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1. INTRODUCTION

The combination of active and passive solar space heating
systems is attractive due to the complimentary nature of
the two system types. Passive systems are typically less
expensive and simpler than active. systems, yet in many
climates, it is difficult to meet a high fraction of the heating
requirements with passive heating alone because of the
need for large glazing areas and the difficuity in efficiently
storing energy in the building structure for extended pe-
riods. Active solar systems provide additional energy
input and can more efficiently store energy for later use.
Combining these systems provides the efficient storage
capacity of the active system and allows a reduction in
active system size, hence cost, compared to an active-only
system because the passive system meets a portion of the
heating load.

Almost all active systems can be considered active-
passive hybrid systems since any windows which con-
tribute a net solar gain can be considered to be a passive
solar system. Although hybrid systems have great poten-

tial, there has been no generalized design method available *

to analyze their performance. The. objective of this paper
is to present a design method for hybrid systems through
the combination of existing design methods for active and
passive systems.

2. PROBLEMS ASSOCIATED WITH COMBINING DESIGN
’ METHODS

A possible procedure for analyzing a hybrid system is
to first apply a passive design method (e.g., the Solar-Load
Ratio(7, 13], or Un-utilizability(8, 9] methods), assuming
that there is no active system. The additional energy
needed to maintain the building above its set point is pre-
dicted by the passive design method and then is used as
the heating load for the active system. The result of the
active system design method (e.g. the f-Chart method{2])
is then the estimate of the auxiliary which must be supplied
for the combined active-passive system. This infers that
the passive system has the first opportunity to supply en-
ergy for the heating load, and the active system is essen-
tially a backup, as it is more controilable than the passive
system.

There are two problems with this approach to hybrid
system analysis. First, the load on the active system will
always be greater than the auxiliary energy predicted by
the passive system design method (disregarding system-

atic- or location dependent errors in the design method)

because the active system controller causes the average
building temperature to be greater than it would be if the
active solar system were not present.

The second problem is concerned. with the time dis-
tribution of the load on the active system. Active system
design methods such as f-Chart(2] assume that the space
heating load is proportional to the difference between the
indoor and outdoor temperature. In a hybrid system, the
passive component will supply much of the load during
the day, shifting the load distribution for the active system

to nighttime periods. These two problems can be ac-
counted for by use of two corrections that are part of the
design method given in this paper.

3. IDENTIFICATION OF IMPORTANT PARAMETERS

In order to investigate which system components and
parameters are important in causing the interaction be-
tween active and passive components in hybrid systems,
a series of TRNSYS[1] simulations were run in which
timed artificial **passive gains’* were input into the build-
ing mc lel. The distribution and intensity of the artificial
passive gains were controlled in 2 manner which allowed
the effect of changes in parameters and components on
active system performance to be readily apparent.

In addition to the artificial *‘passive’ energy gain pa-
rameters, a number of building and active solar system
parameters were also investigated. Of these, four were
found to cause interactions between the active and passive
system performance. These are: active system collector
size reiative to the building energy losses not met by pas-
sive; active system storage capacity per unit collector
area; active system load heat exchanger size; and effective
building energy storage capacity.

Using controfled *‘passive gains’" allowed inexpensive
screening to select parameters for further study using de-
tailed passive models on an annual basis. In the subse-
quent detailed studies, standard components of the
TRNSYS 11.1 simulation program are used for both the
active and passive systems.

4. MAGNITUDE CORRECTION FOR ACTIVE SYSTEM
LOAD

The error in the passive design method prediction of
the magnitude of the active system load is primarily a func-
tion of the active system controller. The increase in load
on the active system above that predicted by the passive
system design method results from the active solar ther-
mostat set temperature being higher than the auxiliary sys-
tem thermostat set temperature. A higher set temperature
is necessary to ensure that available solar energy is used
before auxiliary energy is supplied. Higher active solar
fractions mean that the building is at the higher set tem-
perature more often, causing the average building tem-
perature to be higher. Higher building temperatures will
result in additional energy losses from the building, hence
more load on the system. '

A monthly energy balance on a hybrid system leads to
a generahized correction factor for L/L,, the ratio of the
active system load, L, to the active system load as pre-

dicted by the passive design method, L,. The correction-

factor is in terms of the monthly passive soiar fraction,
fp, detined in eqn (1); the monthly active solar fraction,
fa, defined in eqn (2); the monthly heating degree days,
DD (based o :ae building base temperature); the building
shell energy loss coefficient (not including the passive col-
lector) UAs; and the passive collector energy loss coef-
ficient, UA.. ’
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Qaux in eqn (2) is the actual auxiliary energy required by
the hybrid building.

