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This report was prepared as an account of work sponsored by an
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Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, aor
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disclosed, or represents that its use would not infringe privately
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process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thersof.
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I, INTRODUCTION

f

A model is a qualitative or gquantitative representation of a physical
process. There are two aspects to chacking a model. The first 15 model
verification, that 1s, the process of determining that there are no in-
ternal fnconsistencies (1,e,, programming arpors, etc.) in the mode! The
second 15 model validation, This 1s the process of detarmining if the
model actually represents the system that 1t was intended to model. This
means that performance data from the “real" system must be used to validate
the model, Thus, to validate a model, one should consider all aspeets
related to the madeling process; 1.&., one should discuss all of the Follow-
ing areas:

(1) the “goodness* of the input data used for model validation,

(2) the validation of model assumptions,

(3) the validation of mode) logie, and

(4) the validation of model behavior,

The first arex i3 related to data analysts and data selection tech-
nigues for model calibration and model validation.

The second and third areas are related to the techniques to be used
in the modeling process, the goal to be achieved by the model, and the types
and amount of input data avajlable. The fourth zrea is needed to assure
that the behavior of & model 15 in accordance with the real system. The
following steps should be taken in ¢arrying out step 4:

[1} Calibrate the model (or adjust the model parameters) with a given

input data set;




(2) Compare the simulation results with past data;. and

(3) Compare the simulation results with future performance.

Thus, for validation purposes, the following questions areis:

(1) Does the given data set contain only "good" data amd have
sufficient length for the calibration and validation of the
models, and

{2) What procedures and techniques are to be used to analyze
systematically and effectively the model behavior?

The first gquestion is related to the problem of data filtering,
record extension (if needed), and data selection, The second question is
related to th; effectiveness of the pvocedures and techiques to be used
in analyzing the simulation results.

Finally, given a set of competing - models to be used in the simu-
lation of a particular process, the next question to be considered is:
Which of these models fs the "best" to be used in fulfilling a specified
purpose? This is a problem related to the selection criteria to be
developed to measure the “goodness" of candidate models,

This report presents the results cbtained by applying the above-
menticned procedures to validate four simulation models of solar heated
buildings., These models are SOLSIM (2) and S0LCOST {1}, TRHSYS (4],
and SIMSHAC {5)}. The scope of the work 1s brfefly described in Section
I, a summary of important results is presented in Section III, and
conclusfons and recommendations are presented in Sectfon IV, Detailed
discussions of the methodology are given in Appendix A and detailad

validation results are presented in Appendix B.
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1I. SCOPE OF WORK

Realfzfng the naed to have a systematic and efficient way to validate
solar house dasign modals, and to select a “best" model for further study,
ERDA has granted to SEEC a cantract (No. E(11-1)-2929) to develop a method-
ology for systematic data filtering, data seTection, model validation, and
modet discrimination; also to apply the proposed approach to the validation
of the SOLCOST, SOLSIM, SIMSHAC, and TRNSYS solar house design models,
using data from SOLAR I, an experimental solar house at Colorado State
University, Fort Collins, Colarado. Efforts were made to obtain addition-
al performance data for other building types in locations other than Colo-
rado but data have not been made avatlable in time for inclusion in this

report.
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I11. SUMMARY OF IMPORTANT RESULTS

I11.1 - Solar House Data Analysis Procedure

The need to have adequate and sufficient weather and solar house
component operating data is one of the most important requirements in any
attempt to evaluate solar house design characteristics or the goodness of
any solar house design model.

A comprehensive description of the design and constructian of SOLAR I,
an experimental solar house at Colorado State University, along with data
acquisition and handling techniques has already been reparted to the National
Science Foundation/Research Applied to National Needs by the Solar Energy
Applications Laboratory, Colorade State University €8) . The Data Acquisi-
tion Equipment Specifications are Yisted in Flgure 1 for informative purposes.
rollowing is a methodology developed by SEEC for further screentng and analyzing
SOLAR I data (Figure 2).

(1) First, a preliminary screening by simple thresholding is carried out
to eliminate unreasonable values in the data set. This first step
will eliminate shot noise imbedded in the collected data.

(2) The data of each hour of each month are then input to an outliers
identification program, using a selected distance function {i.e.,
Bhattacharyya distance}, for discriminant anatysis. Al outliers
are identified; thelr values are considered as missing and new values
are to be fillad in 1n step {3). Sample results for May/13:00 hour
data are presented in Figure B1,1 of Appendix BIl.
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EQUIPMENT USED FOR DATA ACQUISITION AT SOLAR 1

Data Logger

Manufacturer

Model Humber .

Temperature Range

Temperature Calibration Accuracy
MilTivoltage Range

Millivoltage Cailibration Accuracy
Number of Channels

Scan Rate

Magnetic Tape Recorder

Manufacturer
Model
Tape
Data Density

Pyranometers

Manufaciurer
Model
Arcuracy

Thermocouples

Manufacturer
Modeal

Typea
Flowneters

Sansar Manufacturer

(Orifice plates and sensor cases made by C.5.U.
Machine Shop}

Calibration Accuracy

Integrators
(Solar, electricity, and natural gas integrators

made by C.S.U, electronic shop}
Calibration Accuracy

toric Sclentific
210

=190 to +400 C

3 ¢

1200 My

.008 MY

100

¢ Channels/second

Kennedy

1600

7 Track % inch
556 bits/inch

Eppley Laboratary, Tic.

48

2?._, 0«2.0 calfcm@ - min

Therma=Electric
41403
Capper~Constantan

Honaywell

1 3¢

T2z

Figure 1: Data Acquisition Equipment Specifications
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Figfure 2: Solar House Data Analysis Procedure




{3} In this step, a muitivariate statistical aﬁhrnn:h 15 used to
111 in wmissing data points or to ﬁnrrect some unreasonable data
values. This approach and ather more sophisticated filtering
techniques based on spectra) analysis, estimation theory, or the
Group Method of Data Hand)ing {GMDH) which are more suitable for
generating large missing records have already been described 1n
Progress Reports Nos. 2 and 3 of this project; however, they are
agafn given in Appendix Al for reference.
{4) Finally. the whole data set {usually one year) is 1input to a
:stitistica1 computer program package to compute the relative and
cumylative frequency distribution fumctions foy data of each month
' .'and for monthly averages of the data-year under study. Sample
results of this stati;t1c;l analysts packaqge are given in Figures .
B1.2 - B1,160f Appendix BI. | |
111.2 - Solar House Design Model Validation Procedure

The mode] validation process 1s a scientific approach ﬁsing up~-to-
dafe techniques to evaluate the "goodness" of a model. The necessary-step;
in the model validation process are pre§Ented in Figure 3. Detailed discussions
of the mpdel validation apﬁruach proposed by SEEC, along with the flowchart
of the Model Validation Package.are given in Appendix A3. Following are some
principal points that SEEC has used to validate the SOLCOST, SOLSIM, SIMSHAC
and TRNSYS solar house design models.

(1) Data Selectfon for Model Validation

Given a large data set for use in the validat{on uf:sume particular
models, the first question one should ask is: how do we select the

training sequences for model calibration and the checking sequences

-




SELECT

TRAINING L CHECKIRG SETS

VALIDATION OF
MODEL ASSUMPTIONS

l

VALIDATION OF
MODEL LOGIC

VALIDATION OF
MODEL BEHAVIOUR

I

RESULTS EVALUATION

MODEL DISCRIMINATION

Figure 3. Flowchart of Necessary Steps fn the ModeT Validation Process




for testing model performance? The length of these data sequences
1s than deteymined based on model characteristics (i.e. required
time-period for the mode] to stabilize or cy¢lic conditions to be

achieved}.

Dats selection techniques based on the variance or sowe clustering
criteria are presented tn Appendix A2. For the case of SOLCOST, S0LSIM,
SIMSHAC and TRMSYS validation purpeses, the chosen time-period was three
days., and one training and one checking sequence were selected for sach
month. Samples of training and checking sequences selected for January
data, 1975, are given in Appendfx B1. Fellowing is the 1ist of all
training and checking periods used in the validation process of S0LLOST,
SOLSIM, SIMSHAC and TRNSYS (Figure 4),

[HORTR TREIRTNG CHECKING
September 9-28 9-11
October 10-3 10-26
Novembey 11-27 11-23
December 12-6 12-22
January 1-12 1-7
February 2-5 2-10
Harch 3-3 3-7
April 4-5 | 4-7
May 5=13 5-5
Jure 6=-20 £-12
July 1-8 7-17
August 8-3 8=-19

Figure 4: List of Training and Checking Sequences

o




(2)

(3)
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Validation of Hade1'Assumpt1uns

Azsumptions are necessary to define the modeTing problem in
order to arrive at some useable modal. However, each assump-
tion made will reduce the domafn of applicability of the model.
Thus, the following questions need to bé'answéred fn the valida-

tion of mode) assumptions:

What are the assumptions made in the model?

Are thay valid assumptions for the design purposes of the modeal?

How much do they timit the applicability of the model?

What are the advantages of using them?

Yalidation of Madel Logic

Tha logic in a modal is related ta the model structura, the
cumputationﬁ] procadura usad in each model component, thé tnput-
output relationship and the control of information flow. To
validate model logic, the fo]IuHinQ quastions sho@]d be answered:

How does the mode) structure set-up?

- What are the computational procedures used in the model and
in ea¢ch of its components?

- Arg the.cumputational procedures effective and easy to manip-
ulate?

- Hh@t are the input=output relationships of the model?

- Are the inputs accessible and easy to change for virious
application conditions? _

- What are tﬁe control options used in the model?

- Du:the cpntru1 options satisfj the intended purposes of the model?
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(4) Yalidetion of Model Behavior
This §s the most important step in the Model Validation process,

since the purpose of the model bullding process is to develop

& model which can rthrnduce as closely as possible the real
iysiﬁm. In addition to investigating mude]lperfoﬁn&nce analysis
the madal computer program should also be anxlyzed to determine
the applicability of the package to potentfal users. Hénce.

the following questions need to be carefully examined:

The accuracy and frequency distributions of the simulation
results,

How are the simulation errors distributed ?

Are thereany systematic errors in the model?

What are the Eumputer execution statistics related to the model?

-How much does the model program depend on the computer machine

~ language, or the system's library routines?

Is the model stabdé for changes in the input data?

From the analysis of tasks (2), (3), and (4} above, one can identify
what needs to be done to improve the model behavfer, extend its domain of
applicability, and put it in:a more flexfble form to attract potential
users, - .

(5) Model. 5e1ec§iun Criteria

Criteria for choosing among competing digital simuwlation models
are set-up based on varfous model features which are presented 1n_tasks
{2]. {3}, and (4). Thus, the “gnndne;s“ of a systems model may be found
from: | .

- Capability to perform the desired tasks;
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Input data requirements;

Calibration and production costs;

k

feasfbility of improvement;

Cost of improving the model;
Pay-off of the improved model.

Among those c¢riteria for model comparison, the first one is the
most important, and, for design wodels, 1t should include the capability
of automatic selectionof subsystem components. to optimize systems rela-
tive to selected design criteria, and he able to conduct a 1ife cycle
cost analysis for a given system.

Some approaches far systematic choosing among competing digital
simulation models based on siwmulation performance are also presented in
Appendix Ad.

I11.3 Discussions of Solar House Design Modal Yalidation Results

Based an the above analysis precedures, each mode] will be discussed
from the starting of the modeling objective through the end of the simu-
lation performance. Among the four medels under study, SOLCOST: has some
distinct characteristics and different design objectives, and therefore
will be discussed first. The ather three models, i.e., SO0LSIM, SIMSHAC,
and TRNSYS, will be treated under the same conditions for easy comparison.
Since the version of SOLSEM that SEEC received frﬂm§the Martin-Marietta
Co. did not have the cooling mode built into the model, only four winter
morths - Movember, Oecember, January, and February - were used to validate
thase threes models.

A. SOLCOST

. Objective:
To build a simplified solar system destgn model for the non-
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enginesr user.

2. Model Assumptions _
(1) 1t was assumed that the non-engineer user is more interested

An the effect of 1nvestment cost on solar system design, and that the

collactor and the storage tapk are the two principal system cnmpdnents
which over-shadow the operations and the costs of other smaller components
in the system,
{2} It was further assumed that the users will not have good |

backgrounds Tn computer programming and 11fe cycle cost analysis techniques.

