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Abstract] Strategically sited grid-support phobovoltaic (PV) PVUSA developed plant specifications [2] and designed a
applications have been proposed to provide value (cost savings)research test plan [3] to determine the value of PV to the
to electric utilities experiencing transmission and distribution  TgD and bulk generation systems. The Kerman PV plant,
(T&D) system overloads. These applications can potentially completed in June, 1993, is reported to be the first grid-
defer transformer and transmission line upgrades, extend support PV demonstration in the world

equipment maintenance intervals, reduce electrical line losses, . .
and improve distribution system reliability.  This paper Grid-support PV can provide many values .to. T&D
It can defer transformer and transmission line

calculates the economic value of strategically placed grid- SySteéms. : _ :
support PV to a substation transformer. Results at Pacific Gas Upgrades, extend equipment maintenance intervals, reduce
and Electric Company indicate that the 0.50 MW PV plant in electrical line losses, and improve distribution system
Kerman, California can defer a transformer upgrade for 4.6 reliability, all with cost savings to utilities.

years for a value of $398,000. These results are site specific. This paper focuses on the economic value of strategically
placed grid-support PV to substation transformers. It
|. INTRODUCTION calculates the transformer upgrade deferral value for the

Kerman Substation using the following approach. Reduction

The standard practice of electric utilities experiencingy the transformer's hottest-spot temperature is determined
transmission and distribution (T&D) system overloads is t@sing an IEEE transformer temperature model and measured
upgrade equipment. In 1988, it was hypothesized thghnsformer and PV plant data on the 1993 peak load day.
strategically sited phovoltaics (PV) could benefit The temperature reduction is converted to allowable load
overloaded parts of the T&D system [1]. An evaluatiomcrease and then to years of deferral using annual load

methodology was developed and applied to a test cag@wth estimates. Value is a function of years of deferral
(Kerman Substation near Fresno, California). Simulatethd other economic parameters.

data suggested that value of PV to the T&D system could
exceed its value to the bulk geaton system [1]. II. APPROACH

The importance of this finding indicated the need for
empirical validation. ~ This led to a 0.50 MW PV Grid-support PV defers a substation transformer upgrade
demonstration project at Kerman, California as part ®y supplying power on the low voltage side of a transformer
project PVUSA (PV for Utility Scale Applications). PVUSA during peak usage. The reduced transformer load results in
is a national cooperative research and development effgdcreased transformer temperatures and longer life. A
under the auspices of the United States Department @foler transformer can accommodate additional load growth
Energy. and enable the utility to defer purchase of a new transformer

until fully needed.

The number of years of deferral can be calculated by
determining the PV plant's reduction in peak load and
dividing by projected annual load growth. This approach,
however, fails to account for the fact that peak load is not the
only factor affecting transformer temperature.

Fortunately, much is known about transformer
performance [4, 5]. The IEEE has even developed a
detailed model (called the IEEE model in this paper) for
loading power transformers [6]. The guide to the model
bases its transformer loading recommendations on the
degradation effects of temperature and time on winding
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insulation deterioration. It assumes an exponentiaf load to rated loadK(), hottest-spot conductor temperature
relationship between transformer life and the transformerise over top-oil temperature at rated lodg(fl)], and a
highest, or hottest-spot, temperature. termm, which accounts for the effect of variations in the hot
The guide acknowledges that it is very difficult tospot gradient due to changes in loading.
accurately predict the cumulative effects of temperature and
time on winding insulation deterioration [6]. This makes it (~t/1,)
problematic to convert hottest-spot temperature reducti(ﬁb:(eu_ei)[l € +9i (2)
provided by a PV plant to transformer life extension.
Some utilities (such as Pacific Gas and Electric Compang) =6 (fl)K 2m (3)
use the IEEE model as a decision tool to determine when
transformer upgrade is needed based on a transformer's
hottest-spot temperature rather than transformer loss of lifeThe ultimate top-oil temperature rise over ambient
This paper extends that practice to calculate allowable logghnperature and thermal time constant in (2) are:
increase. It uses the IEEE model to compute transformer

K“R+1

hottest-spot temperature for transformer load with no PV. 2 n
This calculation is repeated for transformer load increased py = g )
some percentage minus PV plant output. Allowable load" il R+1
increase is the percentage increase in load that results in the
two scenarios having the same maximum hottest-spot Hu _ ei
temperature. ﬂ ﬂ