To account for deadband settings in the active and aux-
iliary system controllers, the assumption is made that
when either system is operating, the average indoor tem-
perature is equal to the respective lower set point plus one
half of the controller deadband. Simulation results have
shown this assumption to be valid on a monthly-average
basis{12]. The average indoor temperatures are defined in
eqns (3) and (4) for the auxiliary and active solar systems.

Taux = Tseraux + 1/2(deadband)aux, 3)
Tac: = Tserae + 1/2(deadband)ac:. 4

L, the actual load on the active system, can be deter-
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mined by calculating the load on the active system as pre-
dicted by the passive design method, Lo, and adding the
increase in active system load due to controller effects.
L, can be expressed on a UA degree-day basis:

Lo = UAs(DDY(1 = fp). =)

The increase in the active system load due to controller
effect, L. — Lo, must be expressed in terms of the total
building energy loss coefficient (the building shell energy
loss coefficient pius the passive collector energy loss coef-
ficient) as there will be increased losses from both the
building shell and the passive collector.

L =L, = (UAy + UANTace = Taux)faN,  (6)

where N is the number of days in the month. Equations
(5) and (6) can be rearranged to yield

L ., (Uds + UA)(Te = Taun)fa N
L=t UALDDY(1 = f7) ?

MAGNITUDE CORRECTION FACTOR FOR ACTIVE SYSTEM LOROS
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Fig. 1. Load magnitude correction factor for active systems loads. This plot is for N = 31 days, DD

=403, C-days Taux =

18.5C, Taex = 20.0C and (UAs + UA)NUAg =

L.5.
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Fig. 2. Uncorrected annual active system loads compared to TRNSYS simulation resuits. The points
are for Caribou, ME, Bismarck, ND, Columbia, MO, and New York, NY.
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Fig. 3. Corrected annual active system loads compared to TRNSYS simulation resuits. The locations .
are the same as in Fig. 2.

Equation (7) indicates that if fo = 0 (i.e. no active
system), then L, the energy required in addition to the
passive contribution to maintain the building at the set
point temperature, is equal to Lo, the estimate provided
by the passive system design method. As f, is increased,
the fraction of L provided by the active solar energy sys-
tem, is increased, and L/L, becomes greater than-1 as
shown in Fig. 1. This figure is for a typical situation i
which N = 31, DD = 403 C-days, (UA, + UANUA, =
1.5, Tux = 18.5 C, and Tuex = 20.0 C. For example, a

Table 1. Simulation and f-Chart parameters

Locations
Seattle, WA
Madison, WI
Albuquergue, NM
Boston, MA

Passive components
Direct gain 0.12m Collector
Storage Wall 0.25;;11l Collector-storage

w!
U . Day : 2.5 WiPC m?
Coliector» Night 1.5 Wi°C ml
Collector Area 5-100 m?
Active components
Frita) 0.7
FrUL 4,72 Wim*C
Collector area 0-200 m?
Storage capacity 37-75l/m?
eCrmin/ UAsp ' 1.1-5.0
Building
UA (without passive 60200 W/°C
collector) .
Capacitance 2000-35000 kJ/°C
Auxiliary set 18°C
temperature

Active set 19°C
temperature

Deadbands 2°C

Allowable passive swing 4-8°C

passive solar fraction of 0.4, and high active solar fractions
can result in loads which are 25% greater than those cal-

culated based on the auxiliary set point temperature. This -

correction factor can (and should) be applied to active-
only space heating systems (i.e. f, = 0) as well, if the
load estimates used in the design method calculations do
not include the effect of elevated temperature resulting
from controller settings, as is usually the case.

