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1. FOREWORD

The Solar Energy System Performance Evaluation - Seasonal Report has been
developed for the George C. Marshall Space Flight Center as a part of the
-Solar Heating and Cooling Development Program funded by the Departmént of
Energy. The ahalysis contained in this document describes the technical
performance of an Operational Test Site (0TS) functioning throughout a
specified period of time which is typically one season. The objective of
the analysis is to report the long-term performance of the installed
system and to make technical contributions to the definition of techniques
and requirements for solar energy system design.

‘The contents of this document have been divided into the following topics
of discussion:

Systém.Description\
Performance Assessment
Operating Energy
Energy Savings
Maintenance

Summary and Conclusions

Data used for the seasonal analyses of the Operational Test Site described
in this document héve been collected, processed and maintained under the

0TS Development Program and have provided the major inputs used to perform
the long-term technical assessment. This data is archived by MSFC for DOE.

The Seasonal Report document in conjunction with the Final Report for
‘each 0pérationa1 Test Site in the Development Program culminates the
technical activities which began with the site selection and instrument-
ation system design in April 1976. The Final Report emphasizes the
economic analysis of solar systems performance and features the payback
performance based on 1ife cycle costs for the same solar system in various
geographic regions. Other documents specifically related to this system
are References [11, [2] and [3]*. '

| *Numbers'in brackets designate references foqnd in Section 8.

1 A ‘



2. SYSTEM DESCRIPTION -

The Contemporary Manchester Solar Energy System is installed in a
three-story dwelling located on the campus of the New Hampshire
Vocational Technical College in Manchester, New Hampshire. The
system was designed by Contemporary Systems Incorporated (CSI) of
Jeffrey, New Hampshire. System .integration and installatior were
accomplished by CSI and by students and faculty of the Vocational

. Technical College. The Solar Energy System is designed to provide
space heating and domestic hot water (DHW) preheating for the residence.
Solar energy collection is performed by twenty double glazed flat ‘
plate collectors, connected in parallel, with a total area of 805
Square feet. The collectors are roof mounted on the dwelling and
face 15 degrees west of south with a tilt angle of 60 degrees from
the horizontal. Air is the heat transfer medium and the collectors
are designated "Contempokary Systems, Series V, Warm Air",

Thermal storage is provided by a horizontal rock bin containing approx-
imately 720 cubic feet of 1 inch to 1 1/2 inch stones of a type referred to
as "trap rock" in the New England area and comhon]y used in septic system
fields and toundation drainage. Afir movement for sular heal Lransfer

is accomplished by a central air handler with'fntegra] blower and damper
céntro]s for distribution of solar heated air to the heated space or to

and from the rock storage bin.

Hot water pre-heating is accomplished by an air-to-water heat exchanger,
_with separate blower and fan coil unit, mounted near the collector outlet.
Auxiliary space heating is provided by a 112,000 Btu per hour, 1200 cubic
feet ‘per minute 0il fired furnace. Auxiliary energy for the domestic hot
water system is provided by an electric resistance heating element in a

conventional 80-gallon hot water tank.



"~ The system is shown schematically in Figure 2-1. The sensor designations
in Figure 2-1 are in accordance with NBSIR-76-1137 [5]. The measurement
symbol prefixes: W, T, EP, I and F represent respectively: flow rate,
".temperature, electric power. solar insolation and fossil fuel usage;
Figure 2-2 is a piétoria] view of the Contemporary Manchester installation.

Based on data provided by Contemporary Systems inAthe performance design
specification, the Solar Energy System should provide 92% of the average
total heating load, during the heating season, of 8.5 million Btu per
month. The system is designed to provide a peak heating capability of
35,000 Btu per hour. The system is also designed to provide 58 percent
. of the hot water heating requirements, based on a predicted average hot
water load of 1.1 million Btu per month. The hot water heating require-
ments include a usage of 50 gallons per day delivered at a rate of not
less than 1.25 gallons per minute at a minimum temperature of 130°F.

" The Solar Energy System has six operational modes which are déscribed as
follows: ' o

_ Mode.] - Heating From Collectors: When the conditioned space thermostat
calls for heat and the collector outlet temperature is sufficiently high,
'jgenera11y 85°F minimum, the main air handler blower is turned on and.

~ dampers positioned to allow delivery of solar heated air to the house.

Mode 2 - Storing Heat: When there is no'demand for heat to the conditioned
space and the collector outlet temperature is greater than that of the cold

side of rock storage by a pre-set amount, the air handler blower and control
dampers cause solar heated air to be delivered to the rock bin.

Mode 3 - Heating From Storage: A demand for heat from the house thermostat,

when there is insufficient heat from the éoT]ectors, causes the system to
enter this mode. A “storage minimum" temperature is pre-set in the system
controller and the heating from storage mode is only entered when the hot
side of storage is 5°F above this minimum setting. Operation in this mode
is terminated when the hot side of storage falls below the "storage minimum"
value, ' '
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Close-up of Roof Mounted Air Collectors

Residence on Campus of New Hampshire Vocational Technical Cnllege

Figure 2-2. Contemporary Manchester Pictorial




Mode 4 - Auxiliary Heating: The auxiliary heating mode is entered when
a heating demand exists and both collector outlet and storage tempera-
tures are insufficient. When operating in this mode, the air handler

dampers are positioned to prevent reverse flow into the solar storage

and collector loops and heat is supplied to the conditioned space from
the oil1-fired furnace.

Mode 5 - Summer Venting: For warm weather or summer operation the

system enters a thermal siphon venting mode through the use of damper
controlled vents at the inlet side (vents 1 and 3) and outlet side
(vents 2 and 4) of the collectors. Operation in this mode prevents
excessive collector temperatures during periods of high insolation
when no space heating demand exists.

Mode 6 - Hot Water Preheating: Hot water preheating can be utilized

when the system is in the Heating From Collector or Storing Heat modes.
Preheating can also be accomplished during summer operation provided
that the collector outlet temperature is sufficiently above the preheat
tank temperature and that venting control dampers are positioned to
permit air flow through the domestic hot water heat exchanger.



2.1 Typical System Operation

Operation of the Contemporary Manchester Solar Energy System is controlled
by- a Contemporary System Logic Control Unit, designated LCU-110. The unit
contains temperature comparison circuits which compafe system input temper-
ature with preselected temperature settings of the controller. The
LCU-110 also contains a Solar Mode Selecfor which compares the signals
generated by the comparison circuits with the room thermostat's request
for heat and determines which mode the solar system should operate in

to make the best use of available solar energy. The output of the Solar
Mode Selector is routed to a Mode Implementor.circuit which initiates the
appropriate control actions to the air handler fan and control dampers to
place the system in the proper operating mode.

Temperature settings which apply to the vafiods operating modes are as
follows:

Heating From Collectors - when the collector outlet temperature -
is 100°F, or higher, and the thermostat calls for heat, the system
will be placed in this mode. Operation in this mode will cease
when the outlet temperature falls below 85°F.

Heating From Storage - when heat is not available from the collectors
and the thermostat calls for heat, this mode¢wi11 be entered if the
hot side of storage is 85°F, or more. Operation in this mode will
cease if the temperature at the hot side of storage falls below 85°F.

Storing Heat - when the collector outlet temperature is 100°F or higher
and is at least 15°F above the hot side storage temperature, the system
will operate in this mode, if the room thermostat is not-calling for
heat. 4




- .

Heating From Auxiliary - the auxiliary heating mode is entered when

a heating démand exists and solar energy is unavailable either from

the collectors or from storage. When operating in this mode, the

air handler dampers are positioned to prevent reverse flow of auxiliary
heat into the storage and collector loops. A signal from the second
stage of the room thermostat moves the dampers to the position and

turns on the oil-fired furnace and its associated fan to supply heat
to the conditioned space. |

December 14, 1979, has been selected to illustrate typical operation of the
Contcmporary Manchester system. OUn this particular day, there was no direct
heating from the collectors but operation in the other three primary modes;
heating from storage,.storing heat ani neaving from the auxi]iéry source,
were observed. Direct heating from the collectors is very infrequent
because of Tow thermostat settings and passive heating during the day.
Consequently, direct heating is not considered typical operation.

Figure 2.1-1 is a plot of selected system parameters on this data

. which shows the interaction of the solar eneryy and duxilidary sib=

system throughout the day. '

Heating from storage occurred during two brief intervals between hidnight
and 2:00 AM, at whiéh time storage temperatures fell below the 85°F min-
imum.  Auxiliary heat was supplied, at the indicated intervals, between
midhight and about 10:45 AM. Collector loop turn-oﬁ occurred at 10:35 AM
and solar energy was supplied to rock storage until the collector turned off
at 3:02 PM. During this period, the temperature at the hot side of storage
increased from approximately 80°F to 120°F, as shown by the plot of temp-

~ erature T201. The 120°F level of storage temperature was maintained until
just after 8:00 PM when heating from storage was again required, as
indicated by the eight cycles of heating from storage observed between

8:00 PM and midnight. This demand for heating from storage occurred when
the first floor temperature of the housé had declined to approximately
60°F.



Collector loop turn-on occurred when the solar insolation had reached a
value of 311 Btu/FtZ-Hr and was terminated at an insolation value of
147 Btu/th-Hr. Collector outlet temperature at collector turn-on was
147°F and had decreased to 96°F when turn-off occurred at 3:02 PM.
Collector absorber surface temperatures at turn-on and turn-off were
159°F and 101°F, respectively.

Examination of Figure 2.1-1 shows that, on the typical day selected, the
control system operated generally in accordance with design goals. The
lack of direct solar heating from the collectors is believed to be due
to a significant amount of passive solar energy input to the house

which satisfied the interior heating demand during daylight hours and
caused the available solar energy to be routed to rock storage rather
than to the heated space.
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Figure 2.1-1. Typical System Operating Parameters and Ovperating Sequence



2.2 System Operating Sequence

The operating sequence of the Contemporary Manchester system is:
illustrated by further reference to Figure 2.1-1. System air flows
in the various operating modes are plotted as a function of time
and referenced to the incident solar energy in the lower graph,
Figure 2.1-1(a).