The above assumptions are reasuqnhle for the nen-enginear users.
The madel deve]dped, based on these assumptf&ns, willl give the users an
overview of how large the collector and the storage tank should be to
assure heatingftpqling.ﬂf their houses even in the worst wmonths of the

yeari: how much the investment cost would be if such a system were tﬁ Ee

_installed; and, what is the net lifetime cost savings for a selected coliector

area_and tiTt angle. In summary, this type of medel will give an excellent
pictura of the 1nuestmen£ cu;t for a solar héating/cooling system. = However,
it does not fit properly w{th the made] objective, since 1ts "dgsign method”
is not complete [i{e.,'caﬁnut.ahswer questions such as: what are the com-

ponents of the solar heating/cooling sytem that one should buy? How do

" they affect the uperatipn and the life cycle'cnst of the solar system?).

3. Model Logic
The structura and logic of SOLCOST are given in Figure 5 and

the various types of input data reqﬁired to run SOLCOST are given in

Figure &, The user's data is entered through an inpuf routine, The in-

ternal lagic flags and default data values are set and data bank information
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SOLCOST INPUT

Mandatory input Defau In
e lab Site Collector Area Limit
e Collector Type Colleclor Azimuth Angle
o Finance Scenarlo Flag Fuel Sale_s Tax Rate
» Fuel Type Flags System Life (Years)

Building Useage (Days per W)
Awxiliary Furnace Eff
Salvage Value Fragtion

{Reference & AuxilRary}
* Construction Loan
Term and Inerest Rate

» Heating /| Coofing Fire Insurance Rate Fraction
Flags by Month) Maintenance Cost Fraction
o Buitting Energy Investment Credit Fraction
- Load, or Building First Year Depreciation Fraciion
Defnition Down Payment Fraction
o Healing / Cooling Depreciation Method
Systens Type Flag Depreciztion Peviod (Years)
Froperty Tax Fraction
Clearness Factor
Liquid Storage Size CalFt2
_ b - " h
Note

Al Default & Dats Bank Inputs May
be Overridden by Direct User Input

In f
Percent of Possible Sun Fractions
Site Latitude

Colfector Efficiency Data

Solar HVAC System Fixed Initia) Cost
Solar HVAC Syslem Installed Cost Per Unit Area
Reference HVAC System initial Cost
Collector Injet Temperatures by Month}
Solar Systsm Efficiency by Month)
Reference System Efficiency by Month)
Collector Skope Angles

Min. Dally Amblent Temperatures

Mac. Daily Ambient Tamperatures

Energy Cost Schedules and Escalation Rates

.g L'l-

MARTIAN MARIETTA

Figure 6.
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is supplied depending on the user's problem description.

The user has an option of choosing his own heating/cooling loads
or using the loads routine available in SOLCOST. The latter option
requires the user to define his building in "sufficient deiail" s0 the
program can make an “accurate" loads calculation, based on a generalized
thermal network contained in the program. TYhe loads network solution
routine uses a forward-backward differencing technique which allows an
accelerated ttme step to spead the program through the transient execution
aof the problem.

The program computes an optimum cellecter area and tilt angle from
an analysis of 1ife cycle cost differences for a sgtar system versus a
refarence {conventional) HVAC system.

Having determined the optimum cotlecter area, S0LCOST next generates
a storage system size for the optimum collector area,

Finally, the output from this program contains cellector area, tilt
angle, storage size, and cost data,

The following remarks can be made:

(1) Since SOLCOST is a subprogram expanded from the Martin Interactive
Thermal Analysis System (MITAS), which i3 a highly machine dependent
package, it i$ very difficult to use for average users.

{2) The specific solar house model (e.g.., system structure} must be
coded fnto the SQLCOST program. To change the system structure requires
recompilation of the whole MITAS package.

(3) The idea of using pre-computed values for default input and in-

formation from a Sclar Data Bank to keep the user input requirement to a
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mintmum 5 excellant and fits with the model design purposes. However,
it also requires that any organization using SOLCOST must have a com-
patibla computar system and an equivalent Solar Data Bank as the one
baing usad at the Martin Marietta Co.

(4} The use of the 1ife cycle cost analysis results for sizing the
collector and the storage tank 1s excellent. However, disregarding the
other components of the solar house system could lead to too optimistic
conclustons tn the amalysis of investment costs.

(5) The insolation model in SOLCOST 1s based on Chapter 59 of the
ASHRAE Application Handbook with some modificatfon to adjust the clear-
ness number for each manth. This model requires rather extensive input
data and computatfan times to generate solar flux incident on a tilted
callector.

4. Model Behavior

Summary statistics of SOLCOST Model performance are given in Table T.
Detailed analysts of S0LCOST cast analysis for SOLAR 1 and ECO-ERA
{another experimental solar house) are given in Appendix B2, for comparison
of SOLCOST performance with the actual design based on an approach de-
veloped by the SOLARON Corp. of Denver.
B. SOLSIK

I. Objective:

To build a transient solar system simulation model for

engineering users familiar with thermal network metheds.




ECO-ERA No. 2

PARAMETER . SOLCOST SOLARON
COLLECTOR SIZE (Ft2) 481 412
STORAGE $IZE (Tons) HOT CALCULATED 12
TILT AlGLE {Deg.) 50 45
AVG. ANNUAL COST SAVINGS ($) 804 750
AHHUAL FRACTION 0.83 D.};E

Table t: Summary Statistics

of S0LCOST Performance

vs. SOLAROM Appraach

.-Hl-
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2. Model Assumptions
(1) It was assumed that the user of SOLSIM is already familiar

with the MITAS computer program package and can access this program on
the CYBERNET and Ut111ty Network of America time-sharing networks.

{2) A solar energy system can be approximated by a resfstance-
capacitance natwork so that MITAS can be used to solve for the system
transient solution.

As already mentioned in the case of S0LCOST, the MITAS package
1s a2 generalized thermal network analyzer; it is efficient for solving
heat transfer problems; howaver, it is a highly machine depgndent package.
Therafpre, the above assumptions will Timit the use of SOLSIM to a class l
of selectad engineering users.

3. Model Logic

SOLSIM thermal models (there are five models presently available{*}]

contain user routines describing a sclar energy system as a thermal network,

and are solved transiently for temperatures and heat flows by MITAS,

{*}) 1, Space and domestic water heating system with 1iquid collectors,
2. Domestic hot water heating system only with Tiquid collectors,
3, Space and domestic hot water heating system with air collectors,
4, Combined space cooling (using an absorption ¢ycle cooler) and
space heating with liquid type collectors,
5. Solar assisted heat pump system with liquid type collectors,
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Each SOLSIM model is coded for one particular selar energy
system; therefore the user should know haw to modify the SOLSIM netwarks
to model his own unmique solar system,

Thermal modeting of some principal types of equipment used in
solar snergy systems ¥5 summarized as follows:

(1) Spolar collectors for which the performance can be specified
by 4 curve of efficiency versus the parameter (T, - T, )/Q have heen
modelad in SOLSIM with one node whose temperature corresponds to the
collector outlet temperature.

(2) Liquid storage tanks have been modeled in SOLSIM with one
node with thermal capacitance corresponding to the mass of fluid 1n the
tank. This node will be coupled to the collector and a system thermal
load with one-way conductors. Losses through the storage tank's insula-
tion are modeled with a regular conductor whosa KA/Ax value is computed
from the tnsulation conductivity and thickness. This insulation conductor
will be tied to a boundary node for the tank surroundings,

Stratification in liquid storage tanks results in a multiple
node vertical model of the tank fluid,

(3} Heat exchanger performance has been modaled by an effective-
ness technique in the S0LSIM program. This technique fnvolves an itera-
tive process on the sutlet temperature unti) the prediction with the over-
all heat transfer coefficient U and AT {log mean temperature difference)
matches the heat transfer predicted by the temperature rise and drop in
the cold and hot side fluids,

Figures 7 and 8 present the case of usfng SOLSIM to simulate a

simple solar house heating system and are presented here for fl1lustrative
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purposes, The model logic discussed above shows that SOLSIM has a
rigld structure for & given thermal system, and therefore the adaptation
of the model to A more complex system will require & large amount of time to
reset the system thermal network and recode the SOLSIM program,
4. Model Bahavior

Summary statistics of SOLSIM simulation errors fn modeling SOLAR I
for the four winter months are presented in Tables 2a and 2b. Detailed
analyses with plots of observed values versus simulated values are given
in Appendix B3, Following are some ramarks on the model behavior for the
checking periods:

(1) SOLSIM under-estimates the storage tank temperatures in 90 per
cent of the time, in the average of the four winter months. The mean-
error in the simylation for that peried is -11,2°F,

(2} Since the control used in the program is & simple on-off
controller, the simulated enclosure temperatures fluctuate between 64,5°F
to 68°F, with an average error for the winter period equal to -2.%°F.

(3) The simulation of the collector operation (i.e, timing) is
very good, However, the model under-estimates the collector inlet and
outlet temperatures in most of the cases, especially during the months of
December and January. The mean-errors in the simulation of the collector
inlet and outlat temperatﬁres respectively far the winter period are -0.6°F
and -1.8F.

(4) The simulation of the collector mass flow rate is also good,

the mean simulation-error for the winter period being -0.6 Thn/mih.




T

(5) SOLSIM always under-estimates the ammount of solar energy
collected by the collector. The mean simulation-error for the winter
period fs -51924 Btu/Day.

(6) The calewlation of the heating Joad gives an average error
of 39222 Btu/Day for the winter pericd.

(7) The mode! over-estimates the amount of auxilary energy
required for heating the buflding fn 70 percent of the time, on the
average, during the winter pericd. The mean simulation-error for this
period is 59904 Btu/fDay.

{8) Since SOL5IM uses solar data as direct input to the model and
then interpolates to obtain values at some desired time interval, it is
evident that the simulated values of solar radiation on the tilted surface
are very close to the measured values.

{9) SOLSIM requires a relatively long time-period for compiling
(1.e. 75 sec.); however, 1t uses only a rather short time-period (i.e.

5.8 sec,) to run the I-day simulation of SOLAR I on the CSU/CDC&400 com-
puter system,
C. SIMSHAC
1. Objectives
The objectives in the development of SIMSHAC were to:

(1) Develop a general model, that is, one that can be used

for any specified system configuration for solar heating and/or
cooling of buildings.
{2) Modularize the program so that subsystems can be introduced
or replaced as more gophisticated subsystems-become available.
{3) Develop a mode) that is simple in terms of the knowledge re-

quired by the system designer, and hence easy to use.




Four Hinter Training Periods.

MONTH _ NINTER
COMPONENT _Novemher anuacy Eehruacy AV —

' Mean STDV | Mean STOV % Mean U STDY [ Meap _{ STOM | Meap 1 sTOW |
STORAGE TANK a7 w2 | o-7e | s 7.0 | 5.2 6.0 | 12.4 8.6 | 8.6

_ {oF)

ENCLOSURE ' 1

{F) 0.1 2.1 -0.2 1.5 -1.5 2.8 -2.2 2.5 Fane ) 22 |
CﬁLLEEIﬂR INLET - | R '

{°F). | - 2.2 .4 | -1.4 3.9 | -2.4 2,5. -1.8 5.0 -2.0 4.0
COLLECTOR OUTLET - | |

(“F) 0.7 5.0 { -1.7 | 4.9 -0.9 3.9 -2.7 5.3 -1.2 4.8,
COLL, FLOW RATE . _ - _ .