The use of éqn (7) requires an iterative calculation pro-
cedure. The monthly passive solar fractions (f,) are cal-
culated from a passive design method. The net loads ob-
tained from the passive method, Lo, are used in the f-Chart
method to obtain monthly active solar fractions estimates.
The monthly active solar fractions and the monthly de-
gree~days are then used to find correction factors from
eqn (7) which can be multiplied by monthly values of L,
to obtain better estimates of the monthly loads. The f-
Chart calculations are then repeated. One iteration is gen-
erally all that is needed. .

Figure 2 shows predicted annual active system loads
that have not been corrected for controller effects com-
pared to detailed simulation results for four locations. Fig-
ure 3 shows a similar comparison, except that the pre-
dicted active system loads have been corrected by use of
the correction factor given in eqn (7). (In both of these
plots, simulation results using the parameters shown in
Table 1 were used to obtain the predicted active system
loads, thereby eliminating any error that is associated with
the simplified passive design methods.) Comparison of the
two plots shows that eqn (7) corrects the active systemload
for controller effects to within a standard deviation of
+ 2% on an annual basis for all locations examined. Some-
what more error is associated with monthly calculations
which were summed to get the annual values.

5. CORRECTION FACTOR FOR ACTIVE SYSTEM LOAD
TIME DISTRIBUTION

The time distribution of the load on an active system
is affected by the passive solar contribution. In a combined
active—direct gain system, for example, the load on the
active system will be shifted more toward nighttime, caus-
ing the active system to store energy for longer periods.
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Storing energy raises the average collector inlet temper- the auxiliary furnace is turned on at 18°C, Both solar and
ature and thereby reduces the efficiency of the active sys. auxiliary thermostats have i
tem. Design methods such as £-Chart do not account for strategy is called terpperature lev.el control. Also shown

any systematic biag which could mask the hybrid system  culations, However, betwaen the extremes of 2000 kJrC
interactions. Ag seen in Fig, 4, each of the four cities has  to 35,000 kI C, which would encompass buildings of very
a certain biag curve, with the difference in annual sojfar light to heavy construction, there is 3 maximum variation
fractions between f-Chart predictions and TRNSYS cal. in AF, of only 2.5%.
culations defined ag (AF,) being plotted as a function of A final comparison between TRNSYS and F-CHART
annual solar fraction, Taken as 3 whole, the accuracy of for active Systems shows the effect of the active system
f-Chart relative to TRNSYS appears to be =3%, as orig- load heat exchanger size. In the f-Chart method, Joad heat
inally cited for the method[2]. The one exception to this exchanger size is represented by the dimensioniess pa-
is Seattle, WA, a location for which f-Chart hag been pre- rameter, eCrnin/UA,, where ¢ is the heat exchanger effec.
viously shown(6] to underpredict due to the fact that the tiveness, Chnin is the minimum capacitance rate of the heat
relatively smaj] amount of sunshi- e jn winter has a high exchanger, and UA,; is the total building energy loss coef-
- utilizability, The more detailed calcuiations required by ﬁcient.Astandard~va1ue of2.0 forthis‘parameterwas used
the ¢, f-Chart method (i.e. F-CHART 4.1) should agree  to develop the f-Charts for liquid-hased Systems, and non-
more closely with simulation results for Seattle, standard valyes require a correction factor to the f-Chart
A further study was conducted to determine the effect  dimensioniess parameter, Y. Changes in €Crmin/UA,, pro-
of building capacitance on active solar fraction predic- duce a small distortion of the basic f-Chart accuracy for
tions. Figure 5 shows a comparison of AF,asa function a reasonable range of values (1.1-5.0), with the only no-
of annual solar fraction and effective building Capacitance, tabje variation (about 3%) being in the 70%-90% solar
The heating systems contro] strategy used in these sim-  fraction range.
ulations is as follows, If the building temperature drops The previous F-CHART-TRNSYS comparisons and
below 19°C, energy from the solar storage (if available) is  the comparisons of hybrid systems to follow, are all based
added to the house; if the temperature continues to drop, on monthly loads in F-CHART as calculated by the cor-

.08
AF,
.06 MADISON ALBUQUERQUE
04t sosTon SEATTLE
o2 AN ~
. . 0 - P ~
0.00 — ~ I /
1 3 3 r 5 8 9
-02f  -dl ~——
-.04 ~~\\\\\ , .
\\ 7/
-.06 R
-.08

Fig. 4. Overprediction error in the f-Chart method for active only systems for different locations. All
other parameters were constant.
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responding TRNSYS simulations rather than load esti-
mates obtained from a passive design method and egn (7).
This is done so that possible errors from these sources are
not introduced into the time distribution correction factor
derived from these comparisons.