The effects of operating cycles in the solar and auxiliary modes on
the temperatures in the space heating subsystem can be seen in the .
concurrent center graph, Figure 2.1-1(b). Note that the variations in
the hot air supply temperature, T401 are in time phase with heating
cycles from storage and from the auxiliary source. Temperature T201
at the hot side of storage, and to a lesser extent, T203 at the cold
side of storage, can be seen to be in phase with the storage of heat
in Figure 2.1-1(a). Indoor first floor temperature T600 is maintained
in the range of 73°F in the early morning hours to 65°F in the late
evening hours, despite an outdoor ambient temperature range of 20°F to
3°F over the twenty four hour period.

Response of the domestic hot water subsystem temperatures and flows are
shown in the upper graph, Figure 2.1-(c). Activation of the electric resis-
tance heating element first occurs from about 7:00 to 7:30 AM when the hot
water outlet temperature T352 has decreased to approximately 100°F and

- is reflected in a rapid increase in T352 to 120°F. Flow W300 in the

" DHW preheat loop is exactly concurrent with collector loop flow (10:35 AM
to 3:02 PM) maintaining the DHW output temperature above the 110°F level
until about 4:00 PM when a second cycle of auxiliary DHW heat is required.
It should be noted that the hot water usage, as plotted in Figure 2.1-1(d),
was. very low for December 14, totalling only 15 gallons. This usage is
~typical for the system because. of the unoccupied status of the house
throughout the performance period, and is attributed to a manual draw

of hot water by students or faculty members from the New Hampshire
Vocational Technical College.

n . |



3. PERFORMANCE ASSESSMENT

" The performance of ‘the Contemporary Manchester Solar Energy System has been
evaluated for the March 1979 through February 1980 time périod from two
perspectives. The first was the overall system view in which the performance
values of system solar fraction and net energy savings were evaluated against
the prevailing and long-term average climatic conditions and system loads.
The second view presents a more in depth look at the performance of the
individual subsystems. Details relating to the performance of the system
are presented first in Section 3.1 followed by the subsystem assessment

in Section 3.2.

12



3.1 System Performance

This Seasonal Report provides a system performance evaluation summary

of the operation of the Contemporary Manchester Solar Energy System

10cated in Manchester, New Hampshire. This analysis was conducted by
evaluation of measured system performance against the expected perfor¥
mance with Tong-term average climatic conditions. The performance of

the system is evaluated by calculating a set of primary performance

factors which are based on those proposed in the intergovernmental

agency report, "Thermal Data Requirements and Performance Evaluation
Procedures for the National Solar Heating and Cooling Demonstration Program"
[5]. The performance of the major subsystem is also evaluated in subsequent
section of this report.

The measurement data were collected for the period March, 1979, through
February, 1980. System performance data were provided through an IBM
developed Central Data Processing System (CDPS) [4] consisting of a remote
Site Data Acquisition System (SDAS), telephone data transmission lines
and couplers, an IBM System 7 computer for data management, and an IBM
System 370/145 computer for data processing. The CDPS supports the col-
lection and analysis of solar data acquired from instrumented systems
located throughout the country. These data are processed daily and sum-
marized into monthly performance formats which form a common basis for
comparative system evaluation. These monthly summaries are the basis of
the evaluation and data contained in this report.

The solar energy system performance summarized in this section can be
viewed as the dependent response of the system to cértain primary inputs.
This re1étionship is illustrated in Figure 3.1-1. The primary inputs are
the incident solar energy, the outdoor ambient temperature and the system
load. The dependent responses of the system are the system solar fraction
and the total energy savings. Both the input and output definitions are

-~

as follows:

13
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Inputs

0 Incident solar energy - The total solar energy incident
on the collector array and available for collection.

° Ambient temperature - The temperature of the external
environment which affects both the energy that can be
collected and the energy demand. '

0 System load - The loads that the system is designed to
meet, which are affected by the life style of the user
(space heating/cooling, domestic hot water, etc., as

applicable).

Qutputs

° System solar fraction - The ratio of solar energy applied
to the system loads to total energy (solar plus auxi]iary‘
energy) required by the loads.

() Total energy savings - The quantity of auxiliary energy
(electrical or fossil) displaced by solar energy.

The monthly'values of the inputs and outputs for the total operational

period ake shownvin Table 3.1-1, the System Performance Summary. Comparative
long-term average values of daily incident solar energy, and outdoor ambient
temperature are given for reference purpose. The long-term data are taken
from Reference 1 of Appendix C. Generally the solar energy system is de-
signed ta supply an amount of energy thal results in a desired value of
system solar fraction while operating under climatic conditions that are

. defined by the long-term average value of daily incident solar energy and

15



outdoor ambient temperature. If the actual climatic conditions are
close to the long-term average valués, there is little adverse impact
on the systemis ability to meet design goals. This is an important
factor in evaluating system pérformance and is the reason the long-
term average values are given. The data reported in the following
paragraphs are taken from Table 3.1-1.

At the Contemporary Manthester site for the twelve month report period,

the long-term average daily incident solar energy in the plane of the
collector was 1089 Btu/ftz. The average dai]& measured value was 1288
Btu/ft2 which is about 18 percent above the long-term value. On a monthly
basis, October of 1979 was the ﬁbrst month wifh an average daily measured
value of incident solar energy 18 percent bgﬁbw the, long-term average daily
value. February 1980 was the best mon%h»wifhfan average daily measured
value 54 percent above the long-term average daily value. On a long-term
basis the measured value of incident solar energy was sufficiently above
the long-term value to have a favorable influence on the performance of the
solar energy system. :

The outdoor ambient temperature influences the operation of the solar
energy system in two important ways. First the operating point of the
collectors and consequently the cu]Tecth efficiency or energy gain is
. determined by the difference in the outdoor ambjént temperature and the
collector inlet temperature. .This will be discussed in greater detail
in Section 3.2.1. Secondly the load is 1nf]Ueﬁbed by the outdoor ambient
temperature. The measured average daily ambient temperature was 53°F
for the Contemporary Manchester site which is 7°F above the 1ong—term'
value of 46°F. On a monthly basis Januaryfand February of 1980 were
the worst months, temberaturewise, when thé measured temperature was

1° to 6°F below the long-term daily average. This two month period of
‘below average temperature has a slightly adverse impact on system per-
formance. This resulted from an increased load and a decreased solar
fraction which led to a decrease in the total net savings.
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TABLE 3.1-1
SYSTEM PERFORMANCE 'SUMMARY
CONTEMPORARY MANCHESTER

Daily Incident Solar Ambient System Solar ' Total
Energy per Unit area Temperature Load- - Fraction Energy
@ 60° Tilt (Btu/FtZ'Day) °F ' Measureq (Percent) Savings
. ! Long-Term Long-Term _ ] '
Month Measured Average | Measured Average (Million Btu) Measured | Expected (Mi1lion Btu)
Mar 79 1100 1137 45 32 3.32 ) 33 47 - 1.66
Apr 79 1309 1225 52 44 3.17 52 59 © 2.5
May 79 1178 1243 67 55 0.59 74 ‘ 61 0.48
Jun 79 1678 1243 77 65 0.11 6 3 - -0.06
Jul 79 1565 1261 83 70 0.08 _ 15 14 -0.06
Aug 79 | 1389 - 1260 78 67 0.06 18 20 . -0.12
Sep 79 1702 _ 1223 70 60 0.08 20 19 . -0.26
Oct 79 935 1144 55 49 0.61 ' 7 6 ~-0.16
‘Nov 79 891 774 46 38 T 2.65 63 58 2.57
Dec 79 1003 672 28 25 6.74 35 45 3.70
Jan 80 1165 ) - 850 20 21 8.95 12 23 1.62
Feb 80 1570 . 1022 17 23 8.53 20 47 . -2.64
Total 15455 13054 -~ - ‘34.89 - - 14.52
Average 1 1288 1089 53 46 ‘ 2.91 29% - 41 ' 1.21°
i -

*Average is weighted by the measured system load.



The effect of system load. and ambient temperaiure on the performance
of the Contemporarijanchester Solar Energy System can be seen by
reference to Table 3.1-1. The maximum solar fraction of 74 percent
was achieved in May, 1979, when system load was low and ambient temp=
erature was 12°F above the lTong-term average value. Because of the
extremely low and non-typical hot water loads which constituted the
entire load during the summer months (June through September) the
measured solar fraction during this period is not considered a valid
index of system performance. The Towest solar fraction during the
heating season was recorded in October, 1979, (7%) and, in this case,
the poor pefformance is attributed to the fact that the incident solar
energy was 18 percent below the long-term average, as cited earlier
(worst month). The adverse effects of the combination of high load and
low temperature can also be seen in January, 1980, when the ambient
temperature was 1°F below the long-term average and the load was the |
highest in any month in the- reporting period, resulting in a solar
fraction of only 12 percent.

Also presented in Table 3.1-1 are the measured and expected values of
system solar fraction where system solar Iraction 15 the ratio uf sular
energy applied to the system 1oaas to the total energy (solar plus aux-
iliary) applied to the loads. The expected values have been derived from
a modified f-Chart analysis which uses measured weather and subsystem
loads as inputs (f-Chart is the designation of a procedure that was
developed by the Solar Energy Laboratory, University of Wisconsin,
Madison; for modeling and designing solar energy system [9]). The model
used in the analysis is based on manufacturers' data and other known
system parameters. The béses for the model are empirical correlations
developed for liquid and air solar energy systems that are presented

in graphical and equation form and referred to as the f-Chart where 'f'
is a designator for the system solar fraction. The output of the f-Chart
procedure is the expected system solar fraction. The measured value of
system solar fraction was computed from measurements obtained through

the instrumentation system of the energy transfers that took place
within the solar energy system. These represent the actual performance
of the system installed at the site.

18
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.The total energy saving is an important performance parameter for the
solar energy system because the fundamental purpose of the system is

to replace expensive conventional energy sources with less expensive solar
energy. <In,practical consideration, the system must save enough energy

to cover both the cost of its own operation and to repay the initial
investment for the system. In terms of the technical ana]yéis pre-

sented in this report the net total energy savings should be significant
positive figure. The total net energy savings for the Contemporary
Manchester Solar Energy System was 14.52 million Btu which is equivalent
during the performance period. This is not considered to be normal sav-
ings for this system. The reason is that the house was unoccupied through-
out the performance period. The loads were consequently light, and

the system was not used in a manner as it was designed for.
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3.2 Subéystém,Performance

 The Contemporary Manchester Solar Energy In;ta]]ation may be divided into
four subsystems: .