Allowable load increase is converted to years of deferral) =, a - (5)
using annual load growth estimates. Upgrade deferral value 2} 2]
is a function of years of deferral and other economic eiu - 97'
parameters. fl fl

I1l. BACKGROUND T, :(Ceﬂ / Ff)l) (6)

The approach described in the previous section requitégere 6f is the top-oil temperature rise over ambient
transformer hottest-spot temperature estimates. Fortunatégnperature at rated loaB,is the ratio of load loss at rated
much work has been invested in deve|0ping a model md to no load IOSEr is the thermal time constant at rated
estimate hottest-spot temperature [6]. Some have used I9&d, C is the transformer's thermal capacity, B the total
IEEE model to evaluate hottest-spot temperature reductiBWwer loss, anch is the exponential power of total loss
provided by PV [1, 2, 7]. Slight changes need to be made VRI'sus top-oil temperature risen affects the magnitude of
the model, however, since it was intended to use averd§é€ ultimate top-oil temperature rise a@affects the rate of
ambient temperature under peak load conditions while tH@P-0il temperature change.
research uses measured ambient temperature under a rang€search performed for this paper suggests that caution is
of conditions. This section describes the model arfteeded when using measured ambient temperature in the
inaccuracies that might occur when using the model in subREE model. As shown in (1), ambient temperature directly
a manner. affects hottest-spot temperature. Unlike top-oil temperature

The IEEE model suggests that hottest-spot windindse, no time Iag_is_associated with a change_ in ambient
temperaturef,g is the summation of ambient temperaturdéémperature.  This is not a problem when using average
(8,), top-oil temperature rise over ambient temperat@g ( ambient temperature but may result in errors if ambient

and hottest-spot conductor temperature rise over top-Simperature varies. Ambient temperature varies daily by
temperaturqu); more than 25C in the field.

6 =60 +0 +0 . (1) V. RESULTS ANDDISCUSSION
hs "a "0 "¢
A. Modification of IEEE Model
Top-oil temperature risédg) is a function of ultimate top-
oil temperature rise over ambient temperatug), (initial Transformer top-oil temperature has been continuously
top-oil temperature rise over ambient temperatug, ( monitored at the Kerman Substation since 1991 using
elapsed timet}, and the thermal time constamg)( Hottest- temperature probes. These probes have an absolute accuracy

spot conductor temperature rigg)is a function of the ratio of +/- 1.5°C at 100°C. The thirty-year old transformer at
the Kerman Substation is an OA/FA (65/85) 8400/10500



KVA transformer. No load losses are 14.421 kW and total Fig. 1 shows that the Original IEEE curve is shifted
losses at the OA rating are 61.965 kW. This translates geveral hours earlier than the measured curve. As shown by
total losses at the FA rating of 74.287 kW. The averagee Modified IEEE curve (dark dashed line) the IEEE
winding rise over top-oil temperature and top-oil rise ovanodel's accuracy is improved by including a time lag in the
ambient temperature are 60°C and 49.2°C at the OA effect of ambient temperature on top-oil temperature. This is
rating and 60.6C and 43.C°C at the FA rating. The core accomplished by moving ambient temperature from the
and coils weigh 24,800 Ibs, the tank weighs 17,965 Ibs, ahattest-spot equation (1) to the ultimate top-oil temperature

there are 3,177 gallons of oil in the tank. equation (4). Modified equations are:

As described in the previous section, hottest-spot
temperature is needed for the analysis. The measurementseﬁ = 9’0 +0 (1a)
the Kerman Substation, however, include only top-oil S 9

temperature. Thus, evaluation of the IEEE model is based

on the comparison of measured and simulated top-oil g =
temperatures. The IEEE model's calculation of hottest-spot flil R+1
temperature rise over top-oil temperature is assumed to be

correct because there was no way to verify it. It it ¢ "o ande,. , "
Fig. 1 presents simulated top-oil temperature using th op-oif tempera urest, 8 , anddy) are now in uni S
absolute top-oil temperature rather than top-oil

IEEE model (light dashed line) as presented in [6] an , bi The ti
measured transformer temperature (dark solid line) for gigmperaturerise over ambient temperature. e time

Kerman Substation on the 1993 peak day. Simulated top-BA"Stantio. however, is still based d, and8; rather than

temperature is the sum of ambient temperature plus top-%'u ande; . o .
temperature rise over ambient temperature. As seen in Fig. 1, although the shape of the modified

