 5.3.2. The sizing and specification of
inverters must be based on the operating efficiency at the
anticipated load power demand levels. The efficiency of
the sguare-wave inverter at Jock of the Bushveld was 45%
operating at an average capacity facter of 8,03 whereas
the sine~-wave inverter at Woodlands was gpersting at an

efficiency of 64% for an average capacity factor of 0,24.

The gquality of the AC waveform regired by the loads
impacts on the initial 'cost of the inverter and the
complexity and efficiency of the inverter and the minimunm
load requirements should be established before specifying

an inverter.

The problem of low inverter efficiencies can be mitigated

by the use of multi-stage or multiple dedicated inverters.

£.1.1.5 DC/ADC converters

DC/DC converters should only be considered for
applications with low power, high efficieney 12 V {(or
24 V) loads that are dispersed such as at Boulders. For
most applications wherse transmission is reguired AC

inverters are generally more cost effective.

6.1.1.8 Haintenance

The maintenance requirements of PV systvms are essentially
battery maintenance in the form of monthly equalizing
charges, electrolyte replenishment and recording of the
specific gravity; inspections of the wiring and periedic

cleaning of the array.
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§.1.2 PY systen design

Hany design and sizing technigues for PV systems are
available. Some sizing and design techniques for PV

systems are briefly discussed in Appendix I.

In contrast to the the configursticon and design of small
PV svstems by individuszals or small companies, as described
elsewhere in this thesis, the design of large MW, PV
systemns, similsr to that required for Shingwedzi, would
typically be undertaken by consultants snd regearch
eztablishments in c¢o-operation with PV manufacturers.
Appendix I therefore includes some design considerations

for large PV gsvstems.

Ultimately any effective and realistic PV system design
method should be based on & statistical analvsis of the
loss of power probability evalusted in terms of

statistical weather data and component relisbility dats.

§.1.3 Optimal PV system designs for the Kruger National

Park sites

For the purposes of investigating the techniecal and
economic viability of PV svstems for off-grid power supply
for a range of applications, four optimal PV svstems ars
sized using the Jet Propulsion Laboratories method
propoged by Borden et al (1984), which is elaborated on by
Miller (1987) and in Appendix I.

6.1.3.1 Jock of the Bushveld
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Load energy demand and load curve

The daily load energy demsnd for a load comprised
exclusively of lighting iz esxpected to vary throughout the
vear as the number of davylight hours vary., The annuzal peak
daily load ensrgy demand would bes expseoted in June/July
due to an increased lighting demand and acoordingly the
average dalily load snergy demand of 1,15 kib/day would
increase by 10~-15% ie. 1,271,322 kWh/desy corresponding o
an average load of 100 W for 13 hours per day between dusk

and dawn.
Sygterm configuration

The PV svstew st Jock of the Bushveld need not necessarily
have besen an alternating current (AC)Y svstem. The lighting
requirements of the camp, comprising 24 lights and a total
load of 418 ¥, could be met with 12 V DC light fittings
zimilar to theose specifisd for Boulders. Paul (1881
suggests  that 12 v BC equipment iz optimal for
instellaticns such as this where the maxirum demand does
not excesed 1 kW and the dailly load energy demand is less

than 3 kWh/dav,

However, the electrical transmission losses For a 12 ¥
systen introduced by the dispersed layout of the camp
would be unzcceptable and a& higher voltage transmission
line would be reqguired. The sdditional use of small,
dedicated inverters or DC/DC converters similar to  those
at Bouldeys would improve the overall average efficiency

of conversion ar inversion.

An alternative would be to have small dedicated 12 V DC PV
syvatems for each hut. Thiz option could be economicsally
viable (Hiller, 18987) and would also incresse the
diversity of the power supply and overall power
svailability to the users at the expense of Fflexibility
and the benefits of reduced ADMD {after diversity maxinuam

demand).
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The night-time lighting loads at Jock of the Buszhveld and

the need for azutonomy under overcast conditions reguirse

bathery storage.

Theoretical systesn sizing and design

For comparison, a PV system was sized for Jock of the
Bughveld, basgsed on measurved load zand component performance
data, te meet the maximum projected winter daily load
gnergy demand of 1,32 kWh/day with daily glebal radiation
in June of 20,0 HI/n2/dayv incident con an array tilted at
30e, (Table 5.2). A =zimilar AC PV configuration was used
for the comparison. The procedure adopted is using the JPL
sizing methodology deseribed by EBorden, et al (13343
{Appendix I3. The svystem specifications and lifecvcls
cogsts for the existing system zre presented together with
the more optimal design in Table 8.1. The basio
assumptions in Section 5.2.2 are used throughout for the
economic evalustion execept that the annuzal 0&H cost  is

estimated at 1% of the installed cost.

The 71% reduction in the annualized unit energy cosi is a
reflection of the cost associated with poor component
sizing asnd low component operating efficiencies. The cost
reduction is due teo the 35% reduction in the pezk PV power
regquirement, the 73% reduction in battery storage capacity

and the 87% reducticn in KNPV mzintenzance znd labour costs.

The same tubular plate type of batteries were considered
in the optimized system as those installed at Jock of ths
Bushveld, ie. 250 R/kWh.
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Table 6.1 : Comparative table of existing and optimized AC
PV system specifications for Jock of the

Bushveld
System specifications Existing Optimized
design design
Load energy demand 1,32 kWh/day
Design insolation 20,0 MI/m2/day-
Module efficiency 8,97 10,0 %
PV cell temperature 47,0 47,0 =C
Voltage reg. eff. 83 85 X
Battery efficiency (BB)LC11] 85 %
Depth of discharge 12 60 %
Battery voltage 36 36 V
Inverter efficiency 45 0 %
Peak array power 792 503 Wp
Array area 8,82 5,31 m=2
Voltage reg.rating 30 17,5 A
Battery capacity 580 157 Ah
Inverter rating 3000 420 W
Days sutonomy (1)C=23 1,8 days
Battery charge time* 4,5LC21] 1,7 days
Admin. costs 200 200 R
Maint.& labour 1 800 140 R
Installed system cost 28 870 13 9560 R
Battery repl. cost 3 230 886 R
Battery residual wvalue (242) (64) R
NPV 0&M costs 27 183 4 613 R
NPV lifecycle costs 59 081 13 380 R
Unit energy cost 1 035 296 c/kWh

(131 actual recorded efficiency
C2] estimated actual autonomy for deteriorated batteries

£33 for nominal initial capacity
* based on a minimum state of charge of 40%

6.1.3.2 Boulders
Load energy demand and load curve

The fifteen month record of daily DC/DC converter ampere-
hour energy demand at Boulders shows the annual wvariation
of the daily 1load energy demand (see Figure 5.21). The
peak demand is in summer between Qctober and February. In

practice the critical month for a PV array would be
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Hovember when the incident global s=solzar radiztion is
18,40 MI/m2/day on a surface tilted at the optimum angle
of Z0e teo the horizontal, (Table 5.2), and the estimated
load energy demand is 5,56 kWh/day for the 12 V DC loads.

System configuration

The configuration of the Boulders DC PV svstem was well
conceived. Battery storage iz necessary for autonomy on
sunless days and Ffor the refrigeration and ventilation
loads which operate 24 hours per day and the lighting
loads which operste at night. The use of 2 "high” voltage
80 ¥V DC transmission line connected to seven dedicated,
load sensing DC/DC converters which supply efficient 12 ¥
DC appliances 1is an effective means of  reducing
transmission logsses, increasing the overall DC/BC
conversion efficiency (by operating individual units at
high capacity factors), and minimizing the probability of
a total blackout in the camp. In effect the system could
egqually well have had seven 60 V DC to 220 V AC dedicated
inverters coupled to high efficiency 220 V AC applisnces.
The inverters would need to be sine wave or guazi-sine
wave devices with overload capacity to start the fridge
and freezer comppressor notors. The possible advantages of
220 V AC sppliances being cheaper and more freely

availiable have not been eongidered in the evaluation of

the Boulders svsten,

The typical operating efficiencies of inverters and DC/DC

converters are similar,
Theoretical system sizing and design

Similarly as for Jock of the Bushveld, a correspondingly
optimized DC PV system was sized using the JPL method for

comparison with the existing Boulders svsten.

The system was sized to meet the estimated average load

anergy demand of 32,58 k¥nh/day, {based on  the recaordsd
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BC/GC converter LED and a DC/DC converter efficiency of
70%), for November and based on an average incident solar
radiation of 18,40 Md/m2/day on a surface tilted at 20e to

the horizontal.

The svstem specifications and 1l1lifecvele costs for the
existing system are presented together with the JPL sized
systen in Table B.2. The basic assumptions in
Section 5.3.2 are used throughout for the economic
evaluation. As for Jock of the Bushveld +the annual 0&H

cost was estimated as 1% of the installed cost.

The 18% redustion in the annuslized unit energy cost  is
due to the reducticon in PV array cosis  (33%)y, the
reduction in battery costs (48%) and 0&M costs (52%). The
JPL sizing method suggests a 31% smaller zmrray rating and
a8 48% smaller battery storage capacity. The smaller array
rating is consistent with the on-site observation and
recorded evidence that the battervy was fully charged by
mid-morning and that the array would be shunted into open
circuit mode for the bulk of the day by the voltage
regulator. The low system efficiency of 3.8% recorded for
the Boulders system 13 a direct result of the relative

mismateh of the arrsy and the recorded averszage daily load

energy demand.
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Table 6.2 : Comparative table of existing and optimized AC
PV system specifications for Boulders

System specifications Existing Optimized
design desidn
Load energy demand 5,56 kWh/day
Design insclation 18,40 HI/m2/day
Hodule efficiency 9,9 10,0 %
PV cell temperature B2,0 60,0 oC
Voltage reg. eff. (93) 85
Battery efficiency 81 85 %
Depth of discharge 18 B0 %
Battery voltage 1518] 60 V
DC/DC converter eff. (70) 70 %
Peak array power 3306 2318 Wp
Array area 32,7 25,42 m=2
Voltage reg.rating 60 48,3 A
Battery capacity 880 455 Ah
DC/DC conv. rating 1925 18925 W
Days autonomy 4,1 2,1 days
Battery charge time 3,0 1,9 days
Admin. costs 200 200 R
Maint.& labour 1 800 730 R
Installed system cost 108 652 72 647 R
Battery repl. cost 13 444 86 972 R
Battery residual value (9358) (488) R
NPV Q&M costs 27 183 12 591 R
NPV lifecycle costs 148 319 91 712 R
Unit energy cost 393 332 c/kWh

* based on a minmum state of charge of 40%

6.1.3.3 WHoodlands

As an exercise in the evaluation of the comparative costs
of electricity generated by alternative off-grid power
supply systems, an AC PV system was sized and costed for