‘Collector array
Storaye
Hot water

How N -

Sbace'Heating<

Each subsystem has beenievaluated by the techniques deffned in Section 3

and is numerically analyzed each month for the monthly performance assessments.
This section presents the results of integrating the monthly data available

on the four subsystems for the period March, 1979, through February, 1980.
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3.2.1 Collector Array Subsystem

The Contemporary Manchester collector array consists of twenty Contem-
porary Systems Incorporated, Series V, Warm Air collectors making up an
array with a gross area of 805 square feet. The collectors are inter-
connected for parallel flow. .Interconnection and flow details, as well as
other pertinent operational characteristics are shown in Figure 3.2.1-1(a)
and (b). The collector subsystem analysis and data are given in the
following paragraphs.

Collector array performance is described by the collector array effi-
ciency. This is the ratio of collected solar energy to incident solar
enefgy. a value élwayS'less than unity because of collector losses.
The incident solar energy may be viewed from two perspectives. The
first assumes that all available solar energy incident on the col-
lectors be used in determining collector array efficiency._  The effi-
ciency is then expressed by the equation:

n. = Q/Q | - (1)

c s/ 49
where e ° Collector array efficiency

Q. =  Collected solar energy

Q. = Incident solar energy

i

The efficiency determined in this manner includes the operation of the
control system. For example, solar energy can be available at the col-
lector, but the collector ébsorber plate temperature may be below the
minimum'contro1 temperature set point for collector loop operation, thus
the energy is not collected. The monthly efficiency by this method is

~ listed in the column entitled "Collector Array Efficiency" in Table
©3.2.1-1,
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Figure 3.2.1-1(a). Collector Array Arrangement
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Figure 3.2,1-1(b). Collector Panel Air Flow Path

COLLECTOR DATA SITE DATA
Manufacturer — Contemporary Systems Inc. Location — New Hampshire Vocational
. P Technical College

Model + = Series I Warm Air . Manchester, New Hampshire
Type — Air Latiwde — 43.2°N :
Number of Collectors — 20. Longitude — 71.5°W
Flow Paths — 20 Collector Tilt — 60°

' : Azimuth — 15° West of South

Figure 3.2.1-1. Collector Array Schematic
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The second viewpoint assumes that only the solar energy incident on the

collector when the collector loop is operational be used in determining

the collector array efficiency. The value of the operational incident

solar energy used is multip]ied by the ratio of the gross collector area

to the gross collector array area to compensate for the difference between

~ the two areas caused by installation spacing. The efficiency is then ex-
_pressed by the equation: ‘ '

A S
= P '
Neo 0/ (05 x P/A,) (2)
where "o = Operational collector array efficiency

Qs = Collected solar energy
001 = Operational incident solar energy
Ap = Gross collector area (the product of

the number of collectors and the

envelope area of one collector)
Aa = Gross collector array area (total area

including all mounting and connecting
hardware and spacing of units)

" The monthly efficiency computed by this method is listed in the column
entitled "Operational Collector Array Efficiency" in Table 3.2.1-1.

In the ASHRAE Standard 93-77 [6] a collector efficiency is defined in
the same terminology as the operational collector array efficiency.
prever, the ASHRAE eff1ciencylis determined from instantaneous evalua-
tion under tightly controlled, steady state test conditions, while the
_operational collector array efficiency is determined from actual dynamic
conditions of daily solar enérgy system operatioﬁ’in the field.
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TABLE 3.2.1-1

* COLLECTOR ARRAY PERFORMANCE

Incident Collected Collector Operational Operational

Solar Energy Solar Energy Array Incident Energy Collector
Month (Million Btu) {Million Btu; Efficiency (Mi1lion Btu) Efficiency
Mar 79 27.44 3.40 0.12 8.75 0.39
Apr 79~ 31.62 5.14 0.16 13.96 0.37
May 79 29.40 4.06 0.14 13.17 0.31
Jun 79 40.53 2.10 0.05 3.70 0.57%*
Jul 79 39.05 1.41 0.04 1.58 0.89~*
Aug 79 33.91 ! 1.40 0.04 25.52 0.05
Sep 79 41.10 | 6.07 0.15 34.72 0.17
Oct 79 23.33 é 4.20 0.18 18.97 0.22
Nov 79 21.51 ; 5.20 0.24 16.9€ 0.3
Dec 79 25.02 | 4,92 €.20 19.53 0.25
Jan 80 29.07 3.€3 0.13 22.56 0.16
Feb 80 36.65 4.7 0.1 30.25 0.14
Total 378.64 45,7 - 209.567 -
Average 31.55 3.81 0.12 17.47 C.22

*These efficiency values are computed for very brief periods of solar coilaction and are not

considered to represent valid collector cperation due to trénsient conditions.

~




The ASHRAE Standard 93-77 definitions and methods often are adopted
by collector manufacturers and independent testing laboratories in
evaluating collectors. The collector evaluation performed for-this
report using the field data indicates that there was a significant

‘ differénce between laboratory calibrated single panel collector data

and the collector data determined from long-term field measurements.

. 1There,are two primary reasons for differences in the laboratory and
- field data: ’

] Test conditions are not the same as conditions v
in the field, nor do they represent the wide
dynamic range of field operation (i.e. inlet and
outlet temperature, flow rates and f]ow»distri-
bution of the heat transfer fluid, insolation.
levels, aspect angle, wind conditions, leakage, etc.).

° Collector tests are not generally conducted with
units that have undergone the effects of aging
(i.e. changes in the characteristics of the glazing
material, collection of dust, soot, pollen or other
foreign material on the glazing, deterioration of the
absorber plate surface treatment, etc.)

Consequently field data collected over an extended periodtwill generally
provide an improved source of collector performance characteristics for

s

use_in long-term system performance definition.

. The operational collector array efficiency data given in Table 3.2.1-1
- are monthly averages based on instantaneous efficiency computations
‘ over the total performance period using all-available data. For de-

tailed collector analysis it was desirable to use a limited subset
of the available data that characterized collector operation under

- "steady state" conditions. This subset was defined by applying the

following restrictions:
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(1) The measurement period was restricted to collector
operation when the sun angle was within 30 degrees
" "of the collector normal.

(2) Only measurements associated with positive energy gain
from the collectors were used, i.e., outlet temperétures
must have exceeded inlet termperatures.

(3) The sets of measured parameters were restricted to
those where the rate of change of all parameteré of
interest during two regular data system intervals*

- was limited to a maximum of 5 percent. ‘

Instantaneous efficiencies (”j) computed from the "steady state"
operation measurements of incident solar energy and collected solar
energy by Equation (2)** were correlated with an operating point
determined by the equation:

- - rii' Ta
J I (3)
where x_j = Collector operating point at the jth
instant
Ti = Collector inlet temperature
Ta = OQutdoor ambient temperature
I = Rate of incident solar radiation

The data points (”j’ xj) were then plotted on a graph of efficiency
versus operating point and a first order curve described by the slope-
intercept formula was fitted to the data through linear regression
techniques. The form of this fitted efficiency curve is:

*The data system interval was 5-1/3 minutes in duration. Values of
all measured parameters were continuously sampled at this rate
throughout the performance period. A

**The ratio Ap/Aa was assumed to be unity in this analysis.

26



ng o= b - mX; | (4)

N

where n; = Collector efficiehcy corresponding to the
Jjth instant

b = Intercept on the efficiency axis
(-)m = Slope
xj = Collector operating point at jth

instant. . ,

~

The relationship betweén the empirically determined efficiency.curve
and the analytically developed curve will be established in subsequent
paragraphs. '

'4The ana]ytica]]y developed collector efficiency curve is based on
"the Hottell-Whillier-Bliss equation:

: T, - T ’
noo= Fpra- Rl ( B ) '(5)
where n = Co]lecta} efficiency
/
FR = Collector heat removal factor
T = Tﬁansﬁfssivity of co]iector glazing
a = Absorbtance of collector plate |
‘UL = Overall Eo]lector energy 1o0ss coefficient
Ti_ = Collector inlet tluid temperature .
Ta = Qutdoor ambient temperatu;e
I = Rate of incideﬁt solar radiation
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"The correspondence between equations (4) and (5) can be readiiy seen.
Therefore by determining the slope-intercept efficiency equation from
measurement data, the collector performance parameters corresponding
to the laboratory single panel data can be derived according to the
-following set of relationships:

and | " (6)

where the terms are as previously defined

The discussion of the collector array efficiency curves in subsequent
paragraphs is based upon the relationships expressed by Equation (6).

In deriving the collector array efficiency curves by the linear re-
gression technique, measurement data over the entire performance period
yields higher confidence in the results than similar analysis over shorter
periods. Over the longer periods the collector array is forced to operate
over a wider dynamic range. This eliminates the tendency shdwn by some
types.of solar energy systems to cluster efficiency values over a narrow.

" range of operating points. The clustering effect tends to make the

Tinear regression technique approach constructing a line through a single
data point. The use of data from the entire performance period resuits

in a qol]ector array efficiency curve that is more accurate in long-term
solar systeﬁ performance prediction. The long-term curve and the curve
derived from the laboratory single panel data are shown in Figure 3.2.1-2.

The two curves of Figure 3.2.1-2 show significant differences in overall
performance. However, the crossover point of the two curves falls within

the operating point range where most of the collector operétion occurred, as
can be seen from histograms of Figure 3.2.1-3. The long-term curve does show
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a slightly Tess negative slope than the curve derived from single panel
laboratory data. This may be attributable to the fact that the test flow
rate for the single panel test was lower than the average flow rate of 61
cubic feet per minute per panel from field measurements.

Table 3.2.1-2 presents data comparing the monthly measured values of
solar energy collected with the predicted performance determined from
the Tong-term regression curve and the laboratory single panel effi-
ciency curve. The predictions were derived by the following prucedure:

1.  The instantaneous operating points were computed
using Equation (3).

2. The instantaneous efficiency was computed using
Equation (4) with the operating point computed in
Step 1 above for:

a. The long-term linear regression curve
for collector array efficiency

b.  The laboratory single panel callector
efficiency curve

3. The efficiencies computed in Steps 2a and 2b
above were multiplied by the measured solar
energy available when the collectors were
operational to give two predicted values of
solar energy collected.