The study of the use of the f-Chart method for esti-
mating the active solar fraction in hybrid systems was
based on TRNSYS simulations using the parameter values
in Table 1. Comparisons of results from the simulations
and f-Chart predictions were done in a manner similar to
the previous studies, i.e. by plotting AF, as a function of
active solar fraction. The major difference was that the f-
Chart bias for active systems alone was subtracted out so
that the effect of hybrid interaction could be plotted in-
dependently. Following this procedure, it was found that
building capacitance has littie effect on hybrid interaction
on a yearly basis; or in other words, the effect of building
capacitance on f-Chart predictions of hybrid system per-
formance was no more pronounced than it was for active
systems alone. Similarly, the effect of €Crmin/UAs Was
found to have minimal effect.

Based on these results, the important parameters in
hybrid systems are: active solar fraction, passive solar
fraction, and active system storage capacity relative to
collector size. A range of active and passive solar fractions
(09-90% for active, 0%~60% for passive) were studied
by varying their respective collector areas. Active system
storage was investigated for the {-Chart standard storage
(314 kJ°Cm®) and for one-half of the standard storage (157
kJ/°Cm?). Different passive gain time distributions were

studied using direct-gain, 0.25 m concrete collector-stor-
age wall, and 0.125 m concrete collector-storage wall sys-
tems. -

The change in the active system load distribution will
always be greater for direct-gain systems than for collec-
tor-storage walls. The direct-gain meets the load during
the day, causing the active system to store energy during
the day, thereby raising the storage tank or pebble bed
temperature more than it normally would be raised.if a
direct-gain system were not involved. This, in turn, raises
the collector inlet temperature, and reduces the coilector
efficiency. Colilector-storage walls moderate the effect
somewhat by delaying passive gains toward the evening,
allowing some of the energy collected by the active system
during the day to be used immediately, thereby lowering
the average storage temperature and more closely resem-
bling the load distribution assumed by the f-Chart method.
Because direct-gain is the limiting case of hybrid inter-
action, and because the overall error in f-Chart predictions
of active solar fractions in hybrid systems is relatively
small, results of the direct-gain hybrid systems will be pre-
sented as the upper bound of f-Chart overpredictions for
hybrid systems. These results can be used directly to ob-
tain a time distribution correction factor for active per-
formance in direct-gain hybrid systems calculated by the
£Chart method and will provide a slightly conservative
estimate for collector-storage wail hybrid systems. Figures
6 and 7 show plots of the f-Chart time distribution cor-
rection factor (AF,) derived from TRNSYS simulations
as a function of annual active solar fraction (F,) and annual

TIME OISTRIBUTION CORRECTION FRCTOR FOR RACTIVE SOLARR FRACTION

DELTA F

ASTIVE SOLAR FRACTION

Fig. 6. Active system load time distribution correction factor for an active system storage capacity
of 157 KJ/ICm?.

T{ME DISTRIBUTIOM CORRECTION FRCTOR FOR ACTIVE SOLAR FRACTION
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Fig. 7. Active system load time distribution correction factor for an active system storage capacity
of 314 KJ/Cm?.
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passive solar fraction (Fp) for active storage capacities of
314 and 157 kJ/°Cm?, respectively.

The time distribution correction factor is presented on
an annual rather than monthly basis because it provides
a slightly better estimate of the auxiliary eniérgy require-
ment if applied on an annual basis. As presented, the cor-
rection factor should not be applied on a monthly, basis as
the monthly passive solar fraction could exceed the limits
of the correction factor correlation (F, =< 0.6). Ir a
monthly auxiliary estimate is necessary, the annual value
of AF, can be applied to the monthly active solar fractions

to obtain approximate monthly auxiliary values. This does
not give a strictly correct monthly distribution of auxiliary
energy use, but the error appears to be less than the ran-
dom error inherent in the £Chart method.)