{1bm/min) 2.2 1.6 -1.1 3.0 -0.6 1.9. . { 0.1 1.7 0.2 2.1
ENERGY COLLECTED _

{BTY/ day) -1680 | 22807 | -54335| 19489 ] -49259{ 24732 | 1361 6690 -20651| 18478 |
HEATING LOAD ' :

(BTU/ day) -23209| 8233 16928 63974 | -5750 | 19147 78171 | 74342 16535 | 41924
AUX. ENERGY SUPPL] | | | | :

(8TU/day) 11844l 1653 46240 8922 34885 | - 21983 490431 65392 35503 | 48283
SOLAR INSOL {45° 3 - -
. {BT“}Sﬂ FT?HH- 'D-E E.u 'n|1 Elg 'ﬂ.* 303 —u.4 5.3 -ﬂ.3 ) 5.9

Table 2a: Summary Statistics of Simulation Errors of SﬂLéIH for the

. -Ez—



MONTH WINTER
COMPONENT November December January Februar AVERAGE
Mean STDY Mean STOV Mean STHY Mean STDV Maan STDV
STORAGE TANK
("F) -17.6f 7.8 -13.5 | 7.3 -9.5 6.3 -4.3 4.6 -11.21 &.5
ENCLOSURE _
(°F) - 4.0 2.2 -0.1] 2.4 -0.9 1.7 -4.3 3.1 -2.3] 2.4
COLLECTOR IMLET :
{aF] - th' 6‘04 - Inﬁ 4-2 -11.1 z.? ﬂ.g' 2;2 -u-ﬁ 3:9
COLLECTOR OUTLEY
EQF} - 3-9 5-9 - 2-{' 5-3 'I-E 3-5 D#‘ 3.2 "].ﬁ 4.5
COLL. FLOW RATE
(1bm/win) 1.6 | 5.6 -1.3] 35 0.5 0.9 -3.1 2.9 0.6 3.2
ERERGY COLLECTED
{BTU/day} -45872] 41732 | -62980| 419a87 { -s7se0) 30708 | -41254 | 14259 -51924] 32172+
HEATING LOAD
(BTU/ day} 1860{ 31333 79136 36717 | 1096663 25890 | -33774{ 30342 39222 | 30921
AlIX. ENERGY SUPPL.
(BTU/ day) -1032 | 1459 66618 | 64647 | 114127 | 76352 ("} (*) 59004 | 47486
SOLAR INSOL {45°)
(BTL/SQ FT/HR - 0.1 8.0 -1.31 5.4 -0.3 8.1 0.5 6.5 -0.6 7.0

(*): %o Auxiliary Energy Used

Table 2b: Summary Statistics of Simulation Errors of
SOLSIM for the Four Winter Checking Parfods.
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(4) Develop & dynamic model because the primary problem being
modeled 15 a dynamic problem, and, therefore, the dependence
on time 1s ceartainly required.

(5) Davelop a dynamic point dasign performance analysis model

with a specifiable level of simulation complexity such that

a very simple module might be used for sensitivity analyses,
and more complex simulation subsystems could be used for de-
tailed time-step by time-step analysis of the overall system.

(6) Deveiop a control driven mode) so that the total system re-

sponds to the decisions and actions of the control system.

2. Model Assumptions:

{1} It was assumed that the structure and storage tank had a
lTinear heat loss characteristic and & uniform storage ca-
pacity {no strat{fication}.

(2) The user was assumed to have some background in computer
programming, in order to be able to develop a control routine
te simulatelthe type of control that he desired to have in
his solar system,

This latter assuvmption somehow Yimits the applicability of the
madel to some class of users, i.e. someone that cam write & control routine
in the FORTRAN language. One apprnach which is under consideration by SEEC
to overcome this weakness is to build into the SIMSHAC program a set of
control routines simutating 17 of the commonly used controllers existing
in the market. Then, according to the user's selection, the chosen control

routine will coordinate the execution of all other components in the system.


file:///tery
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The ffrst assumption was used to satisfy one of the model
pbjectives (f.e., simplicity}; however, it Vimits the simulation per-
formance of the medel.

3. Model Logic

The structure and logic of SIMSHAC are shown in Figure %, and
the various types of input data required to run SIMSHAC are given in
Figure 10.

The program is executor and library file oriented. The library
file contains all of the subsystem models. At present, the following sub-
systems are in the library: collectors (both flat plate and focusing),
plumbing, valves, pumps, heat storage devices, auxilfaryheating and cooling
devices, heat exchangers, the enclosure model, and the control unit. To
use the program, the user has merely to specify the components included
in the system and the manner in which they are connected. The executer
program in SIMSHAC will then write the computer program for the specific
system to be analyzed.

The overall schematic for the program structure shows that there
are three averlay levels in SIMSHAC. The first level s the input overlay
and reads the weather data from magnetic tape, the second is the executor
averlay, and the third is the output overlay.

The program has been developed sa that any type of incident
solar radiation data or model can be used. The integrator model is a
variable order Runge-Kutta routine of second, fourth, fifth, or eighth
ardar,

The program is wr{tten in EXTENDED FORTRAN for a CDC 6400 computer,
The structure and logic of SIMSHAC, as briefly described above,
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KO DEFAULT MALLUES

Enclosure

1. Hall Area

Glass Area

Door Area

E S TR ]

Floor Area

5, R-Yalve for each of the 4bove
6. HNumber of Peuple

7. Heat Gain due to Lights

8. Heat Gain due to Machines

Figure 10: SIMSHAC Input Requirement

HAS DEFAULT YALUES

Collector

1.
2.
3.
4.
c.
E.
7.
8.
9.
10.
.
12,
13.

Collector Area

Plate and Cover Glass Absorbance
specific Heat of Flutd

Titt Angle of Collector

Qutside and Inside Diameter of Tubes
Fin Thickness

Thermal Conductimfty of Insulation
Thermal Conductivity of Plate
Longitude and Latitude

Emissivity of the Cover Glasses
Emissivity of the Cover Plates
Thickness of Cover Glass
Extinction of Cover Glass

Storage Tank
T. ianE VoTume

2.
3.
4.
5,

Area

Fluid Specific heat
Fluid Density

Loss Coefficient

Enclasure

1.
2.
3.

Heat ﬁipacity

Effectiveness of House Heat Exchanger

Salar Heat Gain

_.I}E-
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give the model a great flaxibliity to adapt to any kind of solar house
heating/cooling system structure. The model building concept should
make SIMSHAL a good solar system design tool if one were to incorporate
& {{fe cycle cost analysis capability into it.

4, Model Behavior

Summary statistics of SIMSHAC simulation errors in modeling SOLAR I
for the four winter months are presented in Tables 3a and 3b, Sample
plots of observed valuas versus simulated values are given in Appendix 34.
Following are some remarks on the model behavior for the checking periods :

(1) SIMSHAC over-astimates tha storage tank temparatures in 70 per
cant of the tima, in the averaga of the four winter months. The mean
simulation-error for that peried is 4.7°F. |

(2) The control routine in the SIMSHAC program is wiftten to reflect
the actual control system in used at SOLAR I, therefore, the madal gives
a relatively good simulation of the enclosure temperature. The mean sim-
ulation-error for that period is 0.FPF.

(3) The simulation of the timing of tha collector operation neads
imorovement, since thera are some delays which can be recognized in the
plots of observed valuas versus simulated values of the collector inlat
and outlet temperatures (see Appendix Bd). However, most of the time during
the winter period, the average simglation errors are -0.31% and U°F, for
the collector inlet and outlet temperatures, respectively,

(4) The simulation of the collector mass flow rate has the same
weakness mentionad in (3). Tha average simulation-gerror for the winter

pariod is 1.5 Tm/min.
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{5) SIMSHAC over-estimates the amount of solar énergy collected in
65 percent of the time, with an average error of 93346 8Btuflay, for the
winter period,

{8) Similarly, the mode! also over-estimates the amount of enerqy
delivered to the enclosure during the study period. The average simula-
tion error for the winter period 1s 9021 Btu/Day.

{7) The mode? under-estimates the amount of auxiliry energy required
for heating the building in 65 percent of the time, on the average, during
the winter periocd. The mean simulation-error for this period is 7012 Stu/Day.

(8) The solar insolation model in the SIMSHAC program over-estimates,
in 85 percent of the time, the solar radiation flux én a tilted surface,

The mean simulation-error for the winter period is 36 Btufﬂr-th.

(9} SIMSHAC requires, on the average, 54 sec for compiling and 11.4
sec to run the l-day simu1at1ﬁn of SOLAR I on the CSU/CDC 6400 computer

system.
0. TRNSYS

1. Objectives
(1} To develop a simulation model for the analysis of the transfent

operation of soldr energy systems.

(2} To use modular concepts in the simulation of solar energy systems
to facilitate the interconnection and information transfer between
subsystem components.

{3) To give users a flexible destgn tool for the analysis and design

of solar energy systems.



__MONTH : WINTER
COMPONENT Hovember December January February AVE
Mean STDY Mean STDV Mean STOV __{Mean STOY ) Mean 1 STOV

STORAGE, TANK .

(F) . 8.7 6.0 0.5 4.3 -5.0 | 4.9 1.7 | 8.9 0.6 6.0
EHansg;z )

{%F) 1.7 1.1 -0.3 1.6 -0.6 2.0 0.3 | 2.7 0.3 1.9
COLLECTOR INLET |

{°F) 0.4 1.9 | -0.2 2.7 04} 38 | 1.8 | 40 0.5 ER
COLLECTOR QUTLET ' '

{“F) -0.8 3.1 1.5 2.9 15 | 4.6 -0.6 5.7 -0.4 4,1
£OLL. FLOW RATE

{1bw/min) -0.6 3.6 0.1 0.7 0.8 1.4 0.4 2.8 0.2 Z.]
ENERGY COLLECTEL

(BTY/ day) 74259 82678 | 7080 38446 uanq 46516 53490 39214 44918] 51714
HEATING LOAD

{BTY/ day} 1716} 10754 | -a7432} 94217 -643?5] 45335 | 117432] =enz 977] 58105
AUX, ENERGY SUPAL

(8TU/day) - 372 526 | -s9247| 60585| -6000q 69038 | 45333 | 39111 | -20822] 42315
SOLAR INSOL (45 .
(BTU/SQ FT/HR 32.6 56.0 | 45.0 {102.0 25.0 | B82.4 28.3 | 72.5 32.7 78.2 |

Table 3a: Summary Statistics of Simulation Errors of

SIMSHAC for the Four Winter Training Periods.

. -gge



MOKTH WINTER
COMPONENT November Decamber January February AVERAGE
Mean STDV Mean STDV Mean STOV Mean STDV Mean STV

STORAGE TANK

{ ¥} 12.6 6.7 3.5 4.3 1.8 4.2 0.9 5.3 4.7 5.1
ENCLOSURE .

(9} -1.2 1.7 1.1 1.2 0.8 1.0 0.6 3.9 0.3 2.0

LLEQ;HH INLET “

{ %} -0.7 4.7 -0.7 1.7 2.0 3.2 =1.7 2.2 -0.3 3.0
[COLLECTOR QUTLET

{ F) 1.9 4.1 -1.6 1.3 -0.6 1.6 0.2 1.7 0 2.2
[COLL. FLOW RATE

(Tom/min) 3.5 8.3 -0.6 2.8 1.8 1.4 1.5 3.2 1.6 3.8
ENERGY COLLECTED

(BTU/day)} 21666 15858 3549 11855 25991 | 13272 -13863 | 40965 9336 20488

EATING LOAD

(BTU/day) -3725 21266 16028 16927 16660 | 10794 7121 | 25399 9021 18597
Tux. ENERGY SUPPL.

{BTU/day) -103z2 1459 [(*) {*} =266 336 22333 ) 10444 7012 4093
SOLAR INSOL (459)

(BTU/SQ FT/HR) 34.7 94.0 52.9 | 99.8 | 24,0 |.95.0 32.4 97.3 _ 136.0 9.5
{*): No Auxiliar Energy Used
Table 3b: Summary Statistics of Simulation Errors of

SIMSHAC far the Four Winter Checking Periods.
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2. Wode)l Assumptions
(1) It was assumed that the structure and sotrage tank had a Tinear

haat loss characterdistic and a uniform storage capacity.
{2) The user waQ assumed to have some background in FORTRAN prograswm-
ing in order to understand the model structure, and be abte to
modify the input set-up according to the system design vequirements.
The first assumption was used to simplify the wmodeling task: however,
the model can be easily modified to handle the case of a stratified
storage tank. '
3. Model logic

The structure and Tegic of TRMSYS are similar to SIMSHAC's as shown
on Figure 9, and the various types of input data required to rum TRNSYS
are glven in Figure 12.