The error data in Table 3.2.1-2 were computed from the differences

between the measured and predicted values of solar energy collected
according to the equation:
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- TABLE 3.2.1-2 .
ENERGY GAIN COMPARISON

(ANNUAL)
SITE: Contemporary Manghester o ' Manchester, New Hampshire
ERROR
COLLECTED
N ‘ SOLAR ENERGY  FIELD DERIVED " LAB

MONTH/YEAR . (MILLION BTU) LONG-TERM PANEL
Mar 79 . 0.492 0.029 -0.332
Apr 79 | 4.255 -0.008 -0.364
May 79 3.670 -0.122 _ -0.376
Jun 79 0.671 | -0.014 -0.313
Jul 79 0.101 | 0.214 © -0.160
Aug 79 _ 0.032 0.698 ‘ 0.074
Sep79 . . 5.112 - 0.038 - -0.302
Oct 79 4.066 0.105 -0.234
Nov 79 4.874 0.113 . -0.220
Dec 79 4.597 0.178 -0.151
Jan 80 3.380 0.092 -0.194
Feb 80 3.826 0.011 -0.242
Average - 2.923 0.054 -0.261




Errof‘ = (A-P)/P (7)

Measured solar energy collected

where A
p

Predicted solar energy collected

The computed error is then an indication of how well the particular
prediction curve fitted the reality of dynamic operating conditions
in the field. ' |

The values of "Collected Solar Energy" given in Table 3.2.1-2 are not
necessarily identical with the values of "Collected Solar Energy"

given in Table 3.2.1-1. Any variations are due to the differences in
data processing between the software programs used to generate the
monthly performance report data and the component level collector anal-
ysis program. These data are shown in Table 3.2.1-2 6n1y because they
form the references from which the error data given in the table are
computed.

The data from Table 3.2.1-2 illustrates that for the Contemporary Manchester
site the average error computed from the difference between the measured

solar energy collected and the predicted solar energy collected based on _
, the field derived long-term collector array efficiency curve was 5.4 percent.
For the curve derived from the laboratory single panel daté, the error was
26.1 percent. Thus the long-term collector array efficiency curve gives
significantly better results than the manufacturer's laboratory single
panel curve.

A histogram of collector array operating points illustrates the distri-
bution of instantaneous values as determined by Equation (3) for the
entire month. The histogram was constructed by computing the instan-
taneous operating point value from site instrumentation measurements

at the regular data system intervals throughout the month, and counting
the number of values within contiguous intervals of width 0.01 from zero
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to unity. .The operating point histogram shows the dynamic range of

- -.collector operation during the month from which the midpoint can be
. -ascertained. The average collector array efficiency for the month can be

~ derived by projecting the midpoint value to the appropriate eff1c1ency
curve and reading the corresponding value of eff1c1ency

'Another‘characteristic of the operating point histogram is the shifting
. of the distribution-along the operating point axis. This can be explained
in.terms of the characteristics of the'system and the climatic factors of

" the site, i.e., incident solar energy and ambient temperature. Figure

3.2.1-3 shows two histograms that illustrate a typical winter month
‘>(February) and a typical summer month (September) operatioh. The actual
_.midpoint which represents the average operating point for February is

at 0.18 and for September at 0.16. With a relatively constant collector
inlet temperature, the operating point becomes dependent on outdoor ambient
. temperature and incident solar energy.  From Equation (3) when the

" temperature difference becomes larger due to the Tower Ta and the inci~.
dent solar energy becomes smaller, as is typical in the winter, the
~‘operating point increases and collector operation shifts to the right

" on the operafing point histogram. The opposite situation occurs in the
,4$ummer. Thé important point to be made from this is that the average
‘-éd11ector efficiency, which depends on the operating point, shifts from

~ winter to summer, assuming the higher value in the summer. The behavior
~-is further illustrated by considering the data in Table 3.2.1-1.

Table 3.2.1-1 presents the monthly values of incident solar energy,
_operational incident solar energy, and collected solar energy from
the 12 month performance period. The collector array efficiency and -
. operational collector array efficiency\were computed for each month

1:'using Equations (1) and (2). The values of operational collector

efficiency range from a maximum of 0.39 in March, 1979 to 0.14 in February,
1980. Transient values of'efficiency for June and July, 1979, are not con-
sidered. On the average the operat1ona] collector array efficiency exceeded
the co11ector array efficiency which included the effect of the control
system by 10 percent. !
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At Contemporary Manchester, the incident solar energy totaled 378.64 million
Btu and solar energy collected by the arkay totaled 45.70 million Btu for the
-“report period (Tab]e.3.2.1¥1). The average collector array effi;iency over

. the twelve month period was 12 percent and the operational collector effic-
jency avéraged 22 bercent. The operational efficiency is considered the best
measure of solar system performance because it excludes such factors as
control system anomolies and scheduled down time. It, therefore, reflects
the true ability of the system to collect available solar energy when it

is operating in the intended co]]ection.modes;

Additional information concerning collector array analysis is genéra] may
be found in Reference [8]. The material in the reference describes the
detailed collector array analysis procedures and presents the results of
. analyses performed on numerous collector array installations across the

-+ United States.
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3.2.2 | Storage Subsystem

Storage subsystem performance is described by comparison of energy to
storagé, energy from storage and change in stored energy. The ratio of
-the sum of energy from storage and change in stored energy to energy to

' stbrage is defined as storage efficiency, ng- This relationship is ex-
pressed in the equation:

n, = FAQ + Q. )/Q (8)

S si

where:

AQ - = Change in stored energy. This is the difference in ‘

o the estimated stored energy during the specified
reporting period, as indicated by the relative
temperature of the storage medium (either positive
or negative value)

= Energy from storage. - This is the amount of energy
extracted by the load subsystem from the primary
storage medium

Qsi = Energy to storage. This is the amount of energy
(both solar and auxiliary) delivered to the primary
storage medium

Eva]uation of the system storage performance under actual system opera-
tion and weather conditions can be performed using the parameters defined
above. The utility of these measured data in evaluation of the overall
storage design are illustrated in the following discussion.
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TABLE 3.2.2-1 |
STORAGE SUBSYSTEM PERFORMANCE

Storage‘

' Change In

Energy to Energy From Stored .~ Average -

Storage Storage Energy Storage Temperature
Month (Mi1lion Btu) | (Million Btu) (Million Btu) Efficiency’ °F
Mar 79 3.39 1.65 -0.08 0.46* 84*
Apr 79 4.96 2.32 0.41° 0.55* 89*
May 79 3.73 0.02 -0.02 0.00 m
Jun 79 1.41 0.00 -0.03 -0.02 97
Jul 79 1 0.70 0.00 -0.14 -0.20 91
Aug 79 0.78 0.00 0.06 0.07 89
Sep 79 5.27 0.00 0.79 0.15 127
Oct 79 4,05 0.00 -0.19 -0.05 119
Nov 79 4.49 2.15 0.05 - 0.49* 99*
Dec 79 4.1 2.94 -0.48 0.60* 86*
Jan 80 2.82 1.10 0.24 0.47* 81* .
Feb 80 2.95 1.16 -0.34 - 0.28* 91*
Total 38.66 11.34 0.27 (-0.20%*) - -
Average 3.22 0.95 0.02 (-0.02*) 0.23 (0.49*) 97 (88%)

Storage effic1ency and temperature obtained by considering only the six months in which

energy was drawn from storage to supply a significant heating load.
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Table 3.2.2-1 summarizes the storage subsystem performance during the
report period, ‘However before discussing storage subsystem performance

it is necessary to point out a minor difficulty relating to the mbnitoring
instrumentation in the storage loop. Examination of Figure 2-1 will reveal
that there is not flowmeter in the ducts leading directly in or out of the
storage bin. Since there are air leaks in this air system, the computations
for energy to and from storage will be slightly in error, even though an
attempt was made to account for air leakage whenever nossible.

During the twelve month period an approximate total of 38.66 million Btu
was delivered to storage and 11.34 million Btu was extracted for suppart of
the space heating load. It should be noted that 1ittle or no energy was
~ drawn from storage from May, 1979 through October, 1979, due to the very
small heating loads during these warm weather months. The net change in
stored energy was 0.27 million Btu and the average storage efficiency over
the report period was 0.23. A more meaningful storage efficiency of 0.49
is obtained by considering only the six months when energy was down from
~ storage to supply a significant heating load. The average temperature

of storage during the heating period was 88%F, and for the full 12 months
it was 97°F.

Comparison of the "energy from storage" with the "energy to storage
(Table 3.2.2-1) for the report period reveals a storage loss of 27.32
million Btu. It should be noted, however, that 15.94 million Btu of

" this loss occurred during the period from May, 1979, through October,
1979, during which there was little or no heating load with the result
that all energy put into storage essentially became a loss. During
the six colder months, when energy from storage was used to support a
significant heating load, the losses, although still appreciable,
(11.38 million Btu) were more typical of the expectations from a rock
storage unit. Storage losses are attributed not only to thermal con-
dition through the rock bin walls but also to leakage through imperfect
control damper seals and ductwork joints.
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3.2.3 Hot. Water Subsystem

The performance of the hot water subsystem is described by comparing

the amount of solar energy supplied to the subsystem with the energy
~required to satisfy the total hot water load. The energy required to
satisfy the total load consists of both solar energy and auxiliary thermal
energy. '

The performance of the Contemporary Manchester hot water subsystem is
presented in Table 3.2.3-1. The value for auxiliary energy supplied in
Table 3.2.3-1 is the gross energy supplied to the auxiliary system. In

. the case of Contemporary Manchester, where the hot water auxiliary energy
s supplied by electric resistance elements, an efficiency of 100 percent
is assumed, and the values of auki]iary energy and auxi]iary thermal energy

- (energy delivered to the load) are the same. The difference between the

sum of auxiliary thermal energy plus solar energy and the hot water load
is equal to the thermal (standby) losses from the hot water subsystem.