Woodlands.
Load energy demand and load curve
The load power requirements at Woodlands are for a 24 hour

per day electricity supply for essential refrigeration and

security lighting loads. The most representative recorded
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load esnergy demand for the ¥oodlands ranger’s ocamnp iz
21,1 kWh/day corresponding te the load curve in
Figure 5.37 for the period when the house was occupied. As
for Boulders, the daily load energy demand would be
expected to be greatest in the summer months due to
increased refigeration loands. There are no space heating
requirements in winter due to the warm Lowveld weather
characteristics. Overall, the annual average daily load
energy demand would be marginally less than 21,1 k¥h/day
due to the brief periods when the house is unoccupied. The
long term load enesrgy démané variation is more predictable
than for the tourist camps due to the uniform occupancy of
the site, but the daily varistion in load ensrgy demand is

entirely s function of the domestic routinss of the

househaold.
System configuration

The most appropriate PV system configuration for the
domestic household and assorted small workshop loads would
be an AC PV system with a high efficiency, multi-stage,
prulse width modulated, sine wave inverter. The peak load
power demand for the system was 1850 W averaged over half
an hour. The instantaneous peak load power demand could be
a2z high as 4,4 kW based on a typical farm load factor of
0,2, {(¥Williams, 1888). The total installed load power

demand is spproximately 8,8 kW.
Theoretical system sizing and design

For comparison a PV system capable of meeting the system
load power and energy demand was designed according to the
JPL procedure. The basis of the design is an average 1load
energy demand of 21,1 kWh/davy in the critieal month of
November when the incident global solar radiation on a
surface tilted at 2Z0e to the horizontal would he
18,4 MJ/m2/day. The system specifications and life-cycle
costs for the existing genset-plus svystem and the JPL

design are presented below in Table 5.3,
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Table 6.3 : Comparative specifications and lifecycle costs
for the existing genset-plus system and an
optimized AC PV system for Woodlands

System specifications Existing Optimized
genset-plus AC PV
design design
Load energy demand 21,1 kWh/day
Design insolation 18,40 HJ/m2/day
Module efficiency - 10,0 %
PV cell temperature - 55,0 eC
Voltage reg. eff. - g5 2
Battery efficiency - 8s %
Depth of discharge 30 B0 %
Battery voltage 38 120 V
Inverter efficiency 64 80 %
Peak array power - 7688 Wp
Array area - 83,15 m2
Voltage reg.rating - 80 A
Battery capacity 1180 755 Ah
Inverter rating 3000 5550 W
Days autonomy™ 1,9 2,1 days
Battery charge time* 0,4 1,9 days
Admin. costs 2 000 200 R
Maint.& labour 10 800 2 310 R
Installed system cost 38 277 231 108 R
Battery repl. cost 7 923 23 303 R
Battery residual value 805 {1 B54) R
NPV O&M costs 76 822 34 127 R
NPV lifecycle costs 122 217¢€11] 286 865 R [=1
Unit energy cost 337 274 e¢/kWh

* based on a minimum state of charge of 40X
{13 based on an operating lifetime of seven years
(2] based on an operating lifetime of twenty years

The annualized unit energy cost for the AC PV system for
Woodlands is 19% less than the current unit energy cost of

337 e/kWh for the genset-plus system.

The direct comparison is misleading because i) the genset-
plus was operated sub-optimally, as discussed in Section
5.4.3, and could have produced the same quantity of

electricity at a more competitive cost, (Section 6.3.3);
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and ii} the systems are fundsmentally different in thsir
gperating requirements, lifetimes and maintenance
regquirements. Although the unit energy costs are in
principle directly comparable in terms of the method of
econonic evaluation =accomodating and accounting for the
disparate cashflow and 1lifetime characteristics, the
specific requirements of an off-grid power system might

suit one or the other option equally well.

B.1.3.4 Shingwedzi

Similarly ags for Woodlands, 2 first spproximation for the
sizing =and costing of an AC PV system is presented for

Shingwedzi for comparative purposes.
Load energy demand and load curve

The annual variatien in daily load energy demsnd and the
system load curve for Shingwsdzi is not great. The daily
load energy demand falls between 2200 kWh/day and
3000 kWh/day for 78%Z of the yvear. The average load power
demand of 108,6 k¥ and maximum load power demand of 255 k¥
combined with the average load energy demand af
2605 k¥Wh/day therefore form 2 relisble basis on which to

size a3 power supply system.
System configuration

An AC PV system for a large off-grid electiricity consumer
such as Shingwedzi would be similar to the typical MHs PV
system configuration described and discussed in Appendix I
with an array field of tracking sub-~arrays. & partitionsd
400 V battery, effective power conditioning snd mnlti-
stage inverters and &a software based micro-computer

control system.
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Theoretical system sizing and design

An initial PV sizing and design of an AC PV system for
Shingwedzi is presented merely for the purposes of an
approximate comparison with the current unit energy cost
of electricity produced by the present twin genset
installation. The specifications and lifecycle costs are

presented in Table 6.4.

Table 6.4 : Comparative specifications and lifecycle costs
for the existing twin genset system and an
optimized AC PV system for Shingwedzi

Svstem specifications Existing Optimized
design design
Load energy demand 2605 kWh/day
Design insclation 18,40 MJI/m2/day
Module efficiency I 10,0 %
PV cell temperature - 35,0 C
Voltage reg. eff. - 98 %
Battery efficiency - 85 2
Depth of discharge - 80 %
Battery voltage - 400 V
Inverter efficiency - 95 =z
Peak array power - : 778 kWp
Array area ’ - 8380 m=2
Voltage reg.rating - 2424 A
Battery capacity - 23,35 kAh
Inverter rating - 259 kW
Days autonomy - 2,1 days
Battery charge time* - 1,9 days
Admin. costs 5 000 2 000 R
Maint.& labour 294 000 246 000 R
Installed system cost 242 700 24 700 00C R
Battery repl. cost - 2 300 000 R
Battery residual value - (172 000) R
NPV Q&M costs 3 324 400 3 380 000 R
NPV lifecyecle costs 3 5687 000f1J 30 200 000 R [C27
Unit energy cost 34 234 c/kWh

* from a minimum state of charge of 40%
1] based on an operating lifetime of fifteen years
€21 based on an operating lifetime of twenty years
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Although the JPL sizing technigue 1is not intendsd for
large PV systems, it serves zs a first approximation and
the benefit of economies of scale for larger diesel genset
syztens  isg clearly denonstrated. Py systens are
essentially modular and conseguently the annualized unit
enerdy cost remzains almost sn  order of mpagnitude larger
than that for large diesel genset ina@allatians despite

the increase in svsten size.

6.2 DIESEL GENSET SYSTEHS

The evidence presented in Section 5.5 (and summarized in
Table 5.28) of the performance of the twin 225 kVA/250 kVaA
genset system at Shingwedzi confirms and reinforces the
recommendations of the sappropriasteness of diesel for

lafgér off-grid electricity gensration.

The key questions relating to the visbility of diesel for
off-grid pover supply are those regarding the operation
snd cost  of gmall gets for applications with low power
requiremnants and/or which are isplated from fuel and

maintenance infrastructures.

Although no data were recorded for = small diesel genset
system, the data recorded on the LISTER $STZ gensmet of the
genset-plus installation at ¥oodlands enables
extrapolation to investigate the 0&H costs and unit energdy
coste of the set 1f it were operating as z straight genset

system,

§.2.1 Diesel genset system design techniques and opersting

considerations

Dissel Zensets svstens are sized on the basis of having to
meet the peak instantanecus load power demand regardless
af the average load power demsnd. A svysten sized on  this
basis would therefore sasutomatically be capable of

providing the daily load energy demand but often at very
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low capacity factors. Many off-grid genset systems,
particularly thoge on Ffarms, operate only at night to
reduce the coperating costs. The electricity usage patterns
are modified where possible to accomodate these shortened
genset run-times in an effort to optinize the costs and
reduce the noise,

The extended operation of dissel gensets at low capacity
factors is howsver mechanically detrimental to the sngine
due to bore glazing, carbonization problems asnd potential
cool running and lubrication problems. Similarly,. ths
associated low syvstem efficiencies and accelerated
degradation of the engine are economically undesirable.
The lower limit of economically viable genset systems is a
function of the fact that the smallest available diessel

gensets are rated for approximately 3 K¥.

This i3 parviculariyv a8 problem for spplications with pesak
load power denands greater thaen 3 kW and average daily
load energy demands of less than 22 k¥h/day, is. a
capacity factor of less than 0,3 (and losd factor of less
than 0,35, In practice diesel gensets are under-utilized
for sites with average daily losd energy denmands of less
than 30 k¥Wh/davy, ie. capascity fzctor of legss thap 0,4 for
a 3 kW set,

Az noted in Section 2.1.2 and illustrated in Section 5.5,
mulii-gset diesel genset svstems are a visgble alternative
to single set systems az 2 means of increasing the genset
capacity factor for larger installations with low load
factor and predictable load power demands. The genseis

need not be the zame size.

For single genset systems the load factor is by definition
also the upper 1imit of the capsacity facter. The primary
benefit of multiple genset systems iz the ability to
overcomse this limitation and to operate the gensets at
average capacity facteors that are grester than the svsten

load factor. For exsmple, the averzll load factor of the
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Shingwedzi camp for 1986/7 was 0,42 and yet the average
monthly capacity factor varied between 0,48 and 0,66. A
secondary benefit is the provision of standby capacity and
the associated operating flexibility. A disadvantage of

multiple genset installations is the additional complexity

. required in the controls and operation for synchronizing

-the phase(s) of the AC waveform for parallel operatiocon.

In general, a multi-set genset system should econly be
considered for large off-grid power supply systems with
continuous loads, an average daily load energy demand in
excess of 1200 kWh/day and a load factor of less than 0,4
ie. peak load power demand of 125 kW.

6.2.2 Optimal diesel genset system designs for the Kruger

National Park sites

Of the four sites investigated in this project, only the
Shingwedzi main tourist camp would be optimally served by

8 straight diesel genset power supply system.

Figure 6.2 shows the costs of running a 5,8 kW (7kVA)
LISTER STZ genset at different capacity factors. This
graph of the unit energy cost vs. capacity factor is based
on the assumptions for fuel consumption and engine
lifetime presented in Figure 6.1 and the sensitivity

analysis matrix in Table B6.5.

The shape of the engine 1life curves 1is a funection of
reduced overall 1ife at the two extremes of capacity
factor. Cylinder bore glazing, carbonization and
accelerated wear due to slow warm-up after start-up reduce

overall engine 1life at low engine loads, whereas the

-reduction at peak engine loading is due to greater bearing

loads, high cylinder loads and general wear.
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Figure 6.1 : Graph of the assumptions for fuel consumption
and engine life as a function of the capacity

factor for the LISTER STZ genset
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Figure 6.2 : Graph of the variation in the unit energy
cost for a LISTER STZ genset system as a
function of the capacity factor for three
cases of basic assumptions
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based on
the

The fuel consumption characteristie is

interpolation of the
LISTER STZ at capacity factors of 0,25; 0,5; 0,75 and full

guoted fuel consumptions for

capacity.