The program is of modular type and executor control oriented, Most
of the solar system components in use at solar houses in the Unfted
States, such as collectors, vafves, pumps , heat storage devices, auxiliary
heating and cooling devices, heat exthangers, and the contro) unit are
represented by subroutines that the user can assemble intoe any desired
configuration according to the solar system under study. " Data manipulation
programs such as interpolation and integration are also incorporated into
the TRNSYS package. A cost analysis component has also been considered
to make TRNSYS a flexible and complete design tool for solar house heating

and ceoling systems.
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Solar Collector

Collector Area

Collector EfFHciency factor

Fluld Thermal Capacitance

Collector Plate Absorbance

Number of Glass Covers

Collector Plate Emittance

Less Coefficient for bottom and Edges
Collector Ti1t Angle

Extinction Coefficient and glass cover
Thickness Product

Storage Tank

1.
2.
3.
4,
g,

Tank Yolume

Tank Height

Fluid Specific Heat

Fluid Density

Loss Coeff{cient Between the Tank
and 1ts Environmant

Enclosure

Build1n? heat loss Coeffictent
The Building Heat Capacity

Maximum flow rate through Load Heat Exchanger
Specific of Heat Delivery Fluid

Effectiveness of Load Heat Exchanger

Minimum Capacitance rate of Load Heat Exchanger
Constant Heat Gaim Rate

TRRSYS has no default values. ATl values must be specified on
input fov each model to be considered,

Figure 12: TRNSYS Input Requirement
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1. MWode! Behavior

Summary statistics of TRNSYS simulation errors in mode) SOLAR I
far the four winter months are presented in Tables 4a and 4b, Sample
plots of observed values versus simulated values are given in Appendix B85.
Fellowing are some remarks on the model behavior for the checking periogs:

(1) TRESYS aver-estimates the storage tank temperatures in 80 percent
of the time, in the average of the four winter months. The mean simulation
error s r§1ative1y small and has the value of 7.39F for that period.

(2) The simulation of the enclosure temperatures is véry-gnnd as one

-¢an see froﬁ the plot of the observed values versus the measured values
{tee Appendix B5): The mean simulation-error is relatively small and has
the' value of -0.3°F for the winter period.
| ({3} On the average, the simulation of the collector inlet and out-
tet temperatures it good. However, like SIMSHAC, TRNSYS shows some delays
in the simulation of the collector operation (i.e. timing) as one can
recognize from the plots of the observed values versus the meaéured values
of the collector inlet and outlet temperatures: (see Appendix 85). The
average simulation-errors for the winter period are 1.2°F and 0.79F, for
the coliector inlet and outlet temperatures, respactively.

{4) The simelation of the culle¢f¢r mass fTow rate has the same
weakness mentiomed in {3). On the average, the simulation-error has the
value of 0,61bMYmin for the winter period.

_{SIITRHSTS over-gstimates the amount of solar energy collected in
most cases, 55 percent ¢f the time, except data from February, which shows
that TRHSYS under-estimateg the amount of solar enerqy collected. The mean
simulation-error for the winter period is 27988 Btu/Day. _

(6} TRNSYS over-estimates the building heating load fn 65 percent of




MONTH
COMPONENT __November _lﬂ-lmqt———- —Eahruacy
Mean | sTDV Mean STOV | Mean STOV Mean STO¥

STORAGE TANK

(°F) 2.1 5.8 1.1 1.9 -0.6 { 1. 0.5 7.0
ENCLOSURE

=7 0.1 0.9 0.1 0.7 0.1 | 1.7 0. 1.6
COLLECTOR INLET

{(<F) 0.9 1.2 2.2 1.0 1.1 | 2.5 1.1 1.9
COLLECTOR OUTLET

f) 0.4 1.5 1.8 1.4 0.4 {2.1 -2.1 2.7
COLL. FLOW RATE

{1bm/min) -0.3 1.1 -1.8 1.4 -0.6 | 3.5 1.1 0.7
ENERGY COLLECTED

(BTU/day) 81165 §{ 72010 7498 | 36398 16896 | 43690 30928 | 47219 34122 | 49829
HEATING LOAD I

(BTU/day) 5487 6685 | 4364 £6409 37280 | 42916 18016 | 63044 16287 | 44764
AUX. ENERGY SUPR..

(BTU/day) -372 526 | 81865 40185 457 | 32375 {*} (*) 27150 | 24362
SOLAR INSOL {45-)
(BTU/SQ FT/HR) 39.5 |66.0 15.9 50.6 17.2 | .2 6.0 27.4 19,7 43.8
(*Y: No Auxilfary Energy Used

Table da: Summary Statistics of Simulation Errors of

TRRSYS for the Four Winter Training Periods.




MONTH - WINTER

COMPONENT November Decenber January February AVERAGE
Mean [STDV Mean STDV | Mean STOY | Mean STDY Mean STDV

STORAGE TANK

( °F) 24.3 1.0 1.0 2.5 0.8 3.5 2.9 5.6 7.3 5.7
ENCLOSURE _

( °F) -2.5 1.2 0.6 1.6 1.0 1.0 -0, 4 1.3 -0.3 1.3
COLLECTOR INLET

( °F) 1.3 7.2 2.0 1.3 2.0 2.2 =0.4 - {4.7 1.2 3.9
COLLECTOR OUTLET

{°F) 0,2 8.1 0.3 2,2 1.0 1.3 1.3 3.0 0.7 3.7
COLL. FLOW RATE

{1bm/min) 2.1 2.3 0.6 1.8 1.0 1.3 -1,2 3.3 0.6 2.2

.-.ﬂ'h--

ENERGY COLLECTED
{ETU/day) 80091 74178 1 28813 | 25836 [ 29327 { 12678 | -26278 { 7N 27984 30116

HEATING LOAD
{BTU/ day} -3777 30543 1 77022 | 22593 | 142082| 11743 | -85592 | #4318 | 37671 27299

AUX. ENERGY SUPPL

{BTU/day) -1032 1459 11848 | 15797 | 23430 | 31240 {*) {(*} | 11415 16165
SOLAR INSOL (45¢)
(BTU/SQ FT/MR) 77.4 |176. 34.8 75.2 21.5 38.6 3,12 5.6 34,2 76.4

{*} : No Auxiliary Energy Used

Table 4b: Summary Statistics of Simulation Errors of TRNSYS
for the Four Winter Checking Periods.
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the time. The mean simulation-error for the winter period is 11415 BTINDay.

{8) The solar inselation model in TRHSYS can be improved, since the
mean-error in the simulation of solar radiation flux on & tilted surface
is 34.2 BTU/Hr-Ft* for the winter period,

{9} TRNSYS requires only 15 sec. for compiling and 5.4 sec. for &
3=-day run of the simulation of SOLAR I on the CSU/CDC 6400 computer system.
D. Model Features Compariscn

A summary of model performance features 15 given in Tables 5 - 13,

The characteristics of the computer program packages of SOLCOST, SOLSIM,
SIMSHAC, and TRNSYS are also shown in Table 14 for easy comparison.

Following are scme remarks relating to each model characteristic

feature in each validation area.

1. Model Assumptions

(1) In order to build a useful model for a large class of users,
the model design concepts should be simple, and the computationa) techniques
should be at the same level of understanding of that class of users, so
they could understand the model and modify 1ts set-up to fit with the design
canfiguration of a system under study. Thus, the assumption about user's
knowledge of FORTRAN programming to run the SIMSHAC and/or the TRNSYS package
is accpetable, since FORTRAN is a widely known computer programming language,
However, the assumption that the user must have a background on thermal
networks to modify and run the S0LOCST and/or the SOLSIM packages is too
optimistic, Section E shows some of the changes one should make 1n order
te run the SOLCOST or the SOLSIN packages on the CDL 6400 computer system
without changing any system configurations, Otherwise, SOLGOST and SOLSIM
should be run on the same computer system actually im use by the Martin

Marietta Co, and by perscnpel familiar encugh with the programs and solar




systems to use the prograws properly.

2. Model Logic
{1) SOLCOST has an excellent life c¢ycle cost analysis of solar

gnergy systems. The logic used to size the collector and the storage tank

based on a life c¢ycle cost analysis appears to be very good, These charac-

teristic features of SOLCOST do not exist in the other three models examined,
{2) SOLCOST and SOLSIM have some drawbacks related to their design

concepts: they are highly machine dependent packages because they are

based on the thermal network conceptof MITAS and use this latter package

for solving transient heat transfer problems; alse, the normal inputs are

kept down to a minimum, but the actual inputs required to run the models are

very large if one does not have a similar data bank as the one in use by

the Martin Marietta Co.

{3) Each SOLSIM versjon corresponds to one particular solar energy
system structure and therfore the model structure is very rigid. Applica-
tion of 50L5IM to other solar energy systems requires a re-setting of the
thermal network and a recoding of the SOLSIM BFOSYa®y  The SOLCOST model
s more general than SOLSIM. Although its steucture is rigid, the applica-
tion of SOLCOST to other solar emergy systems requires less modification
wirk. On the contrary, SIKSHAC and TRHSYS structures are based on madular
concepts and one executor controlled therefore, very flexible. The user
can adapt SIMSHAC and TRHSYS to any kind of solar eneryy system structure

with very little modification made to the input data.



(4) The si1zing of the collector and the storage tank is done
automatically in SDLEDET. as already mentfoned in (1). This {s not the
¢ase for the other three models. However, the bypass of other component”
subsystems Tn the computation of Tife cycle cost for a solar energy system
can lead to too optimistic conclusions about the system to be contructed. "
SIMSHAC and TRNSYS can also be considered as design tools for solar energy
systems, by simple adfustment of subsystem components. However, their
best uses are for solar energy systems amalysts and contrel studies.

3, Model Behavior

(1) SOLSIM under-sstimates the storage tank temperatures in most of
the time, while SIMSHAD and TRNSYS over-astimate these values. The per-

farmances of SIMSHAC and TRNSYS are about the same, with an average simu-

Tation-error aqual to §°F for the winter pariod. Tha performance of SOLSIM
is inferior compared to the other two models, with an average simulation-
error equa) to »11.2% for the same period,
(2} SOLSIM, SIMSHAC, and TRNSYS have about the same performance in
the simulation af enclosure temperatures during the winter period. In
some cases (f.e., in January and February) SIMSHAC and TRNSYS seem to give
stightly better resuTts. The average simulation-error of the three models
{s Yess than 2.5°F for the winter period.
{3) SOLSIM has a tendency to under-estimate the collector inlet and
outlet temperatures, while SIMSHAC and TRNSYS slightly over-estimate these
values, However, the absolute average simulation-error of the three models
is about the same and is equal to 0.7F and 0.8°F for the inlet and outlet

temperatures, respectively.



(4) As far as the timing of the collector coperation, SQLSIM offers
a very good simulation, while SIMSHAC and TRNSYS show some delays in the
process.

(5} SOLSIM, SIMSHAC, and TRNSYS have akout the same performance in
the simulation of collecter mass flow rates, the magnitude of the average
simulation-error for the winter period is 0.9 Thm./min,

(6) SOLSIM usually under-estimates the amount of solar anergy collected,
while SIMSHAC and TRNSYS have tendencies to over-estimate it. SIMSHAC and
TRNSYS give a slightly better performance on the magnitude of the average
simutation error.

{7} SOLSIM, SIMSHAC, and TRNSYS over-estimate the building heating
load in some cases, Their average simulation-error for the winter period
is less than 40,000 BTU/Day.

{8) SOLSIM over-estimates the amount of auxiliary energy supplied to
the heating system more frequently than SIMSHAC and TRMNSYS. Ameng these
three models, SIMSHAC offers a slightly better result.

(9} SOLCOST has a good approach to simulate mean monthly solar ra-
diation flux on a tilted surface. SIMSHAC and TRNSYS solar insolation
models are simpler and give reasonable hourly estimates of this component,
SOLSIM does not have a solar insolation model incorporated in it;-package;
because its approach to obtain desired values of the spolar radiation flux
on a tilted surface is through interpolation of the direct input data.