The measured solar fraction in Table 3.2.3-1 is an-average weighted

~ value for the month based on the ratio of solar energy in the hot water
‘tank to the total energy in the hot water tank when a demand for hot
.water exists. This. value is dependent on the daily profile of hot
water usage. It does not represent the ratio of solar energy supplied
.to the sum of solar plus auxiliary thermal energy supplied shown in

the Table. |

For the 12 month period from March, 1979, through February, 1980, the
‘solar energy system supplied a total of 2.33 million Btu to the hot water
'sdbsystem. 'Of this 2.33 million Btu contribution, 0.38 million Btu went
into the load (hot water used), and 1.95 million Btu went into standby
-losses from the preheat tank. Auxiliary energy supplied over this period
amounted to 3.76 million Btu yielding a total (solar plus auxiliary) input

- of 6.09 million Btu to the hot water subsystem. Since the hot water load
. for the report period was only 1.63 million Btu the thermal (standby) losses
. from the DHW tank-amounted to 2.51 million Btu. '
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HOT WATER SUBSYSTEM PERFORMANCE

TABLE 3.2.3-

1

Energy Supplied Hot Water Parameters Standby Weighted*X
(Million Btu) Losses Solar
Auxiliary Gallons | Temperature (°F) Load } .| Fraction
Month Auxiliary |. -Thermal Solar | Total Used:' Supply |[Delivery ] (Million Btu) jMi]lion-Btu) (Percent)
Mar 79 0.538 0.538 0.036 | 0.574 347 74 159 0.249 0.325 0
Apr 79 0.543 0.543 0.129 0.672 387 80 160 0.257 0.415 ]
‘May 79 0. 351 0.351 0.156 0.507 358 77 131 0.179 0.328 14
Jun 79 0.315 0;315 -0.033 0.282 300 78 117 0.112 0.170 6
Jul 79 0.281 0.281 -0.001 0.280 269 84 112 0.078 0.202 15
Aug 79 0.306 0. 306 0.499 0.805 222 84 116 0.057 0.748 18
Sep 79 0.283 0.283 0.409 0.692 321 86 115 0.084 0.608 20
Oct 79 0.237 0.237 0.252 0.489 443 81 120 0.141 0.348 8
Nov 79 0.215 0.215 0.141 0.356 369 75 115 0.125 0.231 8
Dec 79 0.252 | 0.2527 0.173 0.425 398 71 115 0.142 0.283 4
Jan 80 0.238 0.238 0.245 0.483 372 54 N2 0.115 0.368 9
Feb 80 0.201 0.201 0.321 | 0.522 | 292 76 m 0.086 0.436 N
Total 3.760 3.760 2.327 | 6.087 | 4078 - - 1.625 4.462 -
Average 0.313 0.313 0.194 0.507 340 78 124 0.135 0.372 10




The weighted average monthly solar fraction of ten percent is very
<:low for this site because of the low usage. and the resu]t1ng small hot
' water load. ‘Because of the unoccupied status of the house at the

- Contemporary Manchester s1te, the hot water flow averaged only 11.17 -
‘;ga1]ons'per day over the entire report per1od and this flow is attri-
bdted to a leak in the pressure relief tank. This condition ‘obviously
';prevented a rea11st1c assessment of the performance of the hot water
subsystem
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3.2.4 Space Heating Subsystem

The performance of the space heating subsystem is described-by comparing
the amount of solar energy supplied to the subsystem with the energy
réquired to satisfy the total space heating load. The energy required;

. to satisfy the total load consists of both solar energy and auxiliary
thermal energy. The ratio of solar énergy supplied to the load to the
total load is defined as the heating solar fraction. The calculated
heating solar fraction is the indicator of performance for the subsystem
because it defines the percentage of the total space heating load supported
by solar energy.

The performance of the Contemporary Manchester space heating subsystem

is presented in Table 3.2.4-1. For the 12 month period from March, 1979,
through February, 1980, the solar energy system supplied a measured

total of 9.93 million Btu. to the space heating load. The total

measured heating load for this period was 33.27 million Btu, and the
average monthly solar fraction was 30 percent.

In assessing the performance of the space heating subsystem it should

be noted that there are limitations on the instrumenation system which
preclude the direct measurement of system losses. Measurement of space
heating load, solar and auxiliary contributions and solar fraction are
based on "delivered energy", therefore, losses must be computed from

the difference between delivered energy and collected energy. The

solar energy losses are significant, however, because the majority of

such losses are added to the interior of the house and represent an
uncontrolled contribution to the space heating load. At the Contem-

porary Manchester_site the solar energy losses occur during energy transport
between the various subsystems (primarily due to duct leakage), from the
rock storége unit and, to a lesser extent, the hot water preheat tank.

. During the heating season (March, 1979 through May, 1979 and October, 1979
through February, 1980) a total of approximately 22.89 million Btu of solar
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TABLE 3.2.4-1

"~ HEATING SUBSYSTEM PERFORMANCE

Energy Consumed Measured
Heating Parameters (Million Btu) Solar
Load Temperatures (°F) Auxiliary Fraction
Month (Million Btu) Building OQutdoor Solar Thermal Auxiliary (Percent)
Mar 79 3.06 69 45 1.08 1.98 3.30 35
Apr 79 2.92 74 52 1.65 1.26 2.11 57
May 79 0.42 81 67 0.42 0.00 0.00 100
Jun 79 0.00 89 77 0.00 0.00 0.00 -
Jul 79 0.00 94 83 0.00 0.00 0.00 -
Aug 79 0.00 91 78 0.00 0.00 0.00 -
Sep 79 10.00 89 70 0.00 10.00 0.00 -
Oct 79 0.47 77 55 0.03 0.44 0.72 7
Nov 79 - 2.52 72 46 1.66 0.86 1.43 66
Lec 79 6.60 66 28 1 2.33 4.27 7.11 35
Jan 80 8.84 66 20 1.07 7.77 12.95 12
Feb 80 8.44 66( 17 1.69 6.75 11.24 20
Total 33.27 - - 9.93 23.33 38.86 -
Average 2.77 78 - 53 0.83 1.94 3.24 30*%

* Averége solar fraction is the ratio of Total Solar Energy to Total Load.




energy was added to the inferior of the house through these losses. Thus,
~the energy added to the heated space due to solar system losses was approx-
imately 230 percent greater than the measured amount of solar energy supplied
during the primary heating season, in the intended operating modes.

A calculation, which treats these losses as a positive contribution to the
. space heating requiremenfs, results in a higher solar fraction than that
determined by the measured data. If solar losses are added to the space
heating load and to the solar contribution, the heating solar fraction
increases to 58 percent.

4 During the 12 month reporting period a total of 23.33 million Btu of
auxiliary energy was supplied to the space heating load. Using an
efficiency of sixty percent for the oil fired furnace, the energy input
to the auxiliary source was 38.86 million Btu as shown in Table 3.2.4-1.
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4. OPERATING ENERGY

Operating energy for the Contemporary Manchester Solar Energy System is
defined as the energy required to tfanqurt solar energy to the point

of use. Total operating energy for this system consists of Energy
Collection and Storage Subsystem (ECSS) operating energy, hot water
subsystem operating energy and space heating subsystem operating energy.'
’ Operating energy is electrical energy that is used to support the sub-
systems without affecting their thermal state. Measured monthly values
for subsystem operating energy are presented in Table 4-1.

Total system operating energy for the Contemporary Manchester Solar

Energy System is that electrical energy required-to operate the blower

in the main air handler unit and in the duct used for summer ventilation
of the collectors, the pump and blower in the DHW subsystem and the blower
in the auxiliary heating unit (o0il fired furnace). These are shown as
EP400, EP300 and EP401, respectively, in Figure 2-1. Although additional
electrical energy is required to operate motor driven dampers and the

- control system for the installation, it is not included in this report.
These devices are not monitored for power consumption and the power they

~ consume ‘is insignificant, when compared to the fan and pump motors.

During the 12 month reporting period, a total of 4.58 million Btu

(1342 kWh) of operating energy was consumed. However, this energy
includes that portion of the energy required by the blower in the main
air handler unit when the blower isvdistributing air to the heated

space (space heating operating energy) and that energy would be required
whether or not the solar energy system was present. Therefore, this

- component of the operating energy is not considered "solar peculiar.”

A total of 2.32 million Btu (680 kWh) of operating enérgy was required

" to support the blowers and fans when the solar collection and storage
subsystems were active. Of this total, 1.32 million Btu were allocated
"to the Energy Collection and Storage Subsystem (ECSS) and 1.00 million Btu
to the DHW subsystem . Since a measured 12.26 million Btu of solar energy
was delivered to system loads during the reporting period, a total of 0.19
million Btu (56 kWh) of operating energy was required for each one million
Btu of solar energy delivered to the system loads.
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TABLE 4-1

 OPERATING ENERGY.

Hot watér

Month

, ECSS
‘Oparating Energy

Operating Enargy "

Space Hezating
Operating Energy

Total System
Operating Energy

A1

(Million Btu) (Million Btu) (Million Btu) (Million Btu)
‘Mar 79 0.10 0.02 0.24 0.36
Apr 79 0.17 0.06 0.34 0.57
May 79 0.16 0.1 0.24 0.51
Jun 79 0.04 0.03 0.16 0.23
Jul 79 0.02 ©0.09 0.17 0.28
Aug 79 0.0z 0.15 0.15 0.32
Sep 79 0.18 0.14 - 0.29 " 0.61
Oct 79 0.13 0.09 0.01" 0.23
Nov 79 0.16 0.06 0.10 0.32
Dec 79 0.14 0.07 0.07 0.28
Jan 80 0.10 0.08 0.25 0.43
Feb €0 0.10 0.10 0.24 "~ 0.44
‘Total 1.32 1.00 ©2.26 4.58
Average 0 0.08 0.19 0.38




5.  ENERGY SAVINGS

Solar enerQy system savings are realized whenever enefgy provided by the
solar energy system is used to meet demands which would otherwise be

met by auxiliary energy sources. The operating energy required to provide
solar energy to the load subsystem is subtracted from the solar energy
contribution to obtain the net savings attributed to the use of solar
energy. '

Energy savings for the 12 month reporting period are presented in Table
5-1. The gross savings in fossil energy was 16.56 million Btu which, when
adjusted to account for the 1.32 million Btu of ECSS operating energy,
gave a net fossil energy savings of 15.24 million Btu. Because of the
unoccupied status of the dwelling and resulting negligible hot water
 .-usage (actually 1éakage), as discussed in Section 3.2.3, solar energy
usage was low,lamounting to only 0.38 million Btu over the entire

. 12 month period. Operating energy for the solar hot water system was
greater than the solar energy utilized by about a factor of three because
“of the requirement to operate both a blower and pump to transfer solar

: "~ energy into the DHW preheat tank. Thus, a net loss, or penalty, of
. 0.69 million Btu was incurred in the DHW system over the report period.