The is based on the annuity method of

economic assessment discussed in Section 4.7.

unit energy cost

Table 6.5 : Assumptions and results of the sensitivity
analysis for the operating costs of the LISTER
STZ genset
Genset rating 7,00 kVA (LISTER ST2)
Power factor 0,8
Daily run time 24 hr/day
Genset cost R 18 256
Installation R 1 500
SENSITIVITY worst best reasonable
MATRIX case case case
Fuel cost (R/hr)y 1,00 0,50 0,75
Maint.cost (R/hr) 2,50 1,00 1,75
Discount rate (%) 2,0 10,0 4,0
Engine lifetinme (hrs) 15 000 30 000 20 000
capacity genset fuel
factor output cons, UNIT ENERGY COST (c/kWh)
{kWh/day) (l/hr)
0,10 13,44 1,18 337 430 749
0,15 20,18 1,22 B10 317 488
G,20 26,88 1,27 450 232 359
0,30 40, 32 1,37 2395 150 235
0,40 53,76 1,49 221 117 179
0,50 67,20 1,83 179 94 145
0,60 80,64 1,78 152 79 123
0,70 94,08 1,95 134 70 108
0,80 107,52 2,13 122 83 g8
0,90 120,96 2,33 113 59 - 81
1,00 134,40 2,55 107 56 85
The general shape of the empirically derived curves in

Figure 6.2 echo that of the generalized curve presented by
Paul (1881) in Figure 2.1. '
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The unit cost of energy supplied by a straight genset
system for the electricity requirements at Woodlands would
be 455 c¢/kWh at an average capacity factor of 0,18
compared to 337 c¢/kWh for the sub-~optimally operated
genset-plus sysitem and 274 o/k¥h estimated for an AC PV

systen.

6.3 DIESEL GENSET-PLUS SYSTEHS

4s indicated in Section 5.4.3, the design and system
sizing of the 7 kVA/1180 Ah genset-plus system at
Hoodlands is essentially sound but the operating regims is

a major scurce of inefficency and unnecessary noise,

§.3.1 Genget-plus svstem design technigues and sizing

gonsiderations

Limited references to system sizing for genset-~plus
systans are avallsble. Rules of thumb suggested by FPaul

1981y for genset-plus systems are

1. Hininum battery capscity for an independent power
systen is approximately two times the average daily
load on the system.

2. Battery chargers should be sized to provide maxinum
charge rates of 15% to 25% of the Z0-hour amp-hour
capacity of the battery

3. The genset should be sized st minimum to match the
single largest slecitrical device {usually the battery
charger), but not larger than required to handle the
pask load of the system with the battery of?f.

The battery 1s the heart of a genset-pluz system. It nmust
be gized to meet the load energy demsand {(via the inverter)
over a reasonable discharge period before being charged as
briskly ss iz practical within the charge current limits
imposed by over-heating and gassing. The charge/sdischarge

cvele period is a function of reguired load energy demand
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and system factors such as the battery capacity, the
allowable depth of discharge, the inverter efficiency, and

the genset and battery charger rating.

The operating regime and the overall control of the
genset-plus  configuration should be based on a
programmable logic controller driven by the cyclical state

of charge of the battery.

6.3.2 Optimal genset-plus system designs for the Kruger

National Park sites

Optimization of genset-plus systems is investigated in
terms of the specific optimization of the genset-plus
installation at Woodlands. The calculations are <centred
around the manually selected battery charge current and
aim to establish the optimum charge current to minimize

the genset run time and the overall unit energy cost.

The basic assumptions on which the calculations are based
are listed in Table 6.6. The results of the optimization
calculations and a sensitivity analysis are listed 1in
Table 6.7 and illustrated in Figure B.3.

Table 8.6 : Basic assumptions for the optimization of the
operating regime for the LISTER ST2 genset at

Woodlands
Genset rating : 7,00 kVA
Power factor : 0,8
Ave. LED : 21 kWh
Battery cap. : 1180 Ah
Depth of disch. : B0X%
Battery life : J years
Inverter eff. : 70%
Inv. run time : 21,52 hours
Genset-plus IC : R 38 777
Bat. repl. cost : R 10 800
Installation : R 1 300
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Figure 6.3 : Graph of the variation of unnit energy cost
for the genset-plus system as a function of
the capacity factor for three cases of basic
assumptions

The assumptions for the fuel consumption and effective
cperating lifetime of the genset are as described in

Figure 6.1.

It can be seen from Table 8.7 and the graph in Figure 6.3
that the optimum charge current would be between 80 and
100 A, corresponding to load factors of between 0,8 and
0,8, to allow surplus some genset capacity for the
instantaneous load power demand of the domestic appliances
in the house. The system would be expected to supply the
electricity requirement at an annualized unit energy cost
of less than 172 c/kWh for approximately nine years during
which time the batteries would have been replaced once.
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Assumptions for the sensitivity analysis and

Table 6.7
the results of the optimization of the
operating regime for the LISTER S5TZ genset at
Wood lands
SENSITIVITY worst best reasenable
MATRIX case case case
Fuel cost {(R/hr) 1,00 0,540 d,75
Maint.cost {R/hr) 2,50 1,00 1,75
Discount rate (%) 2,0 10,0 4.0
Engine lifetime (hrs) 15 000 30 000 20 0co
Charge Cap- Daily Fuel
rate acity runtime cons. UNIT ENERGY COST (c/kWh)
(A) factor (h/day) (1/hr)
10 0,08 (71,4) 1,18 - - -
20 0,15 «(35,7) 1,23 - - -
30 0,23 23,8 1,30 692 364 -
40 0,31 17,9 1,38 727 2860 389
50 0,38 14,3 1,48 384 189 274
60 0,46 11,9 1,58 2638 166 216
70 0,54 10,2 1,69 277 1493 199
80 0,81 8,8 1,81 215 126 172
380 0,868 7.9 1,95 196 123 174
160 0,77 7,1 2,08 199 1186 153
110 C,84 5,5 2,24 188 110 137
120 0,92 5,0 2,40 170 105 137
130 1,00 3,9 2,58 170 104 124

The current operating costs corresponding to 337 c/kWh are
95% greater than if the system were operated optimally.

Paul (1981) has suggested that a genset-plus system should
provide electricity at cost 74% less than

that for a The
calculated for the Woodlands ranger’s camp indicate that a

a unit energy

conventional genset system. costs

65% reduction in the unit energy costs could be expected,

ie. from 488 c/kwh to 172 c/k¥Wh.

6.3.3 Summary

A summary of the above-mentioned three considerations 1is

presented overleaf in Table 6.8.
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Table 6.8 : Comparative specifications and lifecycle costs
for the existing genset-plus system, a
straight genset system and a genset-plus
system for Woodlands based on an optimized
operating regime

System Existing Genset Optimized
specifications genset-plus system genset-plus
design design
Average daily load energy demand : 21,1 kWh/day
Genset rating 7,0 7,0 7,0 kVA
Daily run-~time 11,15 24,0 7,0 hr/d
System lifetime 7,0 3,4 12,0 yrs
Battery capacity 11380 - 1180 Ah
Charge current 38,0 - 98,0 A
Batt. charger eff. g3 - g3
Battery efficiency 89 - 8% %
Depth of discharge 30 - 59 %
Inverter rating 3000 - 3000 W
Inverter efficiency 64 - 64 %
Days autonomy™ 1,9 - 1,8 days
Battery charge time* G,3 - 0,9 days
Admin. costs 2 000 2 000 2 000 R
Maint.& labour 10 800 21 600 7 200 R
Installed cost 38 277 18 300 38 277 R
Battery repl. cost 7 923 - 7 923 R
Residual wvalue 805 - 805 R
NFV O&M costs 76 822 37 318 54 205 R
NPV lce costs 122 217 57 074 101 358 R
Unit energy cost 337 488 172 c/kWh

* based on a minimum state of charge of 40%

6.4 SUMMARY OF THE DISCUSSION OF OPTIMAL SYSTEM DESIGN FOR
OFF-GRID SITES

The relative merits of PV, diesel genset and genset-plus

installations for off-grid power systems are discussed in

turn.
6.4.1 Photovoltaic systems

Figure 6.4 shows the graph of unit energy cost versus

average daily load energy demand for the two monitored
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sites and the corresponding findings of Miiller (1987), in
addition to a curve of the estimated unit energy cost for
more optimally designed PV systems. The optimal systen

cost curve is derived from the data in Tables 5.1 to G.4.

Unit energy cost (c¢/kWh)
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1000 - 2
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600 +
400 A
Becneenns o
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200 [ ®
&
0 1 P L IIiIt i 1 L1111 L L L1 i1yl 1 Pt 1 r1i1d i I 1ites
0.1 1 10 1G0 1000 10000
Load energy demand (kWh/day)
0O  optimized PV systems 0 Muller (1987)
2 Jock of the Bushveld A poulders

Figure 6.4 : Graph of the unit energy cost for the
monitored DC and AC PV systems, Maller s data
and the optimized unit energy costs for a
range of average daily load energy denand

The two points calculated by Muller are based on different
assumptions to Jock of the Bushveld and Boulders (see
Table 2.6) and are for minimal home lighting systems, as
cpposed to so-called multi-use systems. They are included
because they are relevant to the general case of off-grid
energy supply in Southern Africa but should be interpreted
within the context of Miiller’'s study.

The unit energy cost of optimized PV systems is relatively
insensitive to the average dally load energy demand. This
is a function of the inherent modularity of PV systems.

The marginal reduction in unit energy cost for increased
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average daily load energy demand is due to economies of
scale in power conditioning and control systems and the

benefits of array tracking.

6.4.2 Diesel genset systems

Diesel genset systems are a Well entrenched technology.
The unit cost of electrical energy generated by diesel
gensets may vary widely as the delivered cost of fuel and

the proximity to maintenance and support facilities wvary.

Figure 6.5 shows the unit energy cost for the electricity
supplied by the Shingwedzi twin genset system, that of the
Woodlands genset-plus system and the data reported by
Williams (1988) for the cost of electricity recorded on
farms. In addition two points are included for the
postulated cost of supplying the Woodlands ranger’'s camp
with a straight LISTER ST2 genset system; and the cost of
electricity supplied by the installed genset-plus system

operating according to an optimized operating regime.

Unit energy cost (¢/kWh)
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Figure 6.5 : Graph of the unit energy cost vs. load energy
demand for the monitored genset and genset-
plus systems, Williams™ data and the enit
energy costs for a Woodlands genset systenm
and optimized Woodlands genset-plus systen
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Although the general characteristic curve 135 not shown,
the massive reduction din the unit energy ocost of
electyricity supplied by gensets as a function of

increasing average daily load energy demand is clearly

illustrated.

¥Williams  dataz 1is based on theoretically achievesable
operating and maintenance costs and should therefore be
regarded ss best case costs. In practice it is estimated
that these costs are likely to be 50% to 500% higher

depending on the actual circumstances under which the sets

are operated.

The sensitivity of the unit energy c¢cost Lo the capacity
factor and the load energy demand are graphiezlly shown in
Figure 8.3, As s rvesult of the fact that diezel gensets
are not available for rated capacities of less than 3 kW
combined with the cost characteristics of coperating genset
systems at reduced capacity factors, the overall cost of
operating a genset system for continuous loads with load
enerdy demands of less than sapproximately 22 kWh/day is
uneconomic compared to PV or genset-plus systems. 4 mors
precise determination of the c¢rogsover point from PV
systems to diesel genset-plus or straight genset systems

would reguire & study of wider socope than the one on which

this thesis is bazed.

6.4.3 Genset-plus systens

1

Genget-plus systems are demonstrated to be viable for off-

grid electrical power supply.

The key factor for the efficient and low cost operstion of

genget-plus systems is the operating regime,

The two data points plotted in Figure 8.5 for the
7 kVA/1180 Ah LISTER 8T2 genset-plus installation at
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Woodlands show the reduction in unit energy cost for an
improved and optimized operating regime. The relative
cosks of operating & genset-plus and straight gensst

system to meet the Woodlands ™ electiricity regquirements ars

also shown.