{1ﬂ]lSIM5HAE is a relatively big computer program package, compared
with SOLCOST, SOLSIM, and TRNSYS; however it takes less time for compiling
compared with SOLCOST and SOLSIM. The average run time of all four programs

r

is about the same arder.
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Table &

Errors 1n the Simulation of .
Storage Tank Tewperature

W\Qa vy

(*F)
TRAINING PERIQOS CHECKING PERIODS

HONTH { Mann STOV X !_-._mxu Mean | sTOV max ma MODEL
e [ =132 ] 102 f-320 | 3 |- 78 |24 | 18 | SOLSIM
m 8.7.| 60 |«1.5 {22.8 Q1z2.6 | &7 0.0 | 22.6 STMSHAC
21 | 5.8 |-12.9 {n.5 fz.3 [1.0 0.0 | 37.9 | TRESYS

= | - 7.6 6.4 |«19.7 3.3 §-13.5 7.3 -23.9 1,2 | SOLSIM
m | o051 43 l-80 | 87 8.3 |-s5a | gp | SMsHAC
1.1 1.9 |-2.9 | 5.3 1.0 {25 |-a.3 5.7 TRNSYS

» f-20] 593|171 } 00 Boos 63 J2o1 | 3. | SUSIM
= |50l 49 (194 | 00 1.8 a2 -5z 11,3 | SIEHAC
i 0.6 3.0 |- 8.3 3.6 0.8 3.5 - 7.0 7.3 TRASYS
~ | -6:0 | 124 |-26.2 |29 - 4.3 | 4.6 12.7' | 3.1 SOLSIM
m -1.7 | 89 |-19.5 ]13.4 0.0 | 5.3 |00 lizq [ SiMsHAC
i} 05120 [-11.1 1139 29 lsg las g7 | TRuSYS
-8.6 | 86 |-23.8 |ag |-n.2 |65 fa1.7 | 2.3 ] SOSIM
mm 0.6 | 6.0 |12 [n.z a.7 |51 -5 |13z |} SIMHAC
" o8| a5 |88 |as 7.3 |57 |-a6 |16 | TN
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Table &

Errors in the Simulation of
Enclosure Temperature

(°F)

TRAINING PERIODS

CHECKING PERIODS

KONTH | Mean | sTov |8 SOV | 0 e dovennest MODEL
o 01| 21| -4.3 2.2 | -8.¢ | 1.0 SCLSIM
m 7y 11| -0 1.7 | -a2 | 39 | SIMHA
2 ] ael s 12 |50 | o5 | TR
m [ -0.2 1.% -4 & 2.4 7.8 & SOLSIM
w ©03f 16} -39 1.2 1 -1z | aq | SIMSHAC

o1l o7 .3 1.6 | -3.6 | 3.9 | TRNSYS
» |=1.81 281 -7.6 vy | a5 | 3.8 f SOUSM
m -0.6 7 0 -5 K 10 21 ”Q STMSHAC

0.1 1.7 -3.3 1.0 1.1 3.4 TRASYS
. | 22] 25| -69 30| -9.0 | 2.7 | SOLSHM
m 0.3 2.7 -4.4 3.9 -E. 8 a8 SIMSRAC
- 01| 16| -6 1,3 | -2.9 | 2.8 | TRASYS

0| 22 -8 20 |74 | a0 | SoLSIM
mm 03| 10| -3 2.0 |-3.6 | g1 | SIMHA
= > o1l 121 .o 13 |34 | g | NS




«d7-
Table 7

Errors in the Simulation of
Collector Inlet Temperature-

(°F)

|____TRAINING PERIODS CHECKING PERIODS
MONTH | mean | stov [, ™* [ ™% .1 Mean | sov | B2 ] =X MODEL

o 1 2.2 4.4 | -25.9 - -0.4 6.4 -20.9 2.0 SOLSIM
m o8 |l ye 1-o00 Ve Lo f a7 |-28 |37 | SIHAC

0.8 | 1.2 {-~2.2] 10 1.3 7.2 - 1.7 | 26.2 TRNSYS
= =1.4" 3.9 -17.9 0.0 -1.6 4.2 =17.% 0.0 SOLSIM
m 0.2 | 2.7 ]-9.8 ] 08 J.0.72 | 1.7 |-6.6 | 6.2 | SIMHAC
=

2.2 1 10 |-251 6.8 2. 13 la32 | 7.3 TRRSYS
o L2e )l os lovos | o Boag laz lgga | . [ SOSH
m <04 | 38 |-17.3] 4.6 2.0 | 3.2 j-7.4 | 21,7 | SIMSHAC

0 | 2.5 |20 e | 20 | 22 + 17.5 | TRNSYS
. |18 | 50 |-25.4} an 0.9 |22 |71 1.7 SOLSIM
m -1.6 | 4.1 ) -18.4 . a7 bae laie | sa SIMSHAC
- 10| 19 f-42 |14 J0a | a7 |-20 fz20.a | TRHSYS

20 | a0 {-19.9 | 20 § -0.6 {39 [-16.2 | 1.2 | 3OS
mw -0.5 | 30 |-1n.4 | 5.7 F-0.3 {30 |-720 l123 SIMSHAC
"R os | g o2y 1.2 139 |-z3 |75 | TSP
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Table 8

Errors in the Simulation of
Collactor Qutlet Temperature

(°F)

..-p]“ ed .

TRAINING PERIODS

CHECKING PERIODS

MODEL

MONTH | mean | stov | S0%  versest] Mean | sTOV I!n“'“ge  cesdovenast ]
. 0.7 5.0 | -24.3 1.7 -3.9 5,9 -25.5 - SOLSIM
2
§ 0.8 ) 31 f-1.6 |17 1.9 ) a0 + | 55 | SINSHAC
0.4 { 1.5 0.0 | 9.8 6.2 | 81 - 3.1 | #.9 TRNSYS
e -1.7 4,9 | -24,2 0.0 -2.0 5.3 -27.%5 0.0 SOLSIM
=
g | 15 | 29 [-89 - -6 |13 J-81 1 2.0 SIMSHAC
=
.8 | 1.4 [-30] 7.2 0.3 | 2.2 |-61 {112 | TR¥S
~ L 09 | 39 l-190] 03 J-15 )35 |.258 A SOLSIM
g 1.5 | 4.6 |-2t.o {16 f-061{1.6 |-57 1 a5 | SIMSHAC
=
0.4 2.1 | -5.3 | 10.6 1.0 | 1.3 + 6.2 TRNSYS
= b 27 | 53 |-27.3 | - 0.4 } 3.2 |-12.8 | 1,6 | SOSI¥
E
= | 06 | 57 |-253 | 1.4 0.2 11z l1ss | 1.5 | SHWHAC
-2 Loz |wa | s | 13 f30 (.46 153 | TRNSYS
.20 48 |-z | o7 Qs |as o229 | 0.8 | SO-SIM
= A ]
€| 0.4 ] a1 |-uaf 8o § oo {22 |98 |y §O
51 0 | vel-62] 90 0.7 | 3.7 |-46 |16 | TRESYS
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ST ned
o Table 9
Errors in the Simulation of
Collector Mass Flow Rate
' {1bm/min}
TRAINING PERIODS CHECKING PERIODS
MONTH | Mean | sTOV _ oy r mean | stov |, X ] mx MODEL
& 2.2 | 1.6 * 5.6 ]-0.6 | 21,8 SOLSIM
m -0.6 | 3.6 |-i.5 8.3 |-ea 27.5 SEMSHAC
z
TRNSYS
IE ._-,— IF FFFE-.—
e | -1 3.0 |-12.2 3.5 -Nn,?2 0.0 SOLSIM
8 Lo | o7 |26 2.8 |-14.7 | o5 | SIMHAL
=
-1.8 | 1.4 |-6.3 1.8 |-3.7 | a8 TRNSYS
SOLSIM
= =06 1 1.% |11 0,9 - 3.5 4.0
RN BN EY 1o lezs g | stmseac
-
0.6 | 3.5 |-5.2 1.3 |-6.9 | 5.3 TRNSYS
. o1 |17 |05 29 |-82 | 1.4 ¢ SOLSIM
=L
m 0.8 | 2.8 |-0.2 3.2 0.9 Lo SIMSHAC
T 1.1 0.7 -2.7 3.3 -14.9 3.5 TRNSYS
0, 2 2.1 ~-4.6 3.7 - 5.8 7.0 SOLSIM
o &
HA
¢l o2 | 21 |-20 38 J-70 |ng | S
X
N IQ-&._ d-_“ lm-m NHIN - ﬂ-m. H.-m .—-ﬂzm*m
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Table 10

Errars in the Simulation of
Useful Enerqy Collected

{BTU/day}

Chaad

TRAINING PERIQDS

CHECKING PERIODS

MODEL

max max

MONTH | Mean 5TOV _mnnmhuu.rqm?mmn Mean STOV
« | -1680 { 22801 §-35882 | 30841 | -46872 | 41732 | -108472 - SOLSIM
[vu}
-
D |yazse |esera )+ freeess § 21666 | 1sass |+ | asass | STMRAC
-

81165 | 72010 + 189191 | 80091 | 74178 + 151355 | TRHSYS
o |-54335 | 19489 |-110736 62980 § 41967 |105629 - SOLSIM
¥
8 | 7080 | 39446 |- 43509 3549 | 11855 10884 | 21333 | SIMSHAC
(]

7498 ] 36398 |-39600 26813 | 25836 | + [ g1a7s | TRUSYS
_ ltoas9 24732 |-71958 -57590 | 30708 |-94858 | - SOLSIM
f= 4
=
2 | M842 | 46516 |-24032 25991 | 13272 + | 41762 | SIMSHAC
-3

16896 | 43690 J-43446 29327 | 12678 + | azza3 | TRNSYS
. |1msr | 890 |-22073 -41258 | 14259 l-626a8 | - SOLSIM
=
Z | sme0 ] 30214 |-5332 | 106721 agoss |.s07a3 | azses | SIMSMAC
= - TRNSYS

30928 1 47219 1-3990] =26278 7771 |.4aa8s

-29561 | 18478 |-60162 | 3081 | -51928 | 32172 |-sp950 | - SOLSIM
o=
£ 8| aa0r8 | 51714 |-20891 | vioess | o336 | zoasa |-30733 | 30033 | SMRHAC
— W
== | 38122 | ao829 |-d0982 | 102354 f2r9ss | 30116 |-48855 | 105192 | TRNSYS
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Table 11

Errors in the Simulation of
. Heating Load

(BTU/day)
TRAINING PERIODS CHECKING PERIODS
ALX Mmax max max MODEL
MONTH | mean | stoy [ % L M= ] Mean | stov _
e | -23200 | 8233 | 33327 - Jsso | 31333 |.26112 | asgep | SOLSIM
m 716 | 10758 |1esa7 ) 1aa1s |-3725 | 21266 |-35625 | 21036 | SIMSHAC
=
=
5487 | 6685 |-4540 14369 J-3777 30543 | -48592 | 19154 TRNSYS
e | 16028 | 63974 164133 | 112881 § 79136 | 36117 +#  [107027 | SOLSIM
3
M -47432 | 94217 188759 | 93ng || veoze | 16927 ]-9362 | 35705 | STMSHAC
4364 | 66409 |-95250 | 95723 | 77022 | 22503 + | 110913 | TRNSYS
_ | -57s0 | o147 |-3aan | 21278 | ro9666 | 25890 +  ]l4g502 | SOLSIM
[
S [-sas7s [asass Lisoars | - Yiesso | noves |+ |oeszo | SIMSHAC
=
3728) | 426 27093 | 101304 || 142982 | 11743 + 160598 | TRMSYS
o | i | 76382 | + 192685 | -3377¢ | 30302 [.57887 | 11738 | SOLSIM
=
g (N3 feam2 | + 200601 § 7121 | 25399 |-30977 | 43351 | SIMSHAC
[™]
“ lre016 | s30aa |-38205 | 112683 | -e5542 | asate |-10286 935 TRNSYS
16535 | 41924 |-43077 | 108048 | 30222 | 30921 |-argse |7oom | SOUSI
E .
£F (077 | set0s |-1126es | 1162a3 | ooz1 | 1mser |-2sze |svesz | SR
=3 TRNSYS
16287 | 44764 |-41272 | pogos § 3767) ) 27200 |-76429 72897




TabTe 12

Errors in the Simuilation of
Auxidiary Energy Supplied

g aad.