Data (presented in Table 1) were collected as follow!EEE and measured temperature curves are the same, there
Load, top-oil temperature, and fan status were monitored '§¢Still @ magnitude error.  One possible way to explain this
the substation transformer every 5 seconds and half-h&JFOr is that the ambient temperature measured at the PV
averages stored for analysis. The fan started at 12:23 &{@nt, which is 8 miles away, is different than that seen by
stopped at 23:43. Ambient temperature was measuredhg substation transformer. There is a much better match to

miles away from the transformer at the PV plant every the data if it is assumed that the ambient temperature at the
seconds and half-hour averages stored for analysis. substation is 3C lower than the ambient temperature at the

PV plant (light solid line).

2 n
KR+11 g (4)

a-’

Table 1. Load, ambient temperature, measured top-oil temperature, and

80 cooling fan status (June 25, 1993).
, —.“, Time | Load [Ambien{ Top-oill Fan | Time | Load [Ambien{ Top-oil| Fan
—~ ) - RN (MVA) [ cC) | (°C) | Status (MVA) [ (°C) | (°C) [ Status
gL_), 70 PR N 0:00 | 409 | 239| 513 off] 120 793 385 598 O
o K e N\ 0:30 [ 381 | 232| 504 offf 1230 824 381 60F ¢
=] g AN\ 1:00 | 371 | 225[ 494] off| 1300 85{ 388 614 O
S 60 /2 \ ~ 1:30 | 364 223[ 485 Off| 13:3) 859 395 62 O
o R x 2:00 | 359 | 221[ 478] off| 1400 883 41p 630 O
IS e \ 2:30 | 362 | 218 471] off| 1430 904 428 64p O
e 50 N\ s 300 | 362 21.0[ 466] oOff] 1500 924 418 65p ¢
= NG - T 330 | 369 203 46.0] oOff] 1530 94f 42} 664 O
g_ ~ "'/ 400 | 374 107 454] off[ 1600 953 428 675 O
o 430 | 379 107 449] off[ 1630 931 425 685 O
F= 40 5:00 | 392 | 198[ 446] off| 1700 914 425 690 O
5:30 | 413 | 205[ 441] off| 1730 91f 41p 69 O
6:00 | 438 | 224 437] off| 1800 903 413 69F ¢
30 6:30 | 484 | 246| 438] off| 183) 884 396 69F ¢
. . . . . 7:00 | 514 | 265] 444] off| 1900 869 378 694 O
0:00 6:00 12:00 18:00 0:00 7:30 | 558 | 27| 451 oOff| 1930 844 34F e8F ¢
Pacific Standard Time 800 | 593 | 289 46.0] off] 2000 831 32§ 67f ¢
830 | 615 [ 30.6[ 472] off[ 2030 821 30p 66k ¢
9:00 | 644 | 316] 486] off] 2100 78§ 304 658 ¢
——Measured = - Original IEEE 9:30 | 670 | 327 s500[ off] 2139 73§ 293 63f ¢
- - Modified IEEE — Mod. IEEE, 5 °C temp. ad. 10:00| 6.87| 341] 516] oOff] 22:00 681 20 615  oh
10:30| 7.19| 358] 534] off] 2230 632 28F s9l4  oh
11:00[ 741 365] 554] off] 2300 584 28p 573 Oh
Fig. 1. Accuracy of top-oil temperature simulations (June 25, 1993). 1130f 771 | 382] 574 Off] 23:3) 509 27 558 off




B. Modified Model Accuracy increase is the light dashed line, and transformer load with
load increase minus PV plant output is the light solid line.
Table 2 compares the accuracy of the original aréigs. 2 and 3 use measured PV output data from the 0.5 MW
modified IEEE models using ten peak days in 1992 and fi®/ plant while Figs. 4 and 5 scale measured output by a
peak days in 1993. Results indicate that the modified IEE&ctor of 10 to a plant size of 5.0 MW. Transformer and
model more accurately predicts top-oil temperatures for tliegeder losses are taken into account in the analysis.
Kerman Substation transformer and suggest more accuracyhe analysis is performed as follows. The initial
for transformers under field conditions in general. Itransformer load in Fig. 2 (dark solid line) is increased by
addition, a 5°C ambient temperature adjustment (thisome percentage throughout the day (light dashed line) and
adjustment is not recommended in general) improves modken decreased by PV plant output (light solid line). The
accuracy. Note that results in the following section amdlowable load increase percentage is selected such that the
essentially unaffected by the B adjustment since the maximum hottest-spot temperature in Fig. 3 is the same
analysis is based on relative temperature comparisons awithout PV (dark solid line) as with increase and PV (light
the adjustment addresses a scaling problem. Failing to gedd line). The figures suggest that the PV plant reduced
the modified model, however, can result in substantial errothe maximum hottest-spot temperature by’@, half of
which came from a lower top-oil temperature due to a