There appears to be large scope for the rationalization of
diegsel genset based off-grid power supply systems through
the introduction of energy storage and the implementation

of genset-plus systems.



CHAPTER SEVEN

CONCLUSIONS

The conclusions of this thesis are couched in terms of the
three Key questions raised  in Section 1.2 as part of the
chiectives of the technical and economic evaluation of

photovoltaic and diesel electricity supply systems in  the

Eruger Nationasl Park.

Firstly, the criteria on which the relative favourasbility
of PY or diesel for particular off-grid electricsl powsr

reguirements should be evaluznted mav be sumnmarized as

P¥ systems should beg considered for off-grid applications

in the Kruger National FPark where

the average daily load energy demand is less than

30 k¥h and the lond factor is less than 0,4,

- the electrical power reguirsments warrant z projected
power supply svsten lifetime in excess of ten veasrs;

- low interest, iong term capital financing is
available;

- the access to the site is awkward;

- maintenance requirements and administrative overhesads
are to be minimized;

- the need for a full time system opsrator iz to be
avoided; or

- for sites where the environmental impact of noise,

vibration, smells snd alr pollution are to be avoided.
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The solar rescurce over the exteni of the Kruger HNational
Park exceeds & k¥h/p® throughout the vear, which iz wore
than sufficient for visble PY systems on the basis of the
abovementioned ceriterisa, and e more specific

qualifications regarding the levels of insolation are

regulired.

Although the scope of the projesct did not include a rangs
of dissgsel genszset svitens, some guidelines regarding their
suitability for RAPS are suddested. Diesel gensel systems

should be considered for off-grid applications where

- the average daily load energy demand is in excess of
A0 w¥h/dayvy and the leoad faector exceeds 0,4, {(diesel
systemns are parbticularly faveurable in tearss of
economnic performance for load energy demands of more
than 100 k¥h/dayv};

- the power supply system is not expected to have an
aperating lifetime of mors than ten vesrs;

- 2 compact poweyr supply system with low visusl impsct
is reguired;

- capital is scarce;

- regular 250 hour maintenance routines can be provided;

- a full-time operator iz available; or

- for sites whers envircnmental poliction, noisze, smells

and vibration are tolsrated.

In terms of the criteriz =spelt out above and the technical
and economic evalusation of the four sites in thig study,
photovolitaic systems would be technically wviable and
gconopnically nore ocost effective than straight diessl
genset systens for Jock of the Bushveld, Boulders and
¥oedlands but not for SBhingwedzi, ie. sites with average
daily load energy demands of less than 20 k¥h/day and with
load factors of less than 0,4,

Secondly with regard to PV system design, there iz scope

for optimization of the sizing and design of the both the
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AC PV system at Jock of the Bushveld and the DC PV system

at Boulders.

The Jock of the Bushveld system is an older PV system
which is grossly inefficient as a consequence of the
exceedingly poor match between the load power requirements
and the inverter. Overall the system could be scaled down
by approximately 30% if a more optimal inverter were
installed. In addition the low battery cycle efficiency
indicates impending failure of the batteries as a result
of non existent battery maintenance. The unacceptably high
unit energy cost of electricity supplied by this system is

a direct consequence of the sub-optimal design.

The Boulders system is an essentially well engineered
system, which benefitted from the experience of earlier PV
systems, but which is conservatively sized in terms of the
array peak watt rating. The system has operated adequately
but a more optimal design could have supplied electricity

at a unit energy cost of 15% less.

Thirdly, the relative merits of DC or AC for off-grid PV
systems are determined by the type of 1locads and the
electricity transmission requirements. In general DC PV
systems would have a higher overall efficiency, (and hence
a lower unit energy c¢ost of electricity supplied), for
small centralized 12 V or 24 V DC loads. DC electrical
appliances are often more efficient than the equivalent AC
counterpart but are generally more expensive and less
freely available. There are no inherent advantages in DC
PV systems when power transmission for dispersed loads is
required. The requirement for higher voltages for
efficient electrical power transmission introduces the
additional requirement for DC/DC converters, which involve
efficiency losses that are essentiall& similar to those
due to inverters. AC PV systems are therefore the more
optimal approach for these demand constraints, more
particularly because the technology is more mature and

better supported.
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Finally, the introduction of energy storage in diessl
genset systens, in the form of batiteries, a battery
charger and inverier, 1s demonstrated fto be an excellent
and viable mechaniss for utilizing the compact dimensions
and low initial cost of diesel genset technology. The so-
called genset-plus system should be considered for off-
grid power supply for sites a8t which the average daily
load energy demand is between 20 - 100 k¥Wh/day and the

load factor is less than 0,4.

Overall +the fundamental wvalue of thisz study is the
establishment of an additional four sets of recorded dats
against which other off-grid electrical power supply
systems in Socuthern Africa can be compared, both in  the
design stage and in operation. The preasentation of real
observed system dynamics and component efficiencies for
these four different systems would therefore serve to
facilitate the implementation of cost effective and

relisble power systems in rural and under-developed aress.
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APPENDIX A

Schedule of power requirements and generating plant in the
Kruger National Park

: September 1987

L. HAIN TAMPS

No, NANE PRIXE MOVER STANDBY TYPE OF LOAD ENGINE NO
Type Rating (kVA) Type Rating {kVA)

1.1 Berg-en-dal ESCaM 300 car 300 lights, A/C, fridges, etc K124

1.2 Crocodiie Bridge ESCOM 100 - -

1.3 Lower Sahie ESCOM 400 CAT 3306 173 K47

1.4 Skukuza ESCOM 2000 CAT 3412 2000 K10, #17,K120

13 Pretorius Kap ESEON 400 CUMNINSS 200 KSi

1.4 Satara ESCOM 300 CLMMINGS 200 130

1.7 Diifants ESCOM 300 CAT D313 G0 kb2

1.8 Letaba ESCOM 100 CAT D334 80 KiLL

1.% Punga Maria CAT 33047 100 CAT D3304 80 1145109

1.1 Pioneer - - - -

1.11 Orpen Lister 7 - - Kii3

1,12 Hargela caravan park - - - -

1.13 Baluie/Ngotsanand CAT D3304 - - - K74

.14 Shingwedzi CAT 34067 250 CAT 3406T 225 lights, A/C, fridges, etc KLZ3,FLb

2. PRIVATE Canps

No. NANE FRINE HOVER STANDBY TYPE OF LOAD ENGINE NO
Type Rating (kVA) Type Rating (kVA)

2.1 Nwanedzi Dputz 7 - Ki1¢

2.2 Boulders PV (DC) 3.3 - -

2.3 Roodewal Py {AC) 0.8

2.4 Jock of the Bushveld PV (AC) 0.8

2.5 Halelane ESCOM 500 CAT 30 lights, A/C, fridges, etc

3. WILDERNESS BASE CAMPS

Mo, NAME PRINE MQVER STANDBY TYPE OF LOAD ENGINE N0
Type Rating (kVA) Type Rating (kVA)

3.1 Bushaan Petter - - - Kater supply Ki24

3.2 Holhuter d1esel - - -

3.3 0litants Lister - - - Nater supply ¥zl

3.4 Nayalaland Lister - - - Nater supply L83

4, BATES

Ko. NANE PRIKE MOVER STANDBY TYPE OF LOAD ENGINE MO
Type Rating {kVA) Type Rating (kVA)

4.1 Numbi £SCoM 23

5.2 Paul fruger £5CoN 23

1.3 ¥alelane £5C0M 23

£.4 Lrocodile Bridge ESCOH 100

4.3 Grypen diesel b - -

LN Phalaborua ESCON Muncipal

4.7 Punda Maria - - - -

4.8 Pafury Bate Lister 10

4.9 Pafury Custoas fate - - - -

3. RRNGERS' CAHPS AND HOUSES

No. NANE PRIME MGVER STARDBY TYPE OF LOAD ENGINE MO
Type Rating (kVA) Type Rating (XVA)

3.l kingfisherspruit Deutz 7 Lister 7 K117,K24

3.2 Hau%hnsrand Lister 7 Kils

3.3 Pafuri Petter K138

5.4 Mooiplaas Petter K137

3.3 Mahlangena Fetter EL3B

3.6 Shanrgant Petter K139

3.7 Vlakiep]aas Fetter K43

5.8 Tshakwane Lister ¢]

3.9 Nwanedzy Lister 7 K36

3.10 Stolznet Deetz 7 Lister 7 gen/plus K118,k48

3.4 Koodlands Lister 7 gen/plus K122




b. WATERHCLES

flo, NAME PRIME MOVER STANDBY TYPE OF LOAD ENGINE NG
Fype Rating (kVA) Type Rating (kVA)
5.1 (l1fants ranger Lister K2
6.2 Pretariuskop ranger Lister K3
8.3 {etaba Lister 4
6.4 Orpen gate Lister kS
6.5 Naanedz1 ranger Lister K&
t.b Letada ranger Lister €
6.7 Tehakwane Lister K12
&.8 Tshokwane plcaic area Lister K13
5.9 Kiangulene Lister K13
bl Funda Maria Lister {18
6,11 Satara ranger Lister K23
6.12 Huaby Hatz K23
6.13 tingfisherspruzt Lister K26
b.14 Grpen #at2 K28
b.13 Haﬁlangene Lister k29
5.14 tlondazl Lister &4
617 Crocodile bridge ranger  Lister K32
4.18 Crocodtle bridge Lister K33
6,19 Fafury Lister K34
5.0 Houtboschrand Liskar K33
6.2l Snangony ranger Petter K37
6,22 Nihu?u Lister K39
6.23 Tshakwane Fetrol Lister k4l
6.4 Jatara fire puap Lister £46
8.23 Fingfisherspruit ranger  Lister [§14
b.2b Kingfisherspruit Lister k32
6,27 bingfisherspruit Lister £33
6.28 Orpen Lister K35
b2 Baulders Lister kLD
&3 Shangon1 ranger Lister K63
8,31 Skukuza Lister ked
6,32 Hzanzene Lister Kbb
6,33 T1ahavati Lister ka8
6.34 Purda Naria Lister K59
5.33 fuarantine caap Lister K13
8,38 Ylakteplaas Lister K79
5,37 Nalelane Lister K77
6,38 Hwanedz1 ranger Lister K78
6.3 Hahlangene Lister 4111
6.40 Tshcknane Listar K84
.41 Haa1plaas Lister K83
6.42 Lower Sabie irrigation Lister K94
.43 Hnnxﬁ!aas Lister K9t
.44 Houtboschrand Hatz k37
6.43 Klngf:shersfruxt Lister K38
4.46 Malelane EBate Hatz K99
6.47 Pafury ranger Lister £100
&.48 Fafurl Laster £l
5.49 fafuri Lister K102
6.5 Fark Englaeer Lister K110
4.51 Skukuza Destz Kild
.52 Lawer Sabie ranger Lister K12l
6.33 Jock of the Bushveld Fetter K127
6.4 Afsaal pienic area Petter Kiz8
8,33 funda Maria Gate Petter K129
b, 36 Shanennl Petter K130
4.37 Tehokwane Lister K131
6.8 Kuanedzl Lister 132
4,99 Orpen Lister Ki33
6.40 Stoiznek Lisker K134
b.61 Berg-en-dal fire pusp Lister K14
6,62 Shinquedzi fire pusp Lister K14}
8.63 Skekuza emergency pusp Lister K142
b.44 Patura Gate Petter K143
5.43 Pafury pitnic area Petter K144
7. UHF REPEATER STATIDNS .
No. NAKE PRIME MOVER STANDBY TYPE OF LOAD ENGINE NO
Type Rating (kYA} Type Rating {kVA) '




g. CONSTRUCTICN AND RORDS

Ka. NANE FRIKE MOVER STAKDBY TYPE OF LOAD ENGINE ND
Type Rating (kVA) Type Rating (kVA)

8.1 - Lister 1 buslding construction Kl
8.2 Park engineer Hatz - kil
8.3 - Hatz road construction k1%
8.4 - Hatz road construction k20
8.5 - Hatz road constructian K22
8.5 - Hatz rodd construction [ 91
8.7 - Lister dam constructypn K40
8.8 Lister dea canstruction Kiy
8.9 - Lister building constructicn K3t
8.19 Skukuzz CAT 03304 waste compacter Kbl
8.11 Skukyza CAT B304 stone crusher K2
8.12 fead construction Lister water puap K&7
8.13 - CuMHINGS NPD K92
8.14 - Lister burlding constructian K303
B.13 foad construction Lister water puep K104
.16  Road construction Lister water purp Ko7
8.17 - Lister burlding construction K108
.18 Buzlding construction Lister KH2
§.19 Building constructian Lister K113
.20 - Lister road constructzon K133
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APPENDIX B : SYSTEM SPECIFICATIONS

B.1 Jock of the Bushveld

- Panel specifications

Type

No.

