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PREFACE

INTERNATIONAL ENERGY AGENCY

In order to strengthen cooperation in the vital area of energy
policy, an Agreement on an International Energy Program was
formulated among a number of industrialized countries in
November 1974. The International Energy Agency (IEA) was
established as an autcnomous body within the Organization for

. Economic Cocoperation and Development (QECD) to administer that
agreement. Nineteen countries are currently members of the
IEA, with the Commission of the Eurcpean Communities participa-

ting under a special arrangement.

As one element of the International Energy Program, the parti-
cipants undertake cooperative activities in energy research,
development, and demonstration. A number of new and improved
energy technologies which have the potential of making signifi-
cant contributions to our energy needs were identified for.
collaborative efforts. The IEA Committee on Energy Research and
Development (CRD), assisted by a small Secretariat, coordinates
the energy research, development, and demonstration program.

SOLAR HEATING AND COOLING PROGRAM

Solar Heating and Cocling was one of the technologies selected
by the IEA for a collaborative effort. The objective was to
undertake cooperative research, development, demonstrations and
exchanges of information in order to advance the activities of
all Participants in the field of solar heating and cocling
systems. several sub~projects or "tasks" were developed in key
areas of solar heating and coocling. A formal Implementing
Agreement for this Program, covering the contributions, obliga-
tions and rights of the Participants, as well as the scope of



each task, was prepared and signed by 15 countries and the
v prep ! Y

Commission of the European Communities. The cverall program

is managed by an Executive Committee, while the management of

the sub—prbjects is the responsibility of Operating Agents who

act on behalf of the other Participants.

The tasks of the IEA Solar Heating and Coosling Pregram and their

respective Operating Agents are:

I.

iT.

II1X.

Iv.

Investigation of the Performance of Solar Heating and
Coocling Systems - Technical University of Denmark
Coordinaticn of R & D on Solar Heating and Coeoling
Components — Agency of Industrial Science and
Technology, Japan

Performance Testing of Solar Collectecrs - Kernfor-
schungsanlage Jiilich, Federal Republik of Germany
Development of an Insclation Handbook and Instrumen-
tation Pacvkage - United States Department of Energy
Use of Existing Meteorological Information for Solar
Energy Applicatioh - Swedish Meteorological and Hydro-
logical Institute

Collaboration in additional areas is likely to be considered

as projects are completed or fruitful topics for ccoperation

identified.



TASK I - INVESTIGATION OF THE PERFORMACE OF SOLAR HEATING AND
COOLING SYSTEMS

In order to effectively assess the performance of solar heating
and cocling systems and improve the cost-elffectiveness of these
systems, the Participants in Task I have undertaken tc establish
commor: procedures for predicting, measuring, and reporting the
thermal performance of systems and methods for designing eccno-
mical, optimized systems. The results will be an increased
understanding of system design and performance as well as reports
and/or recommended formats on each of the task activities.

The subtasks of this project are:

A. Assessment of modelling and simulation for predicting
the performance of solar heating and cooling systems

B. Development of recommended procedures for measuring
system thermal performance

C. Development of a format for reporting the perfor-
mance of solar heating and cooling systems

D. Development of a procedure for designing economical
optimized systems

E. Validation of simulation programs by comparison

with measured data.

The Participants in this Task are: Belgium, Denmark, Germany,
Italy, Japan, the Netherlands, New Zealand, Spain, Sweden,
Switzerland, United Kingdom, United States, and the Commission

of the European Communities.

This report documents work carried out under subtask A of
this Task. The cooperative work and resulting report is

described in the following section,



Table of Contents

INtroduction ....i.iiiii it et ne i P C e e s

Chapter 1:

Procedure for evaluation of system simulation programs
1.1 Comments on the evaluation procedure .............

1.2 Subtask description according to the implementing
AGTEEeMEeNt . ...t irinannnronnmnnenene fe et i e

1.3 Brief description of involved system simulation
PrOYrams eu.vvivvanssons P N

Chapter 2:

Modelling of Solar Energy SYStemsS .............. O

Chapter 3:

Descriptions of simulation programs ............. e
3.1 USA(TRNSYS) tivivrnerenannsncannanenns teesaaa R

3.2 USA(LASL) ....ccuus et ir st e i e [
J(NIKKEN) ...... P ettt tereanean e
DE(SVS) ittt i ieratanernnnnens tereertansereaans

GB(FABER) ..:vcenenernnn R e terriaaaaa
T{FTP} vverucunnn e s et i trrrareaneaas e
E(INSOL) «vivuinamenncnnrnsnnnnes e i N

Chapter 4:

Different approaches - different results ........... ‘e
4.1 Calculation of radiation on tilted surfaces ......
4.2 Comparison of solar collector models .............