. : (BTU/day)
TRAINING PERIODS CHECKING PERIODS
max max MODEL
MONTH | Mean STDY jep-gshver-estf Mean | STOV

= | 118a4 | 16536 | -1116 ) 36640 | 1032 | 1459 | -3096 - SOLSTM
m 372 526 -1116 - ¥ 1032 | 1459 | -3096 - SIMSHAC
[=

F—

-372 526 -1116 - -1032 | 1458 | -3096 - TRNSYS
o | 46240 | 89221 | -a7592 | 122882 f 66618 | 64647 * 163589 | SOLSIM
f=u]
=
8 |-s9247 | 6osgs | -106020f 31631 {*) {*) (*) (*) | SIMSHAC
=1

s165 | 40185 | -a9518 | 43048 | 11848 | 15797 | 4 jgs45 | TRNSYS

SOLSIM
> | 34885 | 21983 + g760 F gzl 7e3s2 | 4 181026
=T
Z 1-69003 | 69038 | -172560) 14260 §-266 376 1800 - SIMSHAC
]

457 32375 | -48869 | 23430 § 31240 }-B00 noso | 71090 | TRNSYS
_ | 20043 65392 + 14NN (%} {(*) (*) (*) SOLSIM
[

w: 45335 | s + | r0azs0) 22333 | toaaa | 4+ 37500 | SIMSHAC
Lid
[Ty

(*) {*) (*) {(*) (*) (*) (%) {*) TRNSYS

assos | 48283 | -a4354 | 93630 | 59904 | avass [-2086 | 172307 | SOHSI
[ 1)

e HA
E S Loz | az31s | -03232 | sooe7 | 7002 4003 |-1048 | 37600 SIMSHAC
—
= >

* | 2750 24362 | 32013 | ass08 B 11415 | veies |-1948 | s3uz TRHSYS
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.v Table 13 | .
Errors in the Simulatton of

Solar Insolation on the Tilted Surface
: {BTU/5Q FT/HR)

__ll YRAINING PERIODS ° . CHECKING PERIODS .
MODEL
MONTH | Mean { sSTDV Mean | STDV __=u“xn mmr_“_.“nm_x_“mﬂ :

= |-0.2 6.0 -0.1 8.0 |-18.7 | 13.7 | SOLSIM
m 2.6 {8560 |-n7.0 [285.0 § 4.7 |ss.0  fizs.o |217.0 | SIMSHAC
2 _ TANSYS

39.5 1660 |- 320 240 § 77,4 K196.0 11490 1459,2
g | 0.1 6.9 |- 16.7 - 1.3 5.4 F15.2 |13.4 SOLSIM
@ _
o |45.0 |loz.o |- 143 99.8  |120.0 |254.2 | SIMSHAC
[=]

5.9 | s0.6 |-.48.0 75.2  }53.1  |244.0 TRNSYS
» k04 | 83 |-156 81 lzao {isg | S0M
m 3.7 |89.4 |- 1520 95.0 |Jeo1.s {eda.; | SIMSHAC
= "

17.2 |3l.2 - #4.0 8.6 | 30.4 [145. TRNSYS
. o4 ls3 [ n.o 6.5 ¢13.3 |12.2 | SOLSIH
£ | 225 |e5.4 |- 26.2 97.2 11320 3.6 | SIMSHAC
-]
e
ey

6.0 lz2.a | ag.0 356 1z58.2 135.4 TRNSYS

- 0.3 |69 |- 14.9 7.0 [-17;8 |37 | SOLSIM
o _
mw 32.7 78.2 |- 77.4 96.5 |-149.6 | 236.6 SIMSHAC
— "
5 1e.7 43.8 |- 69.2 76.4 |- 72.7 | 220.9 | TRNSYS
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_Table 13

Summary ¢f Computational Features
of Solar House Degign Medels

FEATURES SOLCOST SOLSTM SIMSHAC TRNSYS
% ; & ail

Average Compile Time 16 sec f4 Sec .18 Sec cg SaC
Average vun time/dav KA .74 sec TR eapr §.42 sec
Mzx. Central memory -

Required 67K 48 K 820 K 5 K

FORTRAN FORTRAN
Programming language| & COMPASS | & COMPASS FORTRAN FORTRAN
. Overlay

Model Structure Rigid Rigid + Modular Modular

Weathar )
. Input Form Tape Tape Tape Lards
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te in MITAS, SOLCOST, and SOLSIM

The foltowing suggestions.are based on SEEC's sxperience in attempt-
ting to make MITAS, SOLSIM, and SOLCOST aperational on the CDC-6400

computing system at Colorado State University.

A. Modifications to the Preprocessor

1.
2-

q,

Correct the octal constants {suffix of B instead of prefix of 0)

Correct the end-of=file function. It 1s nonstandard in

the present varsion.

Correct transfer of control to statements within the range of
a DO loop from outside the loop, as these are also nonstandard
in the present configuration.

Correct the use of STOP and RETHRN statements in the overlays.
Correct OVERLAY and BLANK COMMON statements so that the opver-
Tays will be loaded into the first word of blank common, This
fs also nonstandard in the current version.

The use of the timing function, SECORD, is also nonstandard
and should be corrected.

Usa of rounténes such as ALTFILE is dependent upon specific
characteristtcs of the compiler, run-time I1/0 routines, and

operating system interfaces. This should be corrected.

8. Modifcations to the Library

1.

Correct the use of the G) TD statement in conjunction with
the use of the ASSIGN statement; this is nonstandard FORTRAN
Correct the transfer of Contral to statements within the range

of a DO LOOP from cutside the Toop.

-




C.

3. Correct the Octal Eﬁnatunts (suffix of B instead of prefix
of 0). ‘

4. Carrect UNIT and EOF functions tt¢ be compatible with other
systems.

5. Correct functions using Double Precisfon variables to use
Double Precision functions as well,

6. Correct or rewrite all assembly language routines to accept
FTN subroutine linkage as well as to adapt to other systems.
This was a major effort, and was very nonstandard.

7. Correct all rautines to use variable unit numbers for 1/0
operations so that unsatisfied externals were not pruduced:
This was because of use of routine ALTFILE.

8. Correct the UNIT function in the S0LCOST library. .

Kon-Standard Items In MITAS

1. IUse of Assembly language routines in library.

2. Use of Dctal Constants for masking - especially charactars.

3. Use of Octal Constants for representing characters. {Depend-
ing on COC Character set as well as six bits per character).

4. Use of Non-5tandard fortran {Assign statements, function, etc.)

5. LOADING of overiays.

6. Plotting routines 1n library, excapt COC plotting routines.

7. Must have some 1ibrary utility to satisfy all the externals.

B. Declaration of files is local to CDC fortran,




-57-

I¥, CONCLUSTONS AND RECOMMEMDATIONS

The techniques that have been developed by SEEC during the conduct
of this rasearch program mey be quickly and easily applied to determine
quantitative results concerning the performance of any solar system
simulation program. These techniques were applied to determine the rela-
tive performance of SOLSIM, TRNSYS, and SIMSHAC when used to model CSU
SOLAR I. This system was selectad for validation purposes because of the
avaiTability of the performance measurements for the system in operation
at CSU SOLAR 1. Sperific quantitative results were presented in Tables
5 - 14, From the results presented in thase tables ft 1s apparent that
TRNSYS and SIMSHAC are fairly comparable in their performance measures;
these are followed closely by SULSIM, However, the differences are
relatively insignificant for this particular case. It is apparent that
fn some cases one program 15 superior to the others but the situation
¢hanges with respect to which state variable is being examined. It should
be pointed out, however, that the radiation values on the tilted surface
used in program SOLSIM were interpolated from the measured data, This is
not a falir comparison with the other two prograws since the other two
programs calculated the radiation on the tilted surface from observed
values on the horizontal surface. This 1s the more common situation
since most designers will not have availabde to them radiation values
at the desired tiTt angles,

It 15 recommended that the comparison between the programs be extended
to additional building types and more locations. SEEC has recently



received some data on a commercial officebuilding and is in the process
of validating the simulation programs for that specific bullding ind its
location. SEEC has also requested data from severdl other sources and
plans to continue the validation studies as the new data sets become avail-
able, It is further racommended that consideration be given to the suggested
modifications to SOLSIM and SOLCOST that were presented in Section III.3.
These are of particular importance {f these programs are to be transported
to other computing centers.
| Finally, it is recommended that SOLCOST be applied to some sample
case studies. SEEC has made arrangesents with personnel from Port Hueneme,
Californfa, to apply SOLCOST to a buitding of their desfgn for which they
will provide the completed input data forms as suggested by Martin Marietta,
SEEC will transcribe these forms to the input requirad to run SOLCOST and
will then execute SOLCOST and send the results to the customer. This
experiment should be repeated a number of times in order to assist in
eliminating the possible bugs 1ﬁ program SOLCOST. We believe that 1if
S0LCOST were to be released at the present time and were to receive wide-
spread disemination then there would be many users who would attempt to
apply 1t to system types for which it has not been adequately validated.

The zbove conclusions and recommendations have been of a general
nature. More specific remarks are presented below.

Because of the conttraint on SOLSIM operation (i.e. for solar house
heating only), and the 1imftaed amount of solar house data available (i.e.
only one set of SOLAR I Data), only tentative conclusions could be made

relative to the behavior of the models under considaration,




{1) The S0LLOST approach to compute the Yife ¢ycle dost of a solar
energy system s excellent. It gives the user 211 the necessary information
. pertaining to the economic analysds of the structure which s to be built
(see sample output of SOLCOST); hence, the design purpose of SOLCOST is
very suitsble for a large ¢lass of users,

{2} As already mentioned in the previous chapter, SOLCOST uses only
the ¢ollector and the stnrage,tank in the computation of the life cycle
cost of & solar house system, The bypass of other sﬁbsystem components
1n this evaluation process can lead to too optimistic conclusions about
the system under study. |

(3) SOLCOST and éﬂLSIM are hard to use by average wsers bacause of
thelr rigfd stryctures and machine dependept program language, and alse
because of the vequired knowledge of thermal network systems of MITAS,

{4) The SOLCOST approach to compute the mean menthly solar radiation
flux on a tilted surface, and ﬁ]so fu the s1zing of the collector and
the storage tank based on life ¢ycle cost analysés is very good, which
makes the mﬁde1 more attrdctive in system design analysds. However, it
does not have the capability of s1zing the other subsystem cumponents,l
which are also important in the determination of the system efficiency
and system 1ife. |

(5) For engineering=type users, it seems that SOLSIM has a good
performanée-in the simulation of the collector operation, especially
‘in the timing df the collector mass flow rate, compared with 5IMSHAC and
fRHS?S,,wﬁith show some delays in the simulation of thé collector response. -

" {6) Between the three engineering-type models: SOLSIM, SIMSHAC, and
TRHS?S. thélléﬁt two offer more advantages cumpared'with.the first one,
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namely, a flexible model structure, a 1ess machine dependent program package,
less input data requirements, and Tess compiling time.

(7) After calibration in the trafning periods, all three madels: SOLSIM,
SIMSHAC, and TRESYS gfve reasonable simulation results for each component
of the solar house S0LAR I heating system.

In summary,

SOLCOST should be a very good design model for solar energy systems
if one could:

- include other subsystem cumpuneniﬁ into the model for the analysis
of the 1ife cycle cost of a given system, and also for the purpose of auto-
matic sizing of all these components;

- rewrite the program using modular concepts to make the mode) flexible
and adaptable to other solar energy system structures;

- correct #11 non-standard FORTRAN statements in the computer program
package to make the model less machine dependent;

= simplify or modify the tnput data requirement to make the model a
practical design tool for a targe class of users,

SOLSIM could become & very good transftent eneryy system analysis model

if one could:

- rewrite the program using modular concepts to make the model flex1ple
and adaptable to other solar enerqy system structures;

- correct all non-standard FORTRAN statememts in the computer program
package to make the model vsable by average engineering-type users;

- include a solar insclation medel into the package o make it less

dependent on the direct solar input data,




-61-

$INSHAC could become a very good design and analysis tool for solar
anergy systems 1'} ong could:

- build into the package all control routines which reflect the exist-
ing types of controllers in use at various solar energy systems in the
United States, and let the user just select the one he 1ikes the best and
1ncorporate it into the system configuration;

= {ncorporate the 1i1fe-cycle cost analysis component into the package
for design cost evaluation;

- modify the package to include the automatic selection of subsystem
components feature for optimal solar energy systems design.