The error in f-Chart predictions is larger for higher pas-
sive fractions and for smaller active storage capacities.
This would be expected because both of these conditions
would accentuate the probiems associated with raising the
active storage temperature during the day. The fact that
the f-Chart prediction approaches the TRNSYS calcula.
tions at active solar fractions 0% and 100% can also be
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Table 2. Values of constants appearing in eqn. (8)

Active Storage Capacity

314 kJPCm? 157 kJ/PCm?
Ci = 0.287 0.410
C: = 0.246 0.285
C = 0.216 0.154

deduced. At F, equal to 0%, there is no interaction effect,
and the correction factor should be zero. At 100% active
solar fraction, the active system is so large relative to the
load, it supplies all of the necessary energy regardless of
the minor interactions with the passive system.

The time distribution correction factor for collector-
storage walls always had values less than the correspond-
ing direct-gain values, but they could not be correlated
because the effect of location was of the same magnitude
as the f-Chart overprediction.

Curve fits for the information in Figs. 6 and 7 are:

AFq = Cl,FaC:(Z.S—Fp),(l - Fa)CJ(Z’B—F”)‘Fp, (8)
where C;, C;, and C; depend on active storage capacity

as indicated in Table 2. This correction factor should be
applied on an annual basis to the active solar fraction pre-

dicted by the f-Chart method, lowering the uncorrected

solar fraction F, to the value F} as defined in eqn (9).
Fy = F, = AF.. @

The time distribution correction factor should be used in
conjunction with the load magnitude correction factor de-
scribed previously as.they are of similar magnitudes. Fig-
ures 8 and 9 show a comparison of design method and
simulation predictions of auxiliary energy use with and
without the two hybrid correction factors for 23 examples
in Bismark, ND, Caribou ME, Columbia, MO and New
York, NY. For these plots, the SLR method[7] was used
for the passive system analysis. The average of the ab-
solute value of the bias error for the uncorrected predic-
tions was 22%. When the load magnitude and time dis-
tribution correction factors were applied, the error was
reduced to about 8%. Further reductions in the average
error are unlikely, since a large portion of this remaining
error is inherent in the passive and active design methods.

6. SUMMARY

A study of hybrid space heating systems has found that
there are two major sources of systematic error associated
with using existing design methods successively on the
passive and active subsystems. The first is associated with
the effects of the active system controller which increases
the load on the active system as a function of controller
parameters, active solar fraction and passive solar frac-
tion. An analytical equation has been developed to correct
the active system load predicted by a passive design
method for the controller effects.

The second systematic error is caused by the effect of
the passive system on the time distribution of the active
system load. An empirical correction factor for the f-Chart
method has been developed to account for the effect of
load distribution in a combined direct-gain active hybrid
system. In all cases, direct-gain passive systems will cause
more interference than collertor-storage wall systems with
the active system in a way in which the f-Chart method
cannot predict. This interaction occurs because the direct-
gain competes directly with the acave system during the
day, resuiting in higher collector inlet temperatures, and
therefore, lower collector efficiency. Collector-storage

walls, on the other hand, offset the passive gains some-
what. The thicker the wall, the more the gains will be
distributed and will more closely resemble a distributed
load, thereby having less effect upon the active system.
The time distribution correction factor wiil therefore give
a conservative estimate of the active system performance
in collector-storage wall hybrid systems.

In all cases, the error in the f-Chart method is relatively
small and may be overshadowed by other uncertainties.
Errors in such factors as passive system design calcula-
tions, load calculations, building capacitance, and meteo-
rological data can give errors of a similar or larger mag-
pitude.

7. EXAMPLE
As an example of the use of the active system load and

‘solar fraction correction factors, a direct-gain hybrid sys-

tem located in Madison, WI will be analyzed. System pa-
rameters and meteorological data for January are given in
Table 3.

Tilted surface radiation for both the active and passive
systems was calculated using the method in Klein and
Theilacker{10], with the monthly diffuse fraction esti-
mated using the correlation developed by Erbs er al.[11].
The passive calculations were done using the Un-utiliza-
bility method(8] and are summarized in Table 4. The last
column in Table 4 shows corresponding values from a
TRNSYS simulation, giving an idea of the error associated
with the passive design method for this system.