Watts peak

Volts pesak

Amps peak

Open circuit volts
Efficiency

Volt. temp. coeff.

Short circuit curr.:

Temp cell-temp air
No. of cells

Size )
Panel dimensions
Front surface area
Cover material
Weight

Ambient temp limit

Angle of tilt : 32¢
02 (ie, due North)

Azimuth angle

‘24 (3 sub-arrays,

Arco ASI-16-2000 (monocrystalline)
in series, of 8
panels in parallel)

33 W (based on 1000 W/m2 and cell
temp of 28eC)

i6,1 V

2,05 A

20,3 V

8,97 % (based on gross frontal area)
2,5-3,0 nV¥/C/eC

2,3 A

40=C

35
4"
47,9 x 11,9 x 1,5"
570,01 in® (0,3877 m2)
glass

11 1bs.

-40eC to 80eC

- Voltage regulator specifications

Rating

Max.cut out voltage:

30 A
44 V (=fully charged battery)

- Battery specifications

Tvpe

Valtage
Capacity

SG

Charge current

No. .
Nominal wvoltage

Raylite 2 IMR 25L (tubular plate,
lead acid)

4 V (nominal)

590 Ah @ 10 hr rate @ 20<C

1,250

98 A constant rate

49 A

9 in series

36 V

- Inverter specifications

Type
Rating

Power

Min.voltage cut ocut:

Square wave

32/36 V DC to 220 V AC @ 50 Hz
50 A DC to 5 A AC

3,4, kW

34 V



B.2 Boulders

- Panel specifications

Type
Nao.

Nominal operating
conditions
Open-circuit volts
Opt.operating volts:
Short-circuit curr.:
Opt.operating curr.:
Max. power output
Cell efficiency
Length :
Width :
Thickness
Mass

Angle of tilt
Azimuth angle
Panel support
— Yoltage regulator

Manufacturer

Nominal wvoltage
Max. current

M Setek MS-101 (monocrystalline)
86 (16 parallel sub-arrays of six

panels in series)
1000 W/m2 @ 25°C

18,3 V
13,8 V
2,80 A
2,94 A
35 W
14,0 %
873 mm
390 mm
35 mm

: 4,7 kg

21,50
0¢ (ie. due North)

angle section mild steel mounted on
the battery room

K R Enterprises, P 0 Box 13073,
Northmead, 1511

B0 V

60 A

- Battery specifications

Type

No off
Ampere hours

length

width

height

mass

valume electolyte
@ sg 1,220-1,250

Willard FWA 17 (stationary type, flat
plate lead acid)

30

880 Ah to 1,835 V/cell @ 10 hr rate
928 Ah to 1,75 V/cell @ 8 hr rate

190 mm

3BS mm

. 566 mm

88 kg

18,1 1

- Distribution cabling

Main 60 V feeder

Length
12 V wiring

25 mm2 two core armour cable (with
separate earth to each distribution
board)

: =150 m
: 4 mm? four core armour cable



- DC to DC converters

Type : 60 V DC/12 V DC
Rating : 40 A (1 off); 20 A (B off)

Manufacturer : K R Enterprises, P 0 Box 13079,
Northmead, 1511 .

B.3 Woodlands

~ Diesel engine specifications

Type : Lister air-cooled

Model no. : ST2

No. eylinders : 2

Bore : 85,25 mm

Stroke : 88,9 mm

Displacement : 1,266 litre

Speed : 1500 rpm

Power output : 8,9 kW (continuocus BSB49:1958)
Torgue : 6,3 kgf.m

Fuel cons. : 2,6 1/hour @ full load

- Alternator specifications

Manufacturer : Boyd Brown - Leroy Somer AC Generator
Type : TA 181054 ACT No. : 56843/7 P : 23 8§

kW 1 5,8 cos ¢ : 0,8 Delta V : 220 A : 32
kVA = 7,0 eff.% : 82,5 Star V : - A -
rpm @ 1500 ph 1 Hz : 50 ¢l : F Amb :40eC
Rating : S1 Excit. : Auto v : 20 A 2
Regulator : - DE brg. : 6210

Date : 9-82 NDE brg.: 6208

Weight : 145 kg Grease every hrs. : -
Quantity : - Shel Alvania R3

- Battery charger specifications

Type : thyristor regulator
Rating : 100 A @ 36V (nopinal)

- Battery specifications

Type : Raylite 2 IMR 25 TL (farm lighting
: type, tubular plate, lead acid)
Ho. : 18 (twe parallel banks of nine
batteries in series)
Rating : 580 Ah
SG : 1,250

Nominal voltage : 4V



— Inverter specifications

Type
Manufacturer

Yolts

Amps

Serial no.
Model
Install. date

B.4 Shingwedzi

Ferro-resonant sine wave
Semiconductor Services (PO Box 133

Mondeor 2110 Tv1.)

38 V DC/220 V AC

100 A DC/13 A AC

860915

SIN 3B6/3000

02/11/86

- Diesel genset specifications

- Genset No.

Diesel engine
Type
turbocharged
Displacement
Rating

Serial no.

AR no.

Power

Full load rpm
Max. altitude

Alternator type
Rating

Yoltage

Current
Excitation
Serial No.

- Genset No.
Diesel engine
Type
Displacement

Rating

Serial no.

AR no.

Power

Full load rpm
Max. altitude

: K16

K16 CATZ D3408 T
water-cocled, 4 stroke, 8 cylinder,

14,8 1
225 kVA continuous
180 kW

g0u 14001

6N4388 Dlr code : K16
265 kW High idle rpm : 1530
1500 Static fuel setting : 0,173
3000-N

three phase, brushless, reveolving
field
225 kVA
180 kW
400 V *10%
324 4A
1,21 A
40 V
: F 1117-2

: K125
K125 CAT1 D3408 TA ’

water-cocled, 4 stroke, 6 cylinder,
turbocharged, after-cooled

14,8 1
: 250 kVA continuous

200 kW
75200328
1W90286
285 kW High idle rpm : 1530
1500 Static fuel setting : 0,170
3000-N



Alternator type
Rating
Yoltage
Current

Exeitation

S5erial Noww

three phase, brushless,
field

250 kVA

200 kW

400 ¥ +3%, -10%

379 A

1,21 A

40 ¥

F 1271i-1

revolving



APPENDIX C : SCHEDULES OF LOADS

C.1 Jock of the Bushwveld

off wallmounted bedside lights per hut
off wall mounted double tube flourescent fitting per

bathroom

[l a

2 off wall mounted lights in the lounge

1 off hanging light fitting in the dining rcom
2 off hanging light fitting in the kitchen

1 off flourescent fitting in the cloakrocom

No. flourescent fittings : 7

Rating : 16 W

No. mercury vapour fittings : 17

Phillips SL 18 18 W/ 3900

Type
lumen

Cooking, refrigeration and hot water heating by LPG
No fans

Total installed load : 418 W

C.2 Boulders

huts : 33 incandescent lights
B flourescent lights
8 fans

main complex : 10 incandescent lights

8 flourescent lights
3 fans (Brevettato)
2 fridges {(cone 180 1 and one 200 1
capacity Alaska)
3 freezers (Polar bear 60 1

capacity)

power rating of loads : incandescent lights : 20 W
flourescent lights : 15 W
fans : B0 W
freezer : B0 W
fridge : BO W

total installed load : 19235 W



C.3 Woodlands

Fridges

Norge deep freeze

capacity 410 1

220 ¥V 1,6 A
GEC Coldspace 220 V 1,6 A
Kettle
Iron
Toaster
Hi Fi
Fans small 32,2 W
large S0 W
TV Sony 85 W for 4hrs/day
Washing machine
Battery charger (for two way radio communications)
Lights Kitchen : 2 off 65 W flourescent
Dining 3 off 60 W incandecsent
Leounge 3 off 80 W incandescent
TV room : 2 off 100 W incandescent
Main bed: 3 off 100 W incandescent
Front " : 2 off 100 W Incandescent
Kids " : 3 off 100 W
Bath 3 off 60 W
Passage 1 off 100 W
Stoep 2 off 65 W flourescent
Office 2 off 65 W Flourescent
Total installed load = 8350 W
Planned extension to compound Lights for 8 huts

1 double hut

kitchen

ablution block
2 plug points for irons



C.4 Shingwedzi

- List of loads and sppliances and estimated usage

Item no. Description Volts No.off kW Hrs/d
1. lights outside in circles 220 6 1 q
2, lights in houses (5%21) 220 105 .1 3
3. lights in flats (4%16) 220 64 i 3
4, lights in huts (79%4) 220 316 .1 3
5. airconditioner in huts 220 79 1.6 8
6. airconditioner in houses 220 5 1.8 5
7. airconditioner in flats 220 4 1.6 5
8. airconditioner guest house 220 3 1.5 5
g. gevsers in huts 220 79 1.0 3
10, geysers in houses 220 5 2.0 b
11, geysers in guest house 220 2 2.0 5
12. geysers in flats 220 4 2.0 5
13. heat pump in caravan park 380 1 3.3 B
14, fridges in huts : 220 79 1 7
15. fridges in houses 220 S .3 7
16. fridges in guest house 220 1 .3 4
17. fridges in flats 220 4 .3 7
18. compressor in workshop 380 1 2.0 3
19. airconditioner in workshop 220 1 1.5 3]
20. clean water pump 380 1 3.0 g
21, river water pump 380 1 3.0 7
22, sewerage pump 380 1 3.0 8
23. swimming pool pump 380 4 .75 17
24 . main complex