On an overall system basis the electrical penalty of 0.69 million Btu
is subtracted from the net fossil savings giving a net system savings of

. 14.52 million Btu over the 12 month period,

It should be noted that all values relating to space heating savings are
based only on the measured solar energy contribution to the space heating
load. As discussed in the Space Heating Subsystem section, approximately
22.89 million Btu of solar energy were added to the interior of the

" house through various losses during the heating season. This uncontrolled
addition of solar energy to the house, had it been included in the ‘

" space heating subsystem computations, would have altered the space
heating (and total system) savings significantly. This additional

but unreported savings can be approximated by dividing the assumed
furnace efficiency of 60 percent into the solar loss contribution
(22.89/0.60) giving an additional gross fossil energy saving of 38.15
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TABLE 5-1

© ENERGY SAVINGS

SPACE HEATING

e

__HOT WATE

~TOTAL NET SAVINGS

“Fossil ECSS . | Net Solar DHW Net Million Kih
Energy Oparating | Fossil’ Energy Used | Operating | Electrical Btu

Savings Energy Savings - ' Energy Savings

(Million | (Million | (Million | (Million (Million | (Millio

Month Btu) Btu) Btu) Btu) Btu) Btu)
Mar 79 1.80 |~ 0.10 1.70 -0.02 0.02 -0.04 1.66 486
Apr 79 2.75 0.17 2.58 -0.01 | 0.06 -0.07 2.51 735
May 79 0.69 0.16 0.53 0.11 0.16 -0.05 0.48 141
Jun 79 0.00 0.04 -0.04 0.01 0.03 -0.02 -0.06 - -18
Jul 79 0.00 0.02 -0.02 0.05 0.09 -0.04 ' -0.06 -18
Aug 79 0.00 0.02 -0.02 0.06 0.16 -0.10 -0.12 -35
Sep 79 0.00 0.18 --0.18 0.06 0.14 -0.08 -0.26 -76
Oct 79 0.06 0.13 -0.07 0.03 0.09 -0.06 -0.16 -47
Nov 79 2.77 . 0.16 2.61 0.02 0.06 -0.04 2.57 752
Dec 79 3.89 0.14 3.75 0.02 0.07 -0.05 3.70 1083
..Jan 80 1.78 0.10 1.68 0.02 0.08 -0.06 1.62 474
Feb 80 2.8% 0.10 2.72 0.03 0.1 -0.08 2.64 773
Total 16.56 1.32 15.24 0.38 1.07 -0.69 14,52 4254
Average 1.38 0.1 1.27 10.03 0.09 -0.06 1.21 355




million Btu. Adjustment for an operating energy requirement probortiona]-
to the measured value yields an additional net saving due to loss contri-
butions of 35.93 million Btu. Thus, if the losses were taken into account,
- the net savings for the complete solar energy system would have been 50.48
“million Btu, compared to the reported value of 14.52 million Btu.
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6.  MAINTENANCE

-Significant maintenance activities carried out at the Contemporary
Manchester site during the report period are summarized below:

May 7, through May 11, 1979 - Correction of Excess{ve Air Leakage

Due to excessive air leakage, especially with the system operating in

the "Heating From Collectors" mode, a site visit was made to investigate
and attempt correction of this problem. Close inspection and pressure
meaéurement revealed numerous air leakage points due to improperTy taped
and sealed duct seams and inlet/outlet connections to the collector
plenums. Round duct sections connecting to collector plenums were of
insufficient length and were tapered so that proper sealing of connections
to flexible ducting could not be achieved. A total of 56 of the round duct
plenum connectioh collars of two inch length and tapered design were replaced
with four inch collars of straight design. Loose plastic connection clamps
- were replaced with metal band type clamps and all joints sealed with

tape or RTV silicone sealant. These actions resulted in the reduction

of leakage (volumetric - outlet/inlet) from 140% to 73% in the "heating
from collectors” mode and from 25% to 9% in the "storing heat" mode.
Leakage below these limits was determined to be through the collectors

and could not be eliminated due to accessibility. Later models of

these collectors are sealed more thoroughly, according to the manufacturer.

December 20, 1979, through January 10, 1980 - Improper Control System Operatidn

~ System data revealed that system was not collecting solar energy despite high
- levels of insolation. It was also noted that there was off-nominal

power consumption on main air handler blower motdr. The problem was

found to be due to a bent damper actuator arm which was repaired, restoring
the system to normal operation.
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February 7, 1980, through February 24, 1980 - Improper Control System Operation

- System data revealed that main air handler blower was, operating at an off-
nominal power level when no solar heat was being supplied to the house from
either collectors or'storage. Collector flow was being terminated near
mid-day in the presence of high levels of solar insolation. Investigation
by the installation contractor showed that the system controls had been
’improperly switched to "summer mode" of operation. The problem was corrected
by returning the'system control switch.to "heating mode" position.
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7. SUMMARY AND CONCLUSTIONS

The following. paragraphs provide-a brief summary of all pertinent
pakémetersAfbr the Contemporary Manchester So]ar Energy System for
. the period from March 1979 to Feerary, 1980. A more detailed
d1scuss1on can be found in the preced1ng sections.

<.Dur1ng the report period, the measured da11y average 1nc1dent insola-

~ ‘tion in the plane of the collector array was 1,288 Btu/Ft Th1s was
'18 percent above the long- -term daily avergge of 1,089 Btu/Ft . During

the same pefiod the measured average outdoor ambient temperature was

"53%. This was seven degrees above the long-term average of a6% . As

a résu]t, only 5,884 heating degree-days were accumulated as compared

to the long- term average of 7,360 heating degree days. -Climatic con-

.2d1t1ons had a favorable influence on the performance of the solar energy
system

;:fThe so1ar energy system satisfied 29 percent of the tota] measured 1oad

‘ X (hot water p1us space heating) during the 12 month reporting period.

::.Thys value was somewhat lower than the expected solar fraction of 41
'”.pércent obtained from the f-Chart analysis. However, when system losses

o into the heated space from duct leaks, storage, etc., are included, the

 solar fract1on increases to 56 percent

i‘-A'totaT of 378.64 million Btu of incident solar energy was measured in
".-thé_plane of the collector array during the reporting period. The system
"f:collected 45,70 million Btu of the available energy, which represents
 A a collector array efficiency of 12 percent. During periods where the
N co]]éétor array was active, a total of 209.67 million Btu was measured
in the b1ane of the collector array. Therefore, the operational collector
" efficiency was 22 percent. |

During the réporting period a total of 38.66 million Btu was delivered

“ to the storage bin. During the same time 11.34 million Btu were removed
from storage for support of the space heating load. During the period,
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,June through October, there was no energy output from storage because the
heating load was zero or negligibly smell. In this same period, energy was
delivered into storage, presumably due to a control system malfunction.
The average storage efficiency based on the full 12 month report period
was 0.23. However, in view of the control anomaly cited above, an effic-
iency using only those months when the storage subsystem wds'supporting

- a heating load is considered more meaningful. The efficiency computed on
this basis for the primary heating season (November through April) was
0.49. During this active period the net change in stored energy was
-0.20 million Btu and 11.38 million Btu were lost from storage. The
average storage temperature was 88°F during the active period and 97°F
over the full report period.

The hot water load for the 12 month reporting period was 1.63 million. Btu.

~ A total of 2.33 million Btu of solar energy and 3.76 million Btu of auxiliary
energy were supplied to the hot water subsystem. Due to the extremely Tow
hot water usage (actually leakage) of about 11 gallons per day and the
correspbnding low hot water energy demand, most of the energy applied to

the hot water subsystem (4.46 million Btu) was dissipated as hot water
system standby losses. The average hot water delivery temperature over

the 12 month report period was 124°F but this. value is believed to be
artifically high because of the low hot water usage. l '

"~ The measured space heating load was 33.27 million Btu for the 12 month
reporting period. All of the space heating demand occurred during the
October through May time period. During the six month primary heating
season (November through April) the measured space heating load was
32.38 million Btu, or 97 percent of the total. The heating solar fraction
for the full 12 month period was 30 percent, whereas, for the primary
heating season, it was 31 percent. During the six month primary heating
season a total of 9.48 millior Btu of measured solar energy and 22.89
million Btu of auxiliary thermal energy were actually delivered to the
‘space heating load, and this energy maintained an average building
‘temperature of 69°F.
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A total of 2.32 hi]lion Btu, or 680 kWh of ‘electrical opefating -
‘Aeﬁergy was required to support the Contemporary Manchester Solar
Energy System during the 12 month reporting period. ‘

; :Tﬁe'gross fossi].énergy-savings for the 12 month réport périod were

'."16.56 million Btu. However, when the ECSS operating energy of 1.32

" million Btu and an electrical penalty of 0.69 million Btu for the
" hot water system are taken into account, the net énergy savings'were .

"‘14;52 million Btu. It should be noted Lhal the energy savings are

* based only on the measured amount of solar energy delivered to fhe
“space heating subsystem. As discussed in Sectionis., the energy sav-
 ings will increase significantly if the uncontr011ed solar energy input
to the building is considered.

Pérformancé analysis of thé‘Contemporary Manchester Solar Energy Systém“ 

was somewhat degraded by the fact that the building was unoccupied

" throughout the data assessment and analysis period, and therefore not
used as it as designed for. The unoccupied status prevented the normal
manual adjustment of heating and ventilating controls for maintenance of

- comfort levels within the building. This lack of occupancy also prevented

'the;typicél family hot water usage which would have allowed for more
realistic evaluation of the hot water subsystem.
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| ~ APPENDIX A
DEFINITION OF PERFORMANCE FACTORS AND SOLAR TERMS

COLLECTOR ARRAY PERFORMANCE

. The cQ]]ector array performance is characterized by the amount of solar energy
col1ected'with respect to the energy available to be collected. ‘

o INCIDENT SOLAR ENERGY (SEA) is the total insolation available on the
- gross collector array area. This is the area of the collector

'} array energy-receiving aperture, including the framework which is
an integral- part of the collector structure.

“'s. " OPERATIONAL INCIDENT ENERGY (SEOP) is the amount of solar energy
. incident on the collector array during the time that the col-
lector loop is active (attempting to"collect energy).