From these calculations, the active system load for
zero collector area (L,) for January is 10.55 GJ. This value
is used as a first approximation of the net load in the active
system (L). Using the f-Chart method, the active solar
fraction for January is found to be:

fa = 0.444,
The estimated auxiliary from January is
Aux = (1 = fa)Lo) = 5.87 GI.
Equation (7) is now used to correct the estimated load with

DD = 819°C-days; f, = 0.001; f; = 0.444,

Table 3. Example problem parameters

Location: Madison, WI; Lat: 431°

System Data
Passive Components

Collector area (direct gain) 40 m*
U Day 2.5 WrPC m*
—wmdow- Night 1.5 W/rC m?
(rar) 0.7

Active Components

Collector area (B = 60, v = 0) 40 m?

Fgr (1) 0.7

Fr(UL) 4,72 WIC m*
Storage capacity (water) 75 iIm?
Building

UA (without passive window) 150 WrC
Capacitance 17000 kJ/°C
Auxiliary set temperature 18°C

Active set temperature 19°C
Deadbands 2°C

Allowable passive swing temperature  8°C
January Data

DD = 819 °C-days

Hyor = 5877 kJ/m?-day
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Table 4. Passive analysis (un-utilizability method)

TRNSYS
Building losses Window losses L, Solar fraction L,

J 10.61 GJ 5.66 GI 10.60 0.001 9.91
F 8.70 4.64 7.66 0.120 7.19
M 7.98 4.26 5.85 0.267 6.03
A 3.73 1.99 1.73 0.464 2.10
M 1.94 1.04 0.02 0.990 0.76
S 1.13 0.61 0.00 1.00 0.16
0 6.08 3.25 5.22 0.142 5.48
D 8.73 4.65 9.13 -0.050 9.19

52.03 27.77 41.41 204 42.59

and the controller settings shown in 'i‘able 3,

L

1.039,

-]

L = 1.039(10.60) = 11.01 GI.

The new value of L is then used to repeat the f-Chart
calculations to obtain a more accurate monthly auxiliary
load. Using this load, the f-Chart method gives'

fa = 0.405,
Qaux = (1 — 0.405)(11.00) = 6.55 GI. -

A summary of the results for the nine heating-season
months is shown in Table 5. The time distribution cor-
rection factor can then be applied to the annual active solar

fraction. Using the annual ‘passive solar fraction, F, =
0.204, and the annual active solar fraction F, = 0.582, eqn
(8) gives an F value of 0.025. The actual active solar frac-
tion Fj can then be found
F, = 0.582 ~ 0.025 = 0.557.
This gives an annual auxiliary energy use of
Quux = (1 — 0.557)46.62 = 20.65 GI.

Table 6 shows the design method results for active system

‘loads and auxiliary energy, compared to detailed TRNSYS

simulation results. On an annual basis, the design method
active system load for this example is within 1.2% of the
simulation results. The predicted annual auxiliary is within
1% of the simulation results. )

Table 5. Active analysis (f-Chart) method

First approximation Second approximation

fa DD LIL, L fa
J 0.444 819 1.039 = 11.01 0.405
F 0.676 672 1.074 8.22 0.634
M 0.878 616 1.139 6.66 0.923

A 1.0 288 1.447 2.50 1.0

M 1.0 150 48.55 0.97 1.0

S 1.0 87 — 0.0 —
N 0.581 469 1.100 . 5.74 0.588
D 0.304 673 1.031 9.41 0.253
0.583 .62 0.582

Table 6. Comparison of design method and simulation resuits

Design method TRNSYS simuiation
L Qs L Quix

J 11.01 GJ 6.55 GJ 10.18 GJ 6.59 GJ
F 8.22 3.01 7.68 3.46
M 6.66 51 6.98 1.05
A 2.50 0.00 2.85 - 0.04
M 0.97 0.00 1.15 0.06
S 0.0 0.00 0.33 0.0
0 2.1 0.00 2.59 - 0.0
N 5.74 2.36 6.01. C2.79
D 9.41 7.03 9.39 6.73

46.52 19.46 47.1 20.71

(20.65)

* Modified for the load time distribution, the predicted auxiliary energy requirement is 20.65 GI.
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