24.1 flourescent lights 220 38 .08 5
24.2 incandescent lights 220 83 .1 8
24.3 airconditioners 220 4 2.3 5]
24 .4 heat pump in kitchen 380 1 2.0 g
24.9 geyser in toilets 220 1 2.0 4
24 .6 fridge in restaurant 380 1 2.5 g
24 .7 fridge in shop 380 1 .75 9
24 .8 display fridge in shop 380 1 1.0 g
24.9 freezer in restaurant 380 1 4.0 g
24,10 display freezer in shop 380 1 5.0 g
24.11 Coca Cola coolers 380 4 .B 11
24.12 stove in restaurant 380 1 18.0 11
24.13 fish frier 380 1 9.0 2
24.14 tilting pan 380 1 12.0 4
24 .15 dishwasher 380 1 12.0 4
24 .18 mixer 220 1 .5 pA
24 .17 microwave oven 220 1 .5 3
24.18 toaster 220 1 6.0 3
24 .19 urn 220 3 3.0 S
24,20 bainmarie 380 2 9.0 5]
24 .21 KIC heater 220 1 3.0 3
TOTAL 453.53 kW

Estimated daily load energy demand

2376 kWh/day



APPENDIX D

POMER MEASUREMENT ANALYSIS

¥V sin 9t
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Current

Average
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APPENDIX E
E.1 JOCK OF THE BUSHVELD

E.1.1 Input programs

Yariable Channel No. Range OQOffset Multiplier
Panel temp 01 3 -10,00 0,0550
Ambient temp 0z 3 0,000 0,0500
Bat. wvoltage 03 3 -0,3823 0,0215
Power 04 3 -730,6 0,7318
Bat. amps in 05 3 -0, 5000 0,0253
Bat. amps out 06 3 -0, 5000 0,0128
Solar rad. a7 3 -100,0 g, 8000
skip 08 - - -
E.1.2 Output programs

Variable Col. No. Prog. Bo. Channel No.
Panel temp g1 02 01

Ambient temp 0z 02 02

Bat. voltage .3 02 03

Power 04 02 04

Bat. amps in 05 G2 0s

Bat. amps out ge 02 0B

Solar rad. 07 02 07

skip 08 00 08




E.2 BOULDERS

E.2 1 Input programs

Yariable Channel No. Range OQOffset Multiplier
Panel temp 01 3 -14,00 0,0550
Ambient temp 02 3 0,000 0,0500
Bat., voltage 03 3 0,000 0,0348
skip 04 - - -
Bat. amps in 05 3 -1,000 0,0505
Bat. amps out 06 3 -50,51 0,0305
Solar rad. 07 3 -100,0 0,8000
skip 08 - - -

E.2.2 Qutput progranms

Variable Col. No. Prog. No. Channel No.

Panel temp 01 02 01

Ambient temp 02 02 02

Bat. voltage 03 02 03

skip 04 0o 04

Bat., amps in 05 02 05

Bat. amps out ] 02 06

Solar rad. a7 02 o7

skip 08 00 08




E.3 WOODLARDS

E.3.1 Input programs

Yariable Channel Ho. Range Offset Multiplier
Battery temp 06 3 0,000 0, 0500
Bat. voltage 02 3 -2,000 0,0z216
Alternator power 03 3 -8,500 0,0064
DC charger power 04 3 -4,490 0,0050
Inverter power 05 3 -5,082 0,0050
Bat. amps in 01 3 -1,000 0,0517
Bat. amps out o7 3 -1,000 0,0505
Fuel level 08 3 -1,012 0,0085

E.3.2 Qutput programs

Variable Col. No. Prog. Ne. Channel Ho.

Battery temp 01 02 (] 53

Bat. wvoltage g2 02 0z

Alternator power 03 02 03

DC charger power (4 o2 04

Inverter power 05 02 05

Bat. amps in 06 02 01

Bat. amps out 07 02 07

Fuel level 08 o1 08
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APPENDIX G

Genset cperating and maintenance costs

®OODLAKDS MAINTENANCE EOSTS : 19B4/87

Ave. service 1nterval:
Totai no, of hourg
No, 230 hr servites

P

5170

25

Diesel titter rate 22 R/hgur
® over-tiae 33 Rihour
Travellmi osts I3 cita
ff_e-_f“" 1me per day 14.15 hrsday  {based on fuel log : 22 Dec 1985 to 8 Jan 1987)
tea Date  Engine Service Work Wark Work  Travel Travel Spares Spares _abour Travel  Total
no. hours interval done tise over- tine distance req. cost  cost cost cost
{MN/TD/YY) tine
i 03/18/84 040 - remcve starter M 1.5 B - 99.00 26,40 125.40
resgve flywheel
tiie teeth
re asseable and test
Z05/05/86 579 535 replace cylinder head 7 1.5 80 head gaskets 11.56 187.00 2640 7249
gaskets and test
305/19/86  sE7 112 clean battery tersinals 5 1.5 - H3.00 2510 146,10
resove starter
file pinion teeth
re assealle and test
4 08712188 549 312 230 hr service 5 1 80 250 hr service L1t 77,53 132,00 {9.80 229.W
replace gasiets base gaskets
SOMIite T3 379 inspectron § 4 0 - 110,00 %80 129.80
00 repaLrs
& 08/04/88 1590 212 250 hr service LR 0.7% 30 250 hr service kit B7.00 113,50 7.90  212.40
braze tuel return pipe brazing rod, qés
709410186 8007 413 renave and strip starter 1.5 1.5 B - 66.00 2640 9240
tlean, replace and test
8 09718/88 4092 89 replace diodes 5 3 1.5 80 dindes . 40,00 248.00 25,40 3144
pufanze alternator
¥ 10427186 8524 433 resove starter 9 1 &4 starter sotor 180,00 220,00 21,12 1421.12
wstall new starter Ting Qear
reaove flywheel
wnstall new ring gear
10 10/2B/88 BS38 (1 fabricate protective quarg L] steel 25.00 88.00 13.00
for drive shait brazing rod, gas
11 11/19/88 8783 245 230 br service 4 1.3 54 250 br servace kit 72,00 121.00 72602 21412
12 12103786 8941 178 250 hr service 1 | ] A% 250 hr servaice k1t 72090 35.00 2640 15340
service bitbery
13 02/21/87 9333 372 transport genset to site 7 2 Bh 509 hr service kot 72.00 198.00  28.38  298.38
msta?l genset
bleed and start engine
transport standby engine ko
Shingwedz1
300 hr service
14 03r02/87 9356 23 locate 011 leak at faiter 1 13 8 il filter 135,00 35.00 24,38 99,38
replace filter
1% 03/24/87 9812 25k locate diesal leak 3.5 1.5 80 diesel filter 15,00 110.00  Z4.40 15040
replace diesel filter
repair stakor
16 03/I1/B7 9690 78 strip starter 2 1.5 80 solencad 80.00 7r.00 26,40 18L.M
replace solenand
f1x shart circuit at brushes
re asseable and test
LT odfo2s87 912 22 locate short in diodes b 1.3 80 diodes 40,00 145.00 2840 23140
replace diodes and test
tnstall skarter
tow weider to site
LB O04/02/87 EHIV 0 230 hr service 1 1,25 58 250 hr service kit T2.00 93,50  ¥2. 44 1O7.RA
19 04103187 1123 11 tow welder to Shingwedzi ] 1.5 @ - 7100 2840 103.40
check genset
20 04703787 9723 0 locate shart 1n starter 7 2 25 120 - 279,00 39,80 1850
resoye to Shingwedzl !
repiace and test remote start
2L 0M2LIBT 16939 1215 dusgnose burnt qut generato n 2 u - 80,00 TR0 38520
resove to Shingwedzi
repair and re Lnstali
redire clazging circust and test
22 0B/07/R7 11128 190 250 hr service 2 L.5 60 230 br service kit 7200 77,00 19.80 46,80
23 08728787 11382 234 repair p1] leaks [] 1 &0 - 154500 19.90  173.80
chean diodes
24 0%/02/87 11418 56 strip engine and 1 1 7o - 176,00 2300 19%.1¢
repair oil leaks
25 10/146/87 1909 431 250 hr service 3 1.25 80 230 br service kot 72,00 93.50 2840 1TLL9O
26 11/12/87 12210 3¢1 250 hr service 4 0.64 38 250 hr service kit 77.53 102,52 12.5¢  192.3%
locate o1l legk base gaskets
N . replace bage gaskets
404 % 0t 3491 1974.00 2080.62 528,02 5208 4240.72




SHINGWEDTT MAINTEMANCE £8B3TS ¢

Enging no.

Bissal fitter rate
fve. run timg ger d
fee, masntenance £o

I
P

tez Date  Engime
na, hours
{HMADBAYYY
1 01730/8% 3376
202106785 5434
I 02712785 FASL
4 02/2178 F&308
303724788 9937
& 0372578 9540
T 04714785 10125
8 pd/20088 L0207
§ 05101098 -
10 0370%9/88 14409

11 9%/16/78 10400

12 05723788 L0549
13 05427184 16539
18 GRI01/BE 10861
15 08713788 107482
HAE IS CTET S L
17 4770973 10395
14 07/10784 11018
1% 07/21104 1h142
HUNTF RS VE I P 4]
i1 eB/2/Ee (1482
28 0975B/BS 11750
23 100388 12078
24 10/ 14180 12040
43 jusehee 13iEY
26 1/27/R8 12453
2713403788 12350

Service
interval

23

124
108
A2
288

22 Rihour
20,54 hriday
3174 R/ hour

{based on hours/day x 2}

Hark
tiae

Gpares
reg.

175 hr SEIVICE

& replace oil seal and sleeve

wash engine and radiator
test engine

4 500 hr service

125 nr service
reacve walef puep
replace oth seals
test for cal leaks
1000 hr service
125 hr sgrvice

rescve and sirip alternator
diagrose faulty diodes
replace fan belts

replace slip ring brushes
replace diodes

12% hr service
replace alternator and fest

500 br service

300 hrosarvice ‘
wigh engioe and radiator

repair diesel filter leak

179 hr service
grease service

250 hr service
wash radiafar

250 hr service

1400 hr service
wash pngine and radiator

replace deresel filt, D-ring
wash engine and radiator

sirip and rebuild hourseter

230 hr service
replace 1] fan belts

300 hr service

230G hr service
wash engine and radiator

fabricate fanbelt guard
1000 hr service

wash engine and radiator
replace fan beits

230 bhr service

500 hr service
wagh engine ang radiatar

250 br oservice
wash engine and radialor

d:sgat[h abternator to Skukuza

3 123 hr service Lt

1 oil seal
sleeve

el

300 hr service st

(]

1233 hr service b1t

L%

o1l seals

et

1004 hr service kit

"3

125 ur service kit

3 fan belts

2.5 slip ring brushes

digdes

E™

125 hr service bit

1 300 b
2 500 hr

service kit

service kit

123 hr
grease

service kit

I 250 hr service kit

3

250 hr seryice kit

5 1000 hr service kit

1.3 B-ring for diesel fzlter

(o8]

230 hr service kit
fan belts

2 30 hr service kit

)