. 8. ° COLLECTED SOLAR ENERGY (SECA) is the thérmal energy removed from. -
o .'the collector array by the energy transport medium. ' o

o | COLLECTOR ARRAY EFFICIENCY (CAREF) is the ratio of the energy col-
h . lected to the total solar energy incident on the collector array.
It should be emphasized that this efficiency factor is for the .
collector array, and available energy includes the energy incident -
" on the array when the collector loop is inactive.  This efficiencyi
‘ . must not be confused with the more common co]lector efficiency
figures which are determined from 1nstantaneous test data obta1ned -
..dur1ng steady state operation of a single collector unit. These
~ efficiency f1gures are often prov1ded by collector manufacturers
or presented in- technical Journals to characterize the functional
-~ capability of a part1cu1ar collector design. In.general, the
o collector panel maximum efficiency factor will be significantly )
higher than the reported collector array efficiency.



ENERGY COLLECTION AND STORAGE SUBSYSTEM .
~ The Energy Collection and Storage Subsystem (ECSS) is ;omposéd of the '
~ collector array, the primary storage medium, the transport 1oops'between
- these, and other components in the system design which are necessary to
mechanize the collector and.storage equipment.

o - INCIDENT SOLAR ENERGY (SEA) is the total insolation available
on the gross collector array area. This is the area of the

collector array energy-receiving aperture, including the frame-
work which is an integral part of'the'collector structure.

o AMBIENT TEMPERATURE (TA) is the ‘average temperature of the outdoor
environment at the site. ' '

. 0‘ " "ENERGY TO LOADS (SEL) is the tota] thermal energy transported
from the ECSS to all load subsystems

° AUXILIARY THERMAL ENERGY TO ECSS (CSAUX) is the total auxiliary -
‘ suppiied to the ECSS, including auxiTiary energy added to the
storage tank, heating devices on the collectors for freeze-
'brotection, etc. | '

"'4 o  ECSS OPERATING ENERGY (CSOPE) is the critical operating energy
required to support the ECSS heat transfer loops. '




' STORAGE PERFORMANCE

Tﬁe:storage.performance is characteri;ed by the relationships among the energy
:qe]ivered‘to storage;~removed from storage, and the subsequent change -in_the
“amount of'stored energy.

‘o ENERGY TO STORAGE (STEI) is the amount of energy, both so]ar and
o 'aux111ary, de11vered to the pr1mary storage medium.

'f‘ o ENERGY: FROM STORAGE (STEO) is the amount of energy extracted by .
' _the load subsystems from the pr1mary storage med1um '

*e - CHANGE in STORED:ENERGY (STECH) is the difference in the estimated
' “stored energy during the specified report1ng per1od as indicated '
- by.the relative temperature of the storage medium (either p051t1ve,v"

'or negative value).

‘»r~,jo» ‘ STORAGE AVERAGE TEMPERATURE (TST) is the mass-weighted average |
’ [temperature of the primary storage medium.

o STORAGE EFFICIENCY (STEFF) is the ratio of the sun of the
~ energy removed from storage and the change in stored energy .
“to the energy de11vered to storage
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"HOT WATER SUBSYSTEM

‘The hot water subsystem is characterized by a complete accounting of the
energy flow to and from the subsystem, as well as an accounting of in-
terna1 energy. The energy into the subsystem is composed of auxiliary

m‘:{‘fOSSil fuel, and electrical auxiliary thermal energy, and the operating

1:.engrgy for the subsystem. In addition, the solar energy supplied to the
subsystem, along with solar fraction is tabulated. The load of the sub-

o ;:SyStém is tabulated and used to compute the estimated electrical and

;}stsil fuel savings of the subsystem. The load of the subsystem is

B fﬂrther.identified-by tabulating the supply water temperature, and the

S ogflet'hot water temperature, and the total hot water consumption.

° HOT WATER LOAD (HWL) is the amount of energy required to heat
the amount of hot water demanded at the site from the incoming
tempefature to the desired outlet temperature.

® SOLAR FRACTION OF LOAD (HWSFR) is the percentage of the load .
demand which is supported by solar energy. '

° SOLAR ENERGY USED (HWSE) is the amount of solar energy supplied
. to the hot water subsystem.

Y OPERATING ENERGY (HWOPE) is the amount of electrical energy re-
quired to‘support the subsystem, (e.g., fans, punps, etc.) and
which is not intended to directly affect the thermal state of
the subsystem. ‘ 4

© e AUXILIARY THERMAL USED (HWAT) is the amount of energy supplied-
. to the major components of the subsystem in the form of thermal
energy in a heat transfer fluid, or its equivalent. This term

also includes the converted electrical and fossil fuel ehergy

~ supplied to the subsystem.
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H?f-_AUXILIARY ELECTRICAL FUEL (HWAE) is ‘the amount of e]ectr1ca1 |

i'energy supplied d1rect1y to the subsystem

m:;ELECTRICAL ENERGY SAVINGS (stvs) is the estimated difference
between the electrical energy requirements of ‘an alternative

| ~..-conventional system (carrying the full load) and the actual

“electrical energyvrequired by the subsystem.

"'_,‘supva WATER TEMPERATURE (TSW) is the average inlet temperature

. of the water supp11ed to the subsystem.’

AVERAGE HOT WATER*TEMPERATURE (THW) is the average femperature of
the outIet water as it is supplied from the subsystem to the load.

' ;;HOT WATER USED (HWCSM) is the volume of water used.




. ENVIRONMENTAL SUMMARY

.. The environmental summary is a collection of the weather data which is
‘generally instrumented at each site in the Development Program. It is

. tabulated in this report for two purposes (1) as a measure of the condi-

tions prevalent during the operation of the system at the site, and
(2) as a historical record of weather data for the vicinity of the site.

° TOTAL INSOLATION (SE) is the accumulated total solar enefgy
incident upon the gross collector array measured at the
site.

©  AMBIENT TEMPERATURE (TA) is the average temperature of the
environment at the site. : : :

) DAYTIME AMBIENT TEMPERATURE (TDA) is the temperature during the
period from three_hours before solar noon to three hours after

solar noon.
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"APPENDIX B

SOLAR ENERGY SYSTEM PERFORMANCE EQUATIONS FOR
CONTEMPORARY MANCHESTER ”

L. INTRODUCTION

" solar energy system performance is evaluated by performing energy balance

:f'i¢31§u1atjqns on the system and its major subsystems. These calculations’
" .’are based on physicalﬁmeasukement data taken from each subsystem every

e5320fsecends,? This data is\theh‘humerica11y combined to determine the

_hourly, daily, and monthly performance of the system. This appendix
"'describes the general computat10na1 methods and the specific energy
AJ;Zbalance equations used for this evaluation.

*1};,Dafa‘samp1es'fﬁem the'system measurements are. numerically integrated

to provide discrete approx1mations of the continuous funct1ons which

Lﬁ?}:character1ze the system's dynamic behav1or This numerical integration A
'Lig‘is performed by summation of the product of the measured rate of the
"".'appropriate performance parameters and the sampling interval over the .

’ f tota] time period of interest.

'¢.There are several'general forins of numerical integration equations which

| ;itffare,applied to each site. Examp]es of these general forms are as follows:
.. The total solar energy available to the collector array is given by

| ?71.SOLAR ENERGY AVAILABLE = (1/60) = [IOO"X AREA] x

: _where 1001 is the solar radiation measurement provided by the pyranometer

":ge1n Btu/ft -hr, AREA is the area of the collector array in square feet,
- At is-the sampling interval in minutes, and the factor (1/60) is included

":Qto'cprreet the solar radiation "rate" to the proper unjts‘of time.
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“Similarly, the energy flow within a system is given typically by

COLLECTED SOLAR ENERGY = £ [M100 x 8H] x A

- where M100 is the mass flow rate of the heat transfer f]u1d, in 1b /m1n, and
‘j AH is the entha]py change, in Btu/]b » of the fluid as it passes through
. the heat exchanging component. :

- For a‘liquid system AH is geperally given by

AH =T

. Cp AT

"where Eb is the average specific heat, in Btu/(]b -°F), of the heat
, transfer fluid and AT, in °F, 1s the temperature d1fferent1a1 across

the heat exchang1ng component.
J i'(Fdr'an aif‘system‘AH is generally given by

AH = H (T - H (T. )

out)
where H (T) is the entha]py, in Btu/lb » of the transport air
: eva]uated at the inlet and out]et temperatures of the heat ex-
changing component '

"~fﬂHa(T):can have various forms, dependihg.on whether or not the humidity ratio

: pf the transport air remains constant as it passes through the heat ex-
- changing component. '



"j‘Fgr electirical power, a'general-example is

ECSS OPERATING ENERGY (34]3/60) L [EP]OO] X At

J Tpfwhere EPIOO'is the measured*bower required by electrical equipment in

; kilgwatts and the two factors (1/60) and 3413 correct the data to Btu/min.:

 i:Theeeiequations are comparable to those specified in."Thermal Data-
ﬂfRequirements and Performance Evaluation Procedures for the National
‘jSoiar Heat1ng and Cooling Demonstration Program." This document; given

~in the list of references, was prepared by an inter-agency committee of

= the government, and presents guidelines for thermal performance eva]uat1onu

:ﬂ‘Perfdrmance factors are computed for each hour.of the day. ,Each numericalihu
»ﬂ;‘1n£egrafion-processg therefore, is performed over a period of one hour.
'nf51nce'1ong-term performance'data is desired, it is necessary to build
V'these hour]y performance factors to daily values. This. is accomplished,
o1 for, energy parameters, by summing the 24 hourly values. For temperatures, °
'the hourly values are averaged Certain special factors, such as ef- '

: f1cienc1es, require appropriate handling to proper]y weight each hourly
‘J'isampIe for the daily value computation. Similar procedures are requ1red
“':to convert da11y values to monthly values.

o PERFORMANCE EQUATIONS
n“EfThe”performance eauations for Contemporary Manchester used for the data.