TRNSYS could also become an exceilent design and analysis tool for

solar energy sytems 1f one could:
"-modify the control model to fnclude more efficient control techniques
for energy systems control;

- midify the economic analysis component to give it the capability
of conducting a complete life-cycle cost analysis for a given solar energy
system,

- modify the package to include the automatic selection of subsystem
components feature for optimal solar enerqy systems design.

Thus, actually no ong 0Ff the four models under validation is an ideal
design and analysis tool for solar anergy systems users yet, The best
model could be approached in two different ways: either by modifying one of
the models discussed above, after a ceeeful selection based on all aspects
of the model validation process and using more solar data obtained at

various locations ¥n the United States, or by devéloping 3 new model which
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has all the interesting features of the existing medels and eliminates all

the existing drawbacks.
The following recommendations are proposed:

Recommendation 1: Reconduct the validation of the above models and, also,

other sc¢lar inselation models with data collected from various locations

in the United 5tates. By this means, one can assess the "goodness® and the
universality of a solar energy model and be able to select the best model
for further improvement and adaptation.

Recommendation 2; A modification of SOLCOST and SOLSIM programs as dis-

cussed above 1s desirable for an accurate cost anatysis and design evalua-
tion of solar energy systems,

Recommendation 3: A mpdification of SIMSHAC or TRNSYS programs (since the
two models have many features fn common) as discussed above s also desirable-
for a quick amalysis and design evaluation of solar energy systems by average

LSErs.
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ME THODOLOGY

Al. DATA FILTERING AND RECORD EXTENSION
In order to carry out a filtering process on solar radiation data,
one should be abte to, first, identify the various components which con=
stitute this timege-series, and, then, construct an optimal filter to
separate'these compongnts or sliminate those carresponding to system noise.
One technique to be used 1n the identification of vartous componants

of a time-serfes is "Spectral Analysis".

Data treatment by this technique can be 41lustrated as in Figure A-1.
One can find the basic theory and computation procedure in Anderson (1958)
and Jenkins and Watts {1969),

A1l the various algorithms proposed in the past to calculate the
spectrum of & time-series might be grouped into two Targe families:

(1) One which uses the Fast Fourier Transform (FFT}, and

(2) One which computes the spectrum from the autocovariance function.
The latter approach allows one to have & better resolution.

In this case, the estimator of the spectrum PS {f) equals the Fourier
transform of the m first terms of the autocovariance function C!x[k]

PS{f) = 2f6,,(0) + 2 ':5: ¢, (Kw(k)eos2nfk] , 05 FS % (1)
where

-

ConlK) = I (x(6)-R) (x(t-k)-X), 0 Skgm-1 - (2)
wik) is a spectral window used to minimize the fluctuations of
the estimator. For this study, the Tukey-Manning window will be used,
which has the following form:

{!5 D+cosink/m}) k|l gm
0

wik} = s {Kk| >m (3)
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Figure A.1 : Flow-chart of Data Treatment by Spectral Apalysis.
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The salection of m 1s & very delicate task. MWe know that {Jenkins and
Watts, 1969)
variance x bandwidth = constant.

For the Tukey-Warnning window, the bandwidth has the following value

p=l33 {4)
and the variance
var = ﬂ;‘?m ' {5]

where N is the length ¢f the series.

Knowing the existence of ¢yclic components in the solar radiaticn data,
one might use various moving average filters to decompose the observed data
into:

{1) a short term cyclic cumpnnéht

(2) a Jong term cyclic component, and

(3) a noise, or residual, component.

From this analysis, one might, then, build up a stochastic model for
solar radiation, which will be used in filling in missing radiation records
or for record extensions.

For this objective, one might use an autoregressive modal of the form

XY - p= op{X{t-1)=p + ay{X(t-2)-p)# eovs
+ g (Xft-m}-p}+ . B (t) {6}

where m is the order of the process; T gree qﬁ are process parameters:
and #{t) is a white noise process.
Using the maximem 1ikelihood approach, one can estimate the parameters

Qys C?t*nt f-"m b}'

Coudd) = oqC 313 o€, (5-2) + ---va C, (-0}  {7)
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where Cxx{j] is the' autocovariance functian.

If one uses the auto-correlation function, eqn.(7?) becomes
o) =g (31 ayr, (3204 evpy r (§-m) (8)
with

P i) C Ve (0) (9)

For solar radiaticn data, m might hive the value of 1 or 2.
If m equals 1, eqn.(8) is reduced to

ay = el (10)
and if m equals 2,

2 = T (1) (or, (2))

11
- (1)
i-rxxfll
4y = Td2)=rd (1)
. (12)
1-eZ (1)
Xy

The use of statistical Filters for filling-in missing data or for

record extension can be formulated as foliows:

{1) It was assumed that several hours correlation existed between
various weather variables{i.e., solar radiation, air temperature,
hunidity, wind velocity, and dew point temperature), Plots of
the auto-correlation and cross-correlation functions can be used
to ascertain the actuwal number of hours to be included in the
following model,

(2} A set of stochastic linear difference equations of multiple arder

may be used to express the dynamics of the weather varfables, f.e.,

6
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Solar radiation:

Sel T Ay St 82 S YT Y 4y S
*hyykp ¥ by Ty * e Dty
Yo by * S T Y Ciphnny
*yy v vy P i Ve

Yoy W e YT M e+ Yk

(13)

where
sk‘tk‘hk’"k' and W, are, respectively, the kth hour solar radiation,
air temperaturs, humidity, wind veloctty, and dew point temperature;

Uy i5 & "nppise" sequence which takes account of the modeling
error and the actual ncise fn the data;

atj'bIj'C1j'd1j'e1j’ 3 =1.7"",nare the unknown parameters of
the solar radiation model (1) ; and v is the nuwber of hours
for which correlatian exists.

Air temperature

Leel ® 3215k ¥ 3951 YUY 350 Sppn

L i bzntkum]

¥ bogty Dyt t
Yot ¥ Cogey VT Oprned
Fdgw Y Gy P GaVenn - -

FolgM FBagk g et S W nn

(14) |

where
azj. sz. €y dzj‘ EZJ' §y=1,..., n are the unkown parameters

of the air temperature model (14).




Humidity:
Bt = 0318 Y At T A8k
M AL T S IR PLV N
Foghy ol F T Canfy i (15)
PV v ot A Yiens
+ e3¥, + e3oM + ...+ 3k _nt) + ug,
where

835 hsj' <35 daj,ezj,j=1,,.n,n are the unknown parameters of the humidity

model (15).
Wind Velocity

Vel T A0Skt 2ot Yo Y Atk
ML7VAPIRLT VA B TR PP
gy ogati F o ¥ CaPi
g dggcr F e g

+ '

et S " Can¥int Y
where

4 ' b#;’ C4J, dq;* E4j. J=1,..., nare the unknown parameters
of the wind velocity model (16).

Dew Point Temperature

Mol T 215t RSt ? a5n5k n+
+ ¢51“k tegahpoy e Foghy

LI + dﬁnvk-n+1

* esptioner T Usk

tdgyvy tdoyv
Toepywy toegvy

+

where

» d

—
w
-

..s N are the unknown parameters

5 ¥ sti CSJ 5Jl ESj# j =

(16)

0n

0
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of the dew point temperature model {17).

(3) let:

4 T
Y(k) = D3paps Bare Mo Vier s Wl

r .
8 [ St
Hk) = L °
- S L
0 &&h&&J
where: s, é - s ]
[5kr Sk-107"*Skpn)
Ek é [tkg ltk-'l""!tk"n'l']]
by & Thee By yeee sy ]
F—k g [\I‘k, vk_n....,?k_n_l_]]
A .

The state-vector i€ defined as a 25n - dimensfonal wveetor of the

unkown parametars:

i T
E[k:l = [A]I B-lr ':lr D‘.: E]: A‘zr Bzr ':2? ﬂz: Ezi -***1n5sB5:E5!u5!E5]

where:

A
A; 2 Lo PRI
B.I ;[bill hizlnvnlhin]
4 = (%10 40 2Cind
Dy = [dypr dige-erdypyl

By ¥ (8510 2gp0e-- 84y

: 17 1,2.3,4,5,

and, 1astly, the "noise" vector u (k) is defined as

A ]
WD = Do Uper Uger Ugye Vgyd | 3



i.e., get the best estimates of 5141 tk+1' hk+1' LY and w

the covariance matrix R(k) of this "nofse™ {s assumed to be a 5 X &
diagonal matrix having Rigs Rops “3&* Rap+ Rgy 25 the diagonal -
elements. The R1k (1=1,2,3,4,5) are the variances of the “moise”
sequences Uy which are assumed to be zero mean white gaussian,
Thus, equations (13) - {17) can now be written together as:
y{k) = H(k} x {k} + uw{k}. {18)

{4) Agsume that the unkown parameters are slowly varying

then we may represent the state by a random-walk model, i.e.,
% (k#1) = x {k} +q (k) . (19}

where p(k) 15 another ‘noise” sequence vector which is zero mean

white qaussian and having covariance matrix Q(k}.

{5) If we assume that the {nitfa) state x(0) fs given, which is an
independent white gaussian sequence with a covariance matrix P[0},
then the following adaptive filter can be used to estimate the
state (1.e., the unknown parameters) of the model (18) - (19):

X (kJk) = % (k-1]k-1) = K{k}CLg(k) - H(K} X (k-T[k-T}]

K(k) P (k [%-1) HT{k} [H(k} P{k|k-1} HT{K} + R{k-1[k-1}1 ~T-
P{k|k-1} = P{k-1]k-1) + Q {k-1|k-1)

P{k|k) = [I-K{k) H{K)] P{%|k-T)

Rkl = E [(k-1) Rik-TIk-1) + S(KIFTOO-HIKIP(KIK-VHT (k) ]

Bk k) = k1)1 k-1 +R(KZRE IR (kDR {K )P L1 [k}

where
FUk} = y{k) - ROQR(k-Tk=T).

After obtaining the best estimates for the unknown coefficients based

on aviailable records, the equations {13) - {17) can now be used for predictfon,

K+ based on
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the observations Sy» sk-l"'sk—n+1’ tk‘ tk-l"" tk-n+l' hk' hk-l"“’

\l'k, Vk_“, ..."d'k_n_'_-l, Wk, 'ﬁ'k_], ey Hk'n"']-

n

Besides the above-mentioned approaches, the following are two other

interesting methods for solving the data analysis and misstng information

problem, namely Pattern Recognition and Group Method of Data Handling (GMDH).

(1) Pattern Recognition Approach

This approach is very convenient for comparative data analysis. Based
on a #lected distance function {i.e., Bhattacharya distance}, the following
two types of analysis can be performed:

Discriminant analysis: for outliers fdentification; and

Clustering analysis: for group assocfation investigation.

One approach to clustering of data points that one might use is centroid
clustering, wheve the distapce from the data point to the cluster center

is chosen as a criterign for grouping. The data point will be assigned

to the cluster having minimum distance which is also less than a certain
threshold, Using different thresholds, a two-dimensional representation
of the n-dimensional space (through nontinear mapping) of data points

will be as shown in Figure A-2. The dashed lines enclose points that
clustered together first, while the solid lines enclose tater results which
produced larger clusters. When examining Figure A-2 the attention of the
anafyst will be immediately drawn to the isolated points having off-nominal
behavior, These points will later be deleted from the data set.

(2) Group Method of Data Handling (GMDH)

The GMDH {s based on the self-organization principle which originated
from Rosenblatt's perceptfon concept. This technique was first proposed

by A.G. Ivakhnenko for dealing with complex nonlinear systems with limited
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record length of input-output data.

By the use of this method, the following monlinear input-output
relation is self-learned:

youflx %, o0 X)) (2)
where ¥ 15 an output of interest, X5 (i =1, 2, ...,n} are inputs to
tha nonlinear system, and F{x) is assumed to be represented by a Kolmogorov-
Gabor polynomial or a Volterra series for the stationary stochastic process
under study:

.3 I £EL
Ymagt i Xyt E Ay K K P A Ry Xy R Y

The structure of the basic GMOH proposed by Ivakhnenko is shown in Figure
A=3, which illustrate a multilayered perceptron type: the inputs from the
previous layer are used for constructing all possible combinations of two
inputs. Partia) descriptions are chasen by the same thresholds, and then
the process proceeds to the next layer.