230 hr service kit

R

stee] and cansuseables

LA

1000 b servace kit
fan belts

2 259 hr service kit

3 300 hroservice kit

2 130 hr service kit

Spares
o5t

300,408
2500
200,00

300,40
300,80
30,00

1300,
300,90
7300

£50.00

340,90

300,60
306,00

306,00

300,00

306,00
1500.40

23,00

300,60
75,00

300,00
300,00
38,00
130000
75,00

300.00
300,00

300,00

Labour
tost

.04
44,00
86,00

33.00

28,08

25,00
45,00

44.400
1.0

66,00

44,00
1ig.00

33.00

44,00
44,00

44,90
48.00

11900

110,00

44,40

5,00

44,00

Jeb.00
144,00
54.00

136,00
384,00
181.00

0500

383,00

322.0%
136,00

44,00
377,08

366,00

344,00
§419.00

.60

44,00
19,04

344,00
382,00

168,00

168500

344,00

Seb. 00

344,00



SHIMGHEDT] KALHTENANDE COBYS ¢ 198386787

Engine ng, : Kia
Diesel fitter rate : 22 Rfhour i
Ave. run tize per dsr : 28,09 hriday  [based on hoursfday x 2}
five. aaintenance zos : 4,57 R/hour
Ttea Date  Engine  Service  HBork Hork  Spares Spares  Labour  Total
nga hours interval  done {ise req. tost rost cost
{BR/DD/ YY)
1 12731/835 16366 - 300 hr service 5 500 hr service kit 300,00 110,00 410.04
uash engine
test operation
2 08/17786 18497 {91 125 br service 3 123 hr service kit 00,00 AA.00 348,00
wash radiatoer core
3 0L223/88 1478 61 250 hr service 3 258 hr service kit 100,60 4500 3hAL00
§ 02/046/84 16500 142 123 br service 3 123 br service kit 300,90 86,00 381,06
wash prgineg 1 litre paint 15,00
paint engine black 300 8l thinners
3 62713788 14983 83 1000 hr service 31000 he servige kit 1506,00 54,00 1564.00
b 03/07/388 17125 146 230 W service 5250 b oservice kit 306,00 118,00 410.00
resove and check ml conler
reptve tappel covers
regove rylinder heads
wdentify gracked no. 2 piston chasher
03/08/85 de-roke coshustion chaabers 12.5 water puep seals 46,60  273.00 (253.00
travel to 821 for spares head gaskets 300.00
install coabustion chasbers o1l 30.00
instali snjector tips piston chaaber 400.00
flush engine and radiator
resgve water puep and replace seals
tnstail water pusp
start sngine
drain qxf
03709785 chect for water in the suap 7 o1l 30,060 34,00 19480
#ill crankcase with ol ol filter 100.0¢
replace a1l falter
start and lnad engine
7 0372488 17373 250 123 hr cervice 3 173 br service kit 300,00 A6.00 385.00
wash radiator core
B 04773/Bh 17894 321 123 hr service 2 125 hr service Lt 300,00 34,00 JA400
reagve enging hour seter
rebuild, replace ano fest
% 05712858 17E9% i%9 123 hr servite 5.5 123 hr oservice kit 300.00 .00 13%.00
Yrease serviLe gresse
10 03/2%/6s 18003 108 1600 br service 4 1000 hr service qit 1300.00  BB.00 1388.00
wash radiator distalled water
service batteries
11 03727/86 18044 §1 remove bhattery alternator 4 88.00  #3.00
repair fisid winding short
replace and test
12 0&/703/86  1BM17 73 resave front pulley 1.5 slesve 200,00 55,00 30%.00
replace sleeve and seal a3l seal 30,00
replace pulley, check for o1l leak
13 06/05/86  1B146 29 125 hr service 2 125 hr service kit 100,60 44.00  419.80
repiace fan belts tan belis 73.00
14 04714786 1R247 101 230 hr service 2 230 hr service kit 300,00 44.00  344.00
13 06/19/86 18277 30 250 br service 2 230 br service kit 304,00 44,00 194,00
replace tacho drive o1l seals tachy drive o1l seals 30.00
16 47710784 18478 201 wash radzator and engine 1.3 tappet rover seals 166,00 35,00 135,00
replace tappet cover seals
17 67/22/8%  1Bais {18 123 hr service Z 123 hr gervace kit 300,60 44,00 344.40
resove and repais hour aeter
18 08/2i/85 16922 306 install nes hour eeter 2 engine hour seter 300.00 4400  544.00



19 08729/85

20 09711784
1 09715788

22 09718185

I3 0%724484

2% 014784
28 10726788

2h 11/03/84

27 AL/

28 120848

29 1240888

30 01719787

3T

3% 027187

33 sty
3% 0E/24/87

33 03730787

35 Qd708s87

37 04r0%/87

38 44721087

3% 63/ 15097

40 06708/87

41 Q100787

47 48/19/87

19003

19133
19186

19253

13363

PARS Y

215

VEY

2201

28

22733

[]
wn

83 1600 br service
wash enging and radiator

128 -

33 snvestigate siternator
install nes alternator and test

strip aiternator

repiace rotor

resiace stans

& 1000 hr service 11t

1 -
I spare alternstor
2 rotor

stator
dindes

replace brushhes, disdes & capaciioroapacstors

install and test

67 230 hr sarvige
wash radrator

287 300 he service

repove and strip starter
replace argalure

regisce fieid omals
ranlace bendiz

iagtall and test

resave and strip alternator
replace capacitors

replace regulator

replace brushes

install and test

315 150 hrosprvice
wash radiator

219 1004 br service
wash engine g radiator

59 fahricate alfernator drive-
guard

64 305 he service

£
By

125 ne gervice
wash engine and radiator
seryice fan belis

167 250 hr service )
wagh engine aad radistor

43 replare diesel falter

B 1000 ke service
set tanpet clearances
repaly cigssl pusn isak
wash radiator

334 250 hr service
wash radiator

48 13 sum, power failuyre
ng regaif
Qpgrator error

71 125 hr service

¥33h enging and radiator

e

£44 300 hr servife
wash engine and radiator
paint engine black

232 130 hr service
replace water slesents

248 1000 b servace
atdiust tappet zlearances
wash engine and radiatar
seryice Datteries
servich starter

246 250 hroservigs
wash enging and radsstor

495 250 hr service
wash engine and radiator

-]

250 hr service

D

500 br servige kit

fae )

araaturg
field coils
bendix

2 capacitors
requlator
brushes

2 250 br service

4 10460 nr zervice kit

Z stesl shapt
braring consuzsables
2 500 hr service Bt

2.5 125 by oseryvice it

7 250 hr servace i3t

1 digsel friter
3 8000 by service ut

2 230 hr servife

4 123 hr service kit

2 123 hr service b1t
1 litre paint
G0 gl thinners

2.3 250 by service
water elesenis

§ 1080 br service kit

2 356 ke service it

2.5 250 hr service Dt

1300.06

300,00
2084.40
306.00
103,03

300,00
300,00
1008.00

1904640
230,05

100.0¢
200,00
100,00

300,00

1500.00

30.00

20,00

300,00

00,00

360,00

3¢.00
1300.00

300,00

300,08

30,60
13,96

S0 00
100,08
%0, 00

300,60

308,00

132,06

113,00

§3.460

44,00

45,04
44,00

44.00

£5.00

$8.00

$4.50

§4.00

35,60

44,00

25.9¢0
£b.00

44,00

44,00

44,00

35.00

L22.00

118,00

34,00

334,00

$4.00

2294.00

444,00

F4.00

J44.00

$55.00

144,60

T2.60
1556.00

344.00

44,00

38800

359,00

33,00

1588.08

346,00

35500



43 0B/78/87

44 09710487

43 10708/87

46 10725787

LU

20873

23004

23350

123 hr service
#33h engine and radiator

i O100h hroservize

adjust tappet rlearances
sErvice starier
service alternator

230 nr service
wash engung and radigtor

s 506 he sarvice

wakh engine ang radiator
service Jabtery

¥ oresove walsr ousp

FEpair oLl Leak
install and test

.B

2.5 125 hr service bt

5 1000 hr servive ki

2 290 hr oservice kit

2 A8 hr szrvice kit

300,00 55000 15500
1500.00 140,00 181000
300000 44,00 4400
0.0 4460 TG0
89,04 8.4

28743.00 3102.00 JiB47.00



APPENDIX H :

Fuel consumption logs fer Shingwedzi

SHINGWEDZI "MOTORVOERTHIGLGRSTAAT' RUN TINE AND FUEL CONSUMPTICN ; 1980 -I987
Ergine na. Bl ) i L
Lcy period Ho. Enging hours Ke. Fuel 01l Avi. fve.fuel fAve.oli
z ¥ ta nours run time  cons. Cons.
froate dws e (litres) {litres) (hriday) (ifkr]  (i/hr)
2123} NErES § 16400 18583 185 4730 7.0 2647 848 0,45
élﬂléf%g 8%?13;86 é? 16533 16943 288 2000 55,0 2433 gL 0,19
02/11/85 03/26/86 43 15943 17394 451 22300 169.0 20,98 49.89 9.22
03127785 04721788 23 17398 174877 283 309 3.0 I2.64  3L.80 0.1%
04/22/88 05/19/8% 2 17677 17943 284 7000 47,0 213 L4 .23
$3/20/8s 06715786 77 17983 1B247 284 F004 M0 20.04 0 3L.b9 0.21
Go/17/66 07/14/86 27 18247 18334 287 7000 93.0  2L.2s 3.34 0.33
07721786 OB/L7/86 27 18394  15BBL 288 L1Z30 68,0 L1 39.47 0,24
0B/18/86 09/14/85 27 15531 15143 284 9030 74.9 2104 31.0% 0.2
09/156/84 10/19/86 33 19187 18535 37 L3730 118.0 22,42 4157 0.31
10/20/85 11/14784 27 19335 19827 251 7600 £7.9 2.8l 30.82 0.23
11757785 12/20485 33 18827 wiE2 358 13500 73,0 2432 35,03 6.21
- 02/23187 - - 20873 351 15739 81,0 A 14.97 0.23
02/23/87 03/25/97 ki 20973 21287 334 L125¢ 3.0 2103 3.8 0,17
03/27/87 04/18/87 7 21207 Zi4E9 282 11230 310 23,64 39.89 0.20
04/20/87 05/17/87 27 21489 21788 299 9000 98,09 2.1 v.d0 Q.g?
03/18/87 06/14/87 27 21788 22071 284 9000 61,90 21,04 3L.89 G2t
04/13/87 07/20/87 33 22077 21342 3t 13500 91,00 .14 3649 0.2
07/21/87 08/20/87 3000 22442 22757 319 11250 85.00 71,00 .71 0.27
08/20/87 09/21/87 32 22757 23104 347 11250 136,00  Z21.69  31.41 0.3?
Total no. days : 837 fverage ¢ 21.94 35.597 0.23
Total no, hoﬁrs : 4704 Std.dev.: 1.49 3.2 0.21
fAve. run tige : 21,03 hriday Mazimum @ 2643 49.89 0.43
Total fuel cons.: Z384346.8 litres Hinieua : 20,58 30.10 0.17
Total pil cons. 1370 iitres . . i