Table 2. Root mean square error analysis on 15 peak days. decrease in load throughout the day. The allowable load
increase is 4.6 percent or 0.46 MW at the peak.
Original Modified Figs. 4 and 5 repeat the analysis for a 5.0 MW PV plant.
IEEE IEEE The allowable load increase is 22.9 percent or 2.29 MW at
No ambient temp. adjustmenf 8.2°C 5.1°C the peak. Notice that in this case, the new peak load occurs
5°C ambient temp. adjustmerjt 6 1.9°C later in the day and is larger than the original peak load.

Fig. 6 presents the allowable load increase as a function of
PV plant size. For comparison purposes, results using the
original IEEE model and a load reduction approach are

The modified model can be used to evaluate the a”owagfgzluded. The figure indicates that all results are similar at
load increase provided by the PV. The following four figure¥Mall PV plant sizes. At larger sizes, however, the original
present two allowable load increase analyses using the 1965E model overestimates and the load reduction method

peak day (June 25, 1993). In all figures, transformer lodtpderestimates the allowable load increase. The original
without PV is the da;rk solid line transform,er load with load!EEE model overestimates because it models the transformer

C. Allowable Load Increase Provided by PV
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Fig. 2. Transformer load without PV, with 4.6% load increase, and with 4.6% Fig. 3. Transformer temperatures without PV, with 4.6% load increase, and
load increase and 0.5 MW PV on peak day (June 25, 1993). with 4.6% load increase and 0.5 MW PV on peak day (June 25, 1993).
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Fig. 4. Transformer load without PV, with 22.9% load increase, and with  Fig. 5. Transformer temperatures without PV, with 22.9% load increase, and
22.9% load increase and 5.0 MW PV on peak day (June 25, 1993). with 22.9% load increase and 5.0 MW PV on peak day (June 25, 1993).

peak temperature as occurring earlier in the day thangifce and other costs. Deferral value equals the first term in
actually does. The load reduction method underestimaigg curly brackets times this value; salvage value of the new
because, as Figs. 4 and 5 show, even as the peak shiftgdRsformer at the end of the study period equals the second
times when the PV is not operating, PV output earlier in thgrm in the curly brackets times this value. It is estimated

day cools the transformer’s oil. Errors on the order of 3@at upgrade costC) is $1,050,000, capital specific costs

percent are seen in Fig. 6. (CSQ are 33 percent, inflationr)(is 2.5 percent, cost of
capital €) is 10 percent, percent of investment that can be
V. ESTIMATED TRANSFORMERDEFERRALVALUE salvaged §) is 50 percent, and transformer lififg) is 30

ears.
Thi ion converts the allowable | incr frmléul
s section converts the allowable load increase from the PV Plant Size (% Peak Load)

previous section into t_he value of gr_ld-support PV to the 0%  10%  20%  30%  40%  50%
substation transformer in two steps. First, the allowable load
. . 3.0 =— 30%
increase is translated to number of years of deferral. Second, A
years of deferral is combined with economic parameters to .’ .
calculate value. 25 i 25%
The number of years of deferraiyj equals the allowable & ! / S
load increase divided by the annual load growth: 2 20 7 /’ 20% >
@ . o —_—— ]
. @ ., // o
_ allowable load increase g 15 o 15% &
¢~ annual load growth () = / 3
S 1.0 7 10% S
Value of grid-support PV to the substation transformer, in /
net present value (NPV) terms, equals: 0.5 5%
life 9
B 1+r\'d n, (1+r 0.0 0%
Value—C(l +CSQ |:l (—l+cj :|+S[m(_l+cj ] (8) 0 1 2 3 4 5

PV Plant Size (MW)

The terms outside the curly brackets equal the upgrade™ - ©riginal IEEE=——Modified IEEE — Load Method

cost adjusted for capital specific costs such as taxes, insur- i ) )
Fig. 6. Allowable load increase versus PV plant size.
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