A sequential GMDH algorithm to stazbilize the structure of the pre-

diction model, using a sequential least-sguares technigue to update the

partial descriptions in each layer, was recently proposed by Saburo Ikeda

et al. {July 1976}, and applied to the coastruction of a nanlinear pre-

diction model of river flow.

Thus, using the GMDH approach one can learn the structure of a com-
plex nonlinear system (ji.e., solar house) from input-output data, and
then use the obtained relatiom for filling-in missing data or record ex-
tension.

Another simpler technique for solving the missing information problem

is the use of a nultivariate statistical approach.

’?:.-'




I

£-¥ J4N9I4

W<N< ™

Selection by the length
of the prehistory interyal

correlation criteria

Self-selection by the -

kﬁ
[ - -
- - - - - - ‘ |
~ |
u - - - > - - NN -—IH

Self-selection by the
mean-square error criteria

P TFr

|

SpLoysadyl
o

Iu! La2sap ajajdwo)

Ui ez | 3do

2Ly




A-13

Suppose that we have a vector x of p components following a multi-
variate normal distribution

A ~ Hfﬁi: E)i

ith

the subscript 1 fmpltes that the vector x comes from the of a set of

narma]l populations with different means but common covariance matrix
Let the yector X be partitionad into two subvectors: 5{1} of order q is

2)

observed; Eﬁ of order p-q 15 missing. The best predictor of 5{21 is

where 5.{1]
1

& A
§i apd £ =

2
(2 ) Ly Ipp

I E12

The vector of errors of prediction by 3;2] has zero mean and covariance

-1

77
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A2. DATA SELECTION FOR MODEL CALIBRATION AND MODEL VALIDATION

The most important pofnt in the selection of data for model calibra-
tion and, later, for model validation 1s that data used in designing the

model should not be used 1n validatfng it. Thus, given a data set, after

the processing stage mentioned tn Appendix Al, one needs to divide the

data set into two separate sequences: & training set for model calibration
purposes and a checking set for model valfdation purposes. HNow, the follow-
ing question arises: “How to select the training and checking sequences
from a given data set?"

To su1vé this problem, the following argument would be useful. In the
training sequence ¢ne must include points that are furthest apart and most
remyte from the other points to take into account all process character-
istics 1n tpe calibration phase. On the contrary, the checking sequence
must include points that represent the average process characteristics;
i.e., points that cluster closely to each other. Thus, in order to divide
the daia set into training and checking sequences, ane needs to have a
measure of separation which can be any distance measure from the mean. The
simplest normaiized statistical distance from the mean is the varijance,

defined by

¥ }2
- X, X X =X
1 ( o *!Prl I
2 lﬁ- rﬂ
Points with 2 large variance must then be n¢luded in the training sequence,

and points with a small variance must be included in the checking sequence.
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A3, HMODEL VALIDATION PACKAGE

This computer program package was develepsd to assist users in

the analysis of simutated values and simulation residuals of sebsystem

components Tor system model validation. [t constitutes one step in the

validation process of solar house design modéls, namely the analysis

of mode!

performance. The gutputs of each simulation mode?, i.e., the

simuylated values of the states and simulation residuals, are read into

the validation program and the following steps are successiveiy carried

aut:

(1)

(2}

(3}

(4)

(5)

Plot (optional) the stmulated values versus the observed values
for each subsystem component;

Compute the basic statistics, i.e., mean, standard deviation,
third and fourth moments about the mean, minimum and maximum
values, and correlation coefficients between simulated values
and observed values for each subsysiem component;

Compute the same basic statistics for subsystem simulation
residuals;

Compute and plot the relative and cummulative frequency dis=
tributions for values of each subsystem component;

Reform clustering analysis of simulated values and simuiation

residuals to examine for possible systematic errors in the model;

[6) Output presentation for further amalysis.

The flowchart itn Figure A=4 gives the basic ideas of how this model

validation package was set-up, S3Sample results are listed in Appendix B

for each model under study.
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A4, PROBLEM OF CHOOSING AMONG COMPETING DIGITAL SIMULATION MODELS

Given a number of digital simulation models of a compiex solar energy
system. What kind of information shoauld one use te pick out the best model
for use in simulating that system. The criteria for "best" simulation
model for system design have been discussed in Chapter 3 of this report;
following are twe approaches for systematic selection among competing digi-
tal simulation models based on their simulation performances.

1. Bayesizm discrimination

A digital simulation model may be thowght of as a device for producing
an ordered set of vectors, Kis Zps 0 o 0 EH. The vector Xy {i =1, 2,
. .s H) may be taken to represemt a complete description of the "state"

of the simulation model after the 1th "

event" has accurred to change the
previous state. The x1 are considered to be random variables. Associated
with model ﬂj is a sequence of random vectors K{. Ij, C s Kﬂ, suéh that
the distribution of K%, Ig, NN xg_T depends only on the previously
realized values of Kf, xj, C e s KQ_T.

Suppose simulation models Fﬂ. ﬁi, s ﬁﬁ, Ve s Hk are proposed to
explain the fact that the underlying time-series random variables T1, Tz.

o Yy took on the observed vatues Yis Ypo o o o0 ¥y The discrimina-
tion problem may then be started by assuming that exactly one model ﬂﬂ 1s
correct, and based on the probability P{ﬂﬁ}. j=1,2,....k, for making
decisions. E?r the purposes of Bazyesian amalysis. this probability may be

considered efther prior to or posterior to information contained in the

enpirical time-series data. If we let

5h={‘|'1=y1and‘f2=yzand...and‘fh=yn};h=1,2....,ﬂ
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be the proposition that the underlying (correct) time-series phencmenon
T]. fE' - ..Th has produced tha first h empirically observed values
Yys Yor o s oYy WE MRY write the desired posterior probability via

Bayes' theorem

MR 5.) s A Haiup SR P T
K
z P(s, | M) p(R)
Je=1

The evaluation procedure will be as follows: first, decide on the a priori
probabilities for all candidate models; second, estimate the P [Sn]ﬁj] by
simulation using these candidate models; and third, calculate the a pos-
teriori probability of each candidate model using expression (3). The
discrimination then will be based on the probability P {ijsh}. j=

1, 2, . . ki h= 1,2, 0. LN

2. Decision making based on an information fndex

Judgement of the goodness of mode) performance based on the sum of squares

of the simulation errors may Jead to a wrong conclusions; since a large sum
of squares may result for a bigger size system, and & small sum of squares
may come from 2 smaller size of a simtlar type system. Thus, the use of an
objective fndex for decision making on the quality of a simulation model is
necessary, One such Tndex will he discussed below:

The output of a model can be considered as a random variable X with
variate value x(t1] = Xy Tha antrﬁgg of X is defined as

K(x) 8 - £ P(x) Tog plx;) (2)
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whera p[xi} is the probability of occurrence of Xy It can be shown that
the value of H(X} is maximwn (i.e., H, (X) = Jog n) when all the x, are
equally likely, that is, when the output has wmaximum uncertainty. On the
contrary, when all outputs except one have zero probabiiity, H{X} vanishes;
this corresponds to absolute certainty. '
Consider now a Second system with outputs yj, 3 =12, .. .,n, having
the probability of occurrence p{yj}. If these outputs are related to those
x; of the first system, then the uncertainty of X, given knowledge of ¥, is

axy) 8- £ jgl plxpy;) 109 plxs |94) (3)

where p{xi|yj} ts the conditional probability of X = x, given ¥ = Y5 »
and p[xi,yj} is the joint probability of X = Xy and Y a Yy Thus, H{X|Y)
i¢ the conditional entropy of X given.¥. It is clear that, if all the
p{x1|yj} equal 1, that is if there were an exact correspondence between X
and Y, it would follow that H{X,Y) = 0, In this case, knowledge of ¥
would eliminate all uncertainty from X,

Based un'the above considerations, an information index can then be

defined as the relative conditional entropy of X given Y:

k=

o 2 XYY SH, ()

]
H(X[Y)} /1og n )

If ¥ is the observed output of a given system, X is the simulated value
obtained from one of the models of the system under study; then the in-
formation index {4} may be used as criteria for selecting the best model
among competing digital simulation models. For exampie, if, for two models

{a) and {b), Iﬂ_-clhi the choice should be model {a).

G ee Lol
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Figure B2.1: Flowchart of the Validation Process of SOLCOST
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DESIGN OF ECO-ERA NUMBER II

ECO-ERA Number 11 was a house recently constructed in Fort Collins,
Caotarada as part of the HUD demonstration projects. This house utilizes
the air system supplied by the SOLARCK Corp. and the system was designed
using methods developed at SOLARON and also the F-Chart program developed
at the University of Wisconsin. A design goal was that the <oldr system
provide 75 percent ¢f the annual space heating and service hot water
requirements. The resulting design led to a collector array consisting
of 412 sq. ft. and 3 storage system containing approximately 11 tons of
rocks.

Program SOLCOST was utilized as part of this study to determine the most
economic solar system for that particular house. The results shown on Figures
BZ.4 and B2.5. The input data required to describe the system are shown on
Figure BZ2.4. The results obtained for a collector tilt angle of 45 degrees
ara shown on Figure B2.5. From Fiqure B2.5 we cee that the optimal collector
gsize is 489.2 sq. ft, and that thic sytem would provide B3 percent of the
total heating Toad. This result corralates quite satisfactoerily with the
result obtained from the other design methods for a system to provide 75
percent of the annual heating load. The lifetime cost savings, obtained
from program SOLCOST, are seen to be $15,741.00. This result is also
comparable with that obtained by the previcusly used methods.
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SOLSIM COMPONENTS
(Set-Up for SOLAR I)

. Flat Plate Callector

. Auxiliary Heater

. Hot Water Storage

. Solar Service Hot Water

. UA Heatloss Analysis

Figure B3.2
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SOLAR INSOLATION ON THE HORIZONTAL
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STORAGE TANK TEMPERATURE
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Figure B3.5 : SOLSIM PERFORMANCE ANALYSIS
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Figure B3.6 : SIMILATED DATA ¥S, SIMULATION ERROR
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SOLSIM PERFORMANCE ANALYSIS
STORAGE TANK TEMPERATURE
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Figure B3.7
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SOLSIM PERFORMANCE ANALYS!S
STORAGE TANK TEMPERATURE
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SOLSIM PERFORMANCE ANALYSIS
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SOLSIM PERFORMANCE ANALYSIS
ENCLOSURE TEMPERATURE
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SQLSIM PERFORMANCE ANALYSIS
COLLECTOR INLET TEMPERATURE
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SOLSIM PERFORMANCE ANALYSIS
COLLECTOR QUTLET TEMPERATURE
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| SAMPLE RESULTS OF SIMSHAC PERFORMANCE ANALYSIS
{

L FOR DECEMBER TRAINING PERIDD

~

SIMSHAC COMPOKENTS © -

[r——— ———

Flat Plate Collector

. Evercated Tuble Collector

. Heat Exchanger

-

*

Solar Service Hot Water
Splitter Value

Mixer Value

. Pump
. Lithium Bromide Unit

. Hot Water 5torage

. Conl Hater Storage

. Auxiliary Heater
. Auxiliary Beiler

. Basebpard Heater

-

. Heat Pump

. Rock Bed Thermal Storage
. Control Units for

Heat Load Analysis

1. Mater System

2. Air System

3. Conventional System
4, Heat Pump System

Figure B4.1
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SAMPLE RESULTS OF TRNSYS PERFORMANCE ANALYSIS

FOR DECEMBER TRAINING PERICD

TRNSYS COMPONENTS

Flat Plate Collector

Un-0ff -Differential Controller with Hysteresis

Pump

Stratified Fluid Storage Tank
Heat Exchinger (4 types}

On-0ff Auxiliary Heater

ARKLA Absaorption Air Conditioner
Three-5tage Thermostat

Rock Bed Therma) Storage

Tee Piece, Flow Diverter and Flow Hixer

Pressure Relief Valve

Solar Radiation Processor

Finite Element Wall Load Analysis
Finite Element Roof Load Analysis

. Room and Basement Models

Heat Pump .
Data Reader and Interpolator
Time Dependent Forcing Function _

. Algebraic Qperator
- Integrator

Printer
Plotter

Figure B5.1?

. Space Heating by Degree-Hour Approach
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