SHINGWEDZI "MOTORVCOERTUIGLOGSTART RUN TIME AND FLEL CONSUMPTION : 1983 -1987

EngLne no. k123
Lu$ period Ko, Englne hours No. Fuel il Ave,  Ave.fuel Ave,oil
roa ta days ram to hours rin time  cons. Cons.
{litres) {litres) {hridayl (l/hr} (1/hr)
- 0L/05/88 - - 9125 134 §730 63.4 I6.68 1,04
G2/10/86 G3/27/88 45 G172 9348 494 19750 105,49 22,04 .73 0.21
03/28/84 04720184 3 9988 10247 249 $009 28.0 21,63 3b.14 9,13
04/21/86 03718764 27 10217 10499 282 9000 104.0 20.89 31.91 0.33
03719786 95/15:88 27 10499 10783 284 9000 71.0 21,04 31.49 0.2
Darleigs 97/13/56 2 10783 11064 251 9003 76,0 2¢.581 2.0 0.2
- NB/18/86 - - 11431 289 11239 Bd.90 38.93 4.29
08/19/85 09713785 7 11431 11117 286 9900 7.0 21,19 L4 9.30
09/17/86 10720784 33 11717 12699 382 1694¢ 135,90 23,13 $1.88 0,35
10428786 1i717/8Bb 2 12099 12391 292 7000 §2.0 25,83 30.82 0,32
11/18/846 12/20/85 32 12391 12727 338 13300 112.0 21,00 40.18 0,33
- 02/23/87 - - 1343 379 157350 f18.0 41.54 5.3
(2124787 G3/26/87 30 13438 13744 368 11250 131.9 20,53 26,33 0.4%
03/26/87 04/20/87 i3 13744 14038 294 11239 g5.0 23,52 18.77 0.30
04/21/87 05/18/87 7 14038 14324 286 9000 0.0 21,19 IL.47 0.3
Q3/19/87 05/13/87 7 14324 14409 283 2045 77 201 3L.a0 0.2
vhfL6/BT V7720487 34 14609 14541 352 11250 74.0 20,7t 31,74 0.21
07/21787 0B/20/87 30 18951 15273 314 7000 130.0 20.93  I8.4b 0.4
08721787 09/21/47 31 £5273 15584 309 13500 3.4 19,94 43.49 0.35
Total no. days : -8 Average ¢ 21,33 35412 .30
Tatal no. hours 3 6112 Std.dev.: 0,89 4,4y 0,07
Ave. run tige : 20,79 hr/day Maximum @ Z23.3Z 33,59 7,43
Total fuel cons.: 284633.1 litres finipue : 28,588 0.15

Total g1l cons, ¢

1785 iitres

19,94




Apprendix I

GEHERAL COMWMENTS an OFF-GRID POWER SYSTEHR DESIGH
TECHNIGQUES

independent powsr systems reguire particularly rigorous
design for optimal technical and economic performance due
to the disecrete nature of esach application and the lack of
large, cheap reserves of generating capacity afforded by
the ESKOHM grid for small grid-connected electricity

consumers.

In general, the competence and optimality of an off-grid
power supply systen 1is a function circumstantial,

probabilistic and design fasciors.

The circumstantial factors are those related to the
specific reqguirements {(or perceived reqguirements) of the
user{s), the technical and economic means available for
the purchase and subseguent maintenance of the system, the
availability of the technelogy, either new or second hand,

and environmental impsct.

The probabilistic factors are those sssociated with the
variazbility of the weather, {insolsation, wind and
tenperature), the variahility of the load ussge patterns
and the likelihood of random component failures within the

systemn.

The design factors include the selection of and the
specification of the systen components, (component
efficiencies etc.); the overall system =izing and the
relative systens matching of cowmponents and =mub-svystems
within the svystem, eg. arvrvav/battery ratio; and the
operating philosophy and control of the svstem, eg. charge

regulation, micro-computer based control svstens obte.



In general 2ll independent energy supply system design

procedures for PV, diesel and gensst-plus applications

must address the following faciors

(1

(ii)

Location : for PV the site specific
characteristics of both the available daily global
sular rvadiation and the diuvrnal and seasonal
variations have a significant effect on the mrray
size and esnergy storage reguirements. Por diesel
gensets, derating due to altitude and the cost
implications such as distance from fuel depots and
maintenance infrastructures affect the viability

and sizing of the system.

ired @ 3, A the fraction cof the vear
when the ingtantaneocus load power demand is
availsble fropm the power svstem. The directly
related aconcepts of loss of energy probability,
LOEP, and, perhaps more correchtly, loss of vpower
probability, LOPP, are applied to PV svystems as =&
rational statistical basiz on which to opiimize
the svstenm sizing., LOEP {(and LOPP) are equivalent
to loss of mvailebility. The level of availsebility
inherent in a given system is ultimately
determined by relative costs of loss of power to
the load and the costs of increased techpnicsal
sophistication or capzcity. Lack of energy supply
could be due to degign, a poor combinstion of or
under-sized array or battery storage capacity or
under~sized genset, or due to component failures
and system breakdowns. 100% availability could
require s large over-sized system which would not
be economically viable. In the came of diesel
gensets 100X availability would reguire 100% back-
up capacity for continuous loads. In oractice
downtime for routine maintenance and breakdewuns on
single diesel denset installations is
approximately Z-4%, resulting in = monthly average

availability of 96-38% (Borden et sl, 1984).



(iii) Dutyv cvele @ thse ecyelical pattern of instantaneous

(iv)

(v)

load power demand influences the system sizing. A
gystem load curve that mimics the daily and
seasonal variation of seolar radiation would
require minimal PV system storags capacity. Diesel
engine fuel consumption, reliability and 1ife are
highly sensitive to the genset duty cvele. The
related concepts of load factor and capacity
factor describe the extent to which the load power
demand profile or duty cvele affect the

utllization of diezel gengets.

Energy demand : The daily energy demand, k¥Wh/day,
and annual variation in energy demand is 3 major
design factor. The predictability of the load
energy demand is 2 main constraint of the
optimality ef the system design. The load energy
demand is defined a= the gbjectively deduced load
energy raguirement as opposed to the perceived
reguirement by the user. It includes such
considerations as AC or DC current, voltage
requirements, f{requency, AC wave form, and pover
factor. Hany sizing procedures select system
compenents based on the so-called "worst-month”
energy demand. A more sophisticated approach would
be = LOPP approach which considers the short to
medium term energy flows across the system and
which guantifies the component ratings based on an
scceptable LOPP over the annual variation in load

energy and power demand and enerdyv source,

Projected svstem life : The useful lifetimes of

competing technical options relative to the
regquired svystem lifetime are vital for both
technical and economic coptimization of a systen.
System components such as storage batteries are
resilient to short term abuse at the expense of

overall useful life. The differences in projected



useful 1life of components relative to the overall
system life allow for optimization of the overall

life-cycle costs.

Most system design technigues assume a continuocus range of
offwthe-zhelf plant and egquipment vatings. The systen
sizing would therefore typically be used az a first
approximation in =& dynamic engineering design process

which would ;nvalva the uger{s) and component suppliers.

PV svstem design technigues

Many differing design technigues for small and large PV
systems =are available. PV manufacturers such as ARCO
SOLAR, MOTOROLA, PHOTOWATT, ©SOLAREX and others have
developed proprietary design techniques. Humerous texts on
PV svystems include generalized design guidelines, {Romnp,
Buresch, ¥atts et =al, Paul). A simplified "worst-month"
design procedure for small stand~alone water pumping
systems is degcribed by Sir Willism Halcrow and Partners
(1984,

The PV sizing technigue favoured by the ER1 for =smsll PV
svstems, (<5 k¥p), isg one proposed by the Jet Propulsion
Laboratory, Pasadena, CA, (Borden et al, 19843, which
ocutlines 2 simple methodology to estimate "stand-alone” PV

system size and a life-cyele costing methodology.

The JPL design methodology, as outlined, spplies to stand-
alone non~tracking flat-plate PV systemy {including the
srray, voltage regulaltor, battery storage and inverter or
DC/DC converter). The essence of this sizing procedure 1S

gummarised in the flow chart shown in Figure I.1.

The procedure is 2 "worst-month case’ method based on  an
theoretically derived LOEP nomograph for suggested
combinations of arvay and battery storsge sizing factors

for worst-month solar radiation values. The LOEP nomograph



igs based on a statistical condensation of meteorological
data for the USA and the 1least cost curve for the
array/battery ratio based on the relative array and

storage battery costs in the USA in 1982.

Although the relative cost of PV modules in the USA has
fallen with respect to battery costs, the effect of the
devaluation of the Rand with respect to the Dollar and the
additional effect of heavy (B0%) import duties have been
to maintain the relative costs of PV modules and batteries

in Southern Africa.
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Figure 1.1 : Design methodology for sizing a stand-alone
flat-plate photovoltaic system (Borden et =al,
1984)



The array and battery storage sizing factors from the
nomograph are based on the lowest overall system cost and
a "worst month"” loss of energy probability (LOEP) of G,l
which corresponds to an average monthly availability of
86-98%, or all but 11 days of the vear.

This JPL methed is claimed to have compared well to a NASA
and a Solarex method described by Simon and a ROS35A method
described by Rosenblum for 2 lioad of 4,2 kWh/day and
worst-month insgolation of 2,3 kWh/m2/day, (Borden et al,
1984,

This method hag been used to size two domestic PV systenms
for home lighting and TV in low income households in  the
winter rainfall area of the Western Czape and the more
favourzble Horth Western Cape {(Miller, 1888). These 30 Up
systens were installed in October 1886 as part of an ERi
domestic PV svstem evaluation project and have given

satisfactory service.

Faul (1881) suggests several “rules of thumb” for
component sizing in smnall off-grid power systems of whiceh

some relate to PV syvstenms

1. If the total load on an independent power svstem is
freguently expected to exceed 1000 W, the system should
be designed to provide AC electricity to the major
loads. If the total load is rarely expected ito exceed
1000 ¥ and DC equipment of the type required is
available, the system should be designed to provide DC
electricity.

2. For a typical user the peak hour usage iz likely to be
4 to 8 times the aversge hourly usage.

3. Peak minute loads can be estimated at 6 to 12 times the
average hourly load and pealk second {(surge) loads at 12
to 24 times the average hourly leads.



4. The minimum voltages for DC components of an
independent power system (battery bank, battery
charging source and inverter) for various levels of
electricity usage are as follows

Daily usage (kWh/day) Minimum DC voltage (V)
3 or under 12
B 24
g 32
12 38
18 43
ocver 1B 120

Large PV systems require a more complex and sophisticated
design approach. The design would typically be undertaken
by consultants in collaboration with electricity utility

companies and PV module manufacturers.

A typical system configuration for a MWp system would
comprise a PV array field of computer contreclled tracking
sub-arrays, a partitioned electrical storage battery (or
hydro pumped-storage), multiple or a multi-stage 380 V
three phase high efficiency inverter(s) connected to &
250 V to 400 V DC busbar system and a microcomputer based

control system.

One of the problems encountered with large scale
centralized PV systems of the order of 1 MWgp, is uneven
charging and discharging of cells within the battery
storage system. This is due to the resistance of the cell
connecting busbars. Microprocessor control techniques have
been propesed by H Kebayashi, et al (18987), to prevent

unequal states of charge within a battery system.

Proper charge/discharge cycling of the battery would be
regulated by the control system through switching the sub-
arrays to segments of the battery and selective connectian
to the inverter(s) depending on solar radiation, state of
charge and load demand. Deep-discharge, overcharging and
gassing could be minimised. A catalyst based recombinator
could recombine hydrogen and oxydgen and return water to

the electrolyte to reduce battery maintenance.



Microcomputer control is cosidered essential for larger PV
systems for the following reasons : {(HeCarthy, 1885)

- using scftware the systenms performance can be
continually optimised to maximise the use of the solar

anery generabad
- the econtrol can be tzilored to specific local climzates
- hardware changes are minimised by using softwvare,

resulting in reduced costs and higher systenm

availability
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