"eva1uat10n of this report are contained in the following pages and have
- been included for technical reference and information.
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EQUATIONS USED IN MONTHLY PERFORMANCE ASSESSMENT
' NbTE: MEASUREMENT NUMBERS REFERENCE SYSTEM SCHEMATIC FIGURE 2-1

" AVERAGE AMBIENT TEMPERATURE (°F)
T = (1/60) x T TOO1 x Bt
 AVERAGE BUILDING TEMPERATURE (°F)
T8 = (1/60) x & (T600 + T601 + T602)/3 x ot
'DAYTIME AVERAGE AMBIENT TEMPERATURE (°F)
TR = (1/360) x T TOO1 x &1
| " FOR + 3 HOURS FROM SOLAR NOON |
* INCIDENT SOLAR ENERGY PER SQUARE FOOT (BTU/FT?)
) | . SE = (1/60) x.z 1001 x at |
- OPERATIONAL INCIDENT SOLAR ENERGY (BTU) ‘ -
. SEOP = (1/60) = [1001 x CLAREA] x o
, WHEN THE COLLECTOR LOOP IS ACTIVE
fﬂ_ hUM1n1TY RATIO FUNCTION (BTU/LBM-°F)
" HRF = 0.24 + 0.444 x HR
“WHERE 0.24 IS THE SPECIFIC HEAT AND HR IS THE HUMIDITY RATIO
'OF THE TRANSPORT AIR. THIS FUNCTION IS USED WHENEVER THE
HUMIDITY. RATIO WILL REMAIN CONSTANT AS THE TRANSPORT AIR FLOWS
4  THROUGH A HEAT EXCHANGING DEVICE
_ENTHALPY FUNCTION FOR WATER (BTU/LBM)

T,.

“HWD(T,, Ty) = [

¢, (T)dT

THIS FUNCTION COMPUTES THE EN1HALPY CHANGE OF WATER AS IT
PASSES THROUGH A HEAT EXCHANGING DEVICE.
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‘:SOLAR ENERGY COLLECTED BY THE ARRAY (BTU)
U SECA =t [(M100 x (T150 - 1100) x HRF) + (M300 x (T350 - T300) X HND)] x a7
:NOTE THAT THIS EQUATION ACCOUNTS FOR SOLAR ENERGY COLLECTED IN THE SUMMER o
TOPERATING MODE WHEN ONLY THE DOMESTIC HOT WATER HEATING SYSTEM IS ACTIVE
3 WELL AS SPACE HEATING SOLAR ENERGY COLLECTED IN WINTER MONTHS.
“SOLAR ENERGY TO LOAD FROM COLLECTOR ARRAY (BTU)
L cseoz | =;f~ 2 [MO1 x HRF x (T401 - T451)] X at
o meMHMmemEmummRmmv
| ;ism.AR ENERGY TO LOAD FROM STORAGE (BTU)
'ih_, HSEL =z [MAO1 X HRF x (T401 - T451] X bt
|  WHEN HEATING FROM STORAGE. |
':?TSOLAR ENERGY TO SPACE HEATING SUBSSYTEM (BTU)
©UHSET = HSED + CSEQ2
RN wHENEVER THE SYSTEM IS HEATING FROM COLLECTORS OR STORAGE
iHEATING AUXILIARY THERMAL ENERGY TO LOAD (BTU)
| HAT = £ [MA0O x HRF X (T450 - T400)] X At
B . WHEN HEATING FROM THE AUXILIARY SOURCE
| ;ESPACE HEATING LOAD (BTU) |
“ {'1'HL,. = ;(‘ HSE + HAT
- WHENEVER THE SYSTEM IS IN A SPACE HEATING MODE

f:AVERAGE TEMPERATURE. OF STORAGE (°F) SO

; TST, = (1/60) x [(T201 + 7202 + T203)/3 + T204 #12051/3 x b
ﬂJSOLAR ENERGY 0 STORAGE (8TU) o

©UUSTEL. = 1z [M100 x HRF x (1200 - T250)] x A -

- . WHEN THE SYSTEM 1S IN A STORING HEAT MODE
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 SOLAR ENERGY FROM STORAGE (BTU) |
STEO = 1 [MAOT x HRF x (T200 - T250)] x At
WHEN THE SYSTEM IS IN HEATING FROM STORAGE MODE
ECSS OPERATING ENERGY (BTU) |
CSOPE = 56.8833 x I EP400 x At
WHEN THE SYSTEM IS IN A STORING HEAT MODE
| CSOPE = 56.8833 x © (EP400/2) x &t
WHEN THE SYSTEM IS IN A HEATING FROM COLLECTORS MODE
'HOT WATER CONSUMED (GALLONS)
© HMCSM =z WD301
HOT WATER LOAD
HAL - g [M301 x HWD(T352, T30])] x At
SOLAR ENERGY TO HOT WATER SUBSYSTEM
HWSE = £ [M500 x HWD(T350, T300)] x At
 SOLAR ENERGY TO HOT WATER LOAD
| HWSET = & [M301 x HUD(T351, T301)] X AT
HOT WATER SUBSYSTEM OPERATING ENERGY (BTU)
CWWOPE . = . 56.8833 x I EP300 x At
HOT NATER SUBSYSTEM AUXILIARY ELECTRICAL FUEL ENERGY (BTU)
CHMRE = 56.8833 x I EP30] x ot
| SPACE HEATING SUBSYSTEM OPERATING ENERGY (BTU)
"HOPE = 56.8833 x I EP400/2 x At
~ WHEN THE SYSTEM IS IN A HEATING FROM COLLECTORS MODE
HOPE2 =  56.8833 x'z-Epdoo?x AT
WHEN. THE SYSTEM IS IN A HEATING FROM STORAGE MODE
CHOPE3 = 56.883 x I EP401 X At
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T HEN THE SYSTEM IS IN A HEATING FROM AUXILIARY MODE
‘f'T f:; HOPE y = . HOPET + HOPEZ + HOPE3
lﬁfffAuerIARY FOSSIL FUE ENERGY. TO OIL FIRED FURNACE (BTU)
WAF = HAT/06

o " WHERE 0.6 IS THE FURNACE EFFICIENCY
'f;j;supva WATER TENPERATURE (°F) |

| Tsw-’. o= T

| ﬂ,;fHOT NATER TEMPERATURE (°F)

4 . BOTH TSW AND THW ARE COMPUTED ONLY WHEN FLOW EXISTS IN

A:'_fTHE SUBSYSTEM, OTHERWISE THEY ARE SET EQUAL TO THE VALUES
' :1OBTAINED DURING THE PREVIOUS FLOW PERIOD

f‘?s;INcloENT SOLAR ENERGY ON COLLECTOR ARRAY (BTU)

- ff'fCOLLECTED SOLAR ENERGY PER UNIT AREA (BTU/FT ) -

",ssc o SECA/CLAREA

| ;;f'fCOLLECTOR ARRAY EFFICIENCY

CAREF = SECA/SEA

" CHANGE IN STORED ENERGY (BTU)

CSTECH. = - STECH - STECH1,

L WHERE THE SUBSCRIPT REFERS TO A PRIOR REFERENCE VALUE
;"1:'ST0RAGE EFFICIENCY | |

o UUSTEFF - = (STECH + STEQ)/STEI |

* ENERGY DELIVERED FROM ECSS TO LOAD SUBSYSTEMS (BTU)

7 CSEO = STEO + HSE + CSEO2

iif:‘AUXILIARY THERMAL ENERGY TO HoT WATER SUBSYSTEM (BTU)

. HWAT = HWAE



‘w<HOT WATER SOLAR FRACTION (PERCENT)

" HWSFR . 100 x HWTKSE/(HNTKSE + HNTKAUX)

WHERE HWTKSE AND HWTKAUX REPRESENT THE CURRENT SOLAR
AND AUXILIARY ENERGY CONTENT OF THE HOT WATER TANK

© HOT WATER ELECTRICAL ENERGY SAVINGS (BTU)
o HUSVE = HMSE] - HWOPE
_ SPACE HEATING SUBSYSTEM SOLAR FRACTION (PERCENT)
SR = 100 x HSE/HL
7,SEACE HEATING SUBSYSTEM FOSSIL ENERGY SAVINGS (BTU)
| CHSVE = HSE/FEFF ,

" WHERE 0.6 IS THE FURNACE EFFICIENCY
 SYSTEM LOAD (BTU)
. SYSL = HL 4 HWL
ESOLAR FRACTION OF SYSTEM LOAD (PERCENT)
s = (HL x HSFR + HilL X HMSFR)/SYSL
L7EZSYSTEM OPERATING ENERGY (BTU)
S sYsopE = HOPE -+ HOPE + CSOPE
?7TAUXILIARY THERMAL ENERGY TO LOADS (TU)
CRXT = HAT  HWAT |
. AUXILIARY ELECTRICAL ENERGY TO LOADS (BTU)
| AXE© = . HWAE |

| A“Q'SOLAR ENERGY TO LOAD SUBSYSTEMS (BTU)

SEL . = HwSE + HSE
ECSS SOLAR CONVERSION EFFICIENCY
. CSCEF = :CSEO/SEA
. TOTAL ELECTRICAL ENERGY SAVINGS (BTV)
CUTSVET = HHSVE - CSOPE
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?ﬁ;ToTAL FOSSIL ENERGY SAVINGS (BTU) .

| ' 5u'T$VF = HSVF |

*_“TOTAL ENERGY CONSUMED (BTU)

TECSM . = SYSOPE + AXE + AXF + SECA
_ SYSTEM PERFORMANCE FACTOR -

-  ,LsYs§F = SYSL/(AXE + AXT + SYSOPE) x 3.33
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APPENDIX C
'LONG-TERM AVERAGE NEA*HER CONDITIONS

_ The environmental estimates given in this appendix provide a point of
i-‘reference’for evaluation of weather conditions as reported in the Monthly

L Perfgrmance Assessments and Solar Energy System Performance Evaluations

" issued by the National Solar Data Program. As such, the information
presented can be useful in prediction of long-term system performance.

Env1fohmenta\ estimates for this site include the following monthly averages:
extraterrestrial insolation, insolation on a horizontal plane at the site,

" {nsolation in the tilt plane of the collection surface, ambient temperature,
heating degree-days, and cooling degree-days. Estimation procedures and data

.~ sources are detailed in the following paragraphs.

'Z‘,Tpe preferred source of 1ong-térm temperature and insolation data is “"Input
Data for Solar Systems" (IDSS) [1] since this has been recognized as the .
- solar standard. The IDSS data are used whenever possible in these environ-
. mental estimates for both insolation and temperature related sources: however.
:ja secondary source used for insolation data is the Climatic Atlas of the
" United-States [2], and for temperature related data, the secondary source
is “Loca1 Climatological Data® [3]

4;'Sincefthe available long-term insolation data are only given for a horizontal

h”‘50fface. solar collection subsystem orientation information is used in an
-algorithm [4] to calculate the insolation expected in the tilt plane of the .

: 5co11éctor. This calculation is made using a ground reflectance of 0.2.
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