4.3 Program differences and specialities .............

Chapter 5:

Comparison of results ......ieeiiieiron e onnnnnnn. ..
5.1 Yearly results ..... Cereairanas et a e es s
5.2 Monthly results ........ T, brieeaaa cens
5.3 short term results .......e.v..... Fte e P

Chapter 6:

Conclusion ...oiuiiinirinnnneennnnn. et e maara e,

10

11

13

i7



Annex I:

Information on the two sclar systems set up for
performance prediction comparisons

Annex II:
Participants' yearly and monthly summaries

Annex III:
Address Lists

page



INTRODUCTION

This report presents the work carried out in subtask (A) of
Task I within the International Energy Agency Solar Heating and
Cooling Programme. The objectives of Task I are given in the
preface. Subtask (A) Modelling and Simulation, is one of five
subtasks established in this Task to accomplish these objec—
tives.

The purpose of this subtask was to establish a common under-
standing and basis for the modelling and simulation of solar
heating and cooling systems.

The work has been performed according to the work plan set
up in the Implementing agreement as given in section 1.1 of
this report. The essence of this is compariscen of the results
of computer-runs with the simulation codes on two different
solar systems (a ligquid and an air based system, see Annex I)
and hourly weather data for a one-year period from three
different places (Madison, Santa Maria and Hamburg) .

At the sixth experts meeting it was decided that each
program should be designated by the country and the "name of
the program" in a paranthesis; the eight programs are:

USA (TRNSYS)

USA (LASL)

J (NIKKEN)
DK {5VS)

D (PHILIPS)
GB (FABER)
I (FTP)

E {INSOL)

All simulation programs have been used to predict the per-
formance of the liquid system with the Madison weather and load
data, seven with the Santa Maria and Hamburg data, (I (FTP)
missing) and four have been used with the Madison data for the
air system: USA(TRNSYS), USA(LASL), DK{SV5) and D(PHILIPS).

The main results of these simulations are presented and com-

pared in chapter 5 on a yearly, monthly and hourly basis.






CHAPTER 1

PROCEDURE FOR EVALUATION OF
SYSTEM SIMULATION PROGRAMS,



Comment on the evaluation procedure

The foundation for the selected procedure is that many

research groups have developed their own solar simulation
programs. An obvious possibility therefore is to compare
these programs by using them on the same system and with
the same input data. The legitimacy of this is based upon
the assumption that all programs are individually developed

to solve simular problems.

This is a very quick way of evaluating programs compared
to comparisons with measured data, which takes a long time
to collect and which up to now has not been available

over a longer period. It is alsoc an excellent way of
finding dissimilarities in the modelling of components

in systems.

There is of course the risk that all have made the same
errors because they have based their models on the same

ideas.

if a certain uniformity can be obtained it will help pro-
grammers to know the value of the programs when the
results of just one program have been compared with the

measured data for an actunal systenm.

The final thing to do, when measured data for systems are
available, will be to compare these with the results of
the simulation programs. This is the purpose of the new
subtask recently initiated within this agreement,

subtask 45) Validation of simulation programs.
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Subtask description according to the implementing

agreament.

In the implementing agreement the extent of the work
for comparison of solar simulation programs is set up
under subtask {a).

Modelling and simulation.

A common understanding and basis for the modelling and
simulation of solar heating and cooling systems will be
established. '

A reporting format for system simulation programs was
established and distributed by the Operating Agent on
the basis of recommendations from the participants.

The participants provide information on their programs
for the Operating Agent, according to the format, and
this will then be distributed to the rest of the par-
ticipants. The Operating Agent will organize an expert
panel to specify the characteristics of two solar
heating systems - a liquid system and an. air system
which will be used for performance prediction compari-
sons. Detailed information on these two systems will

be distributed by the Operating Agent te all partici-
pants. Weather records froem Denmark {(Copenhagen) ,
Germany (Hamburg), Japan (Tokyo) and the United States
(Madison and Santa Maria) will be usad initially., These
weather records will be put on magnetic tape according
to an agreed format. The magnetic tapes will be prepared
by the Danish, German, Japanese and United States parti=-
cipants respectively and will be sent to the United
States participant.

The United States participant will determine hourly loads
using the NBSLD—programl and the five weather records for

a particular single family house. Initially that house will

1



be the MBS Solar House®. The calculated loads will be

put on magnetic tape with the weather data by the United
States Participant and distributed to all participants.

The participants will use their own system simulation
programs with the four weather and load records to

predict the performance of the two solar heating systems.
The output data and monthly system performance will be
distributed to the participants. The description of the
computer programs will be included. A meeting or meetings.
will be held to evaluate the results of these systems
performance calculations and discrepancies will bhe resolved.
A summary report will be prepared by the Operating Agent and
distributed to all bParticipants. A subsequent meeting will
be held to evaluate the results of additional system per-
formance simulation made in accordance with agreed-to
changes in the ahbove details.

1. NBSIR 74-575, NBSLD, Computer Program for Heating
. and Cooling Loads in Buildings,.
2. ISES-Congress 1975, Paper 41/9.

»
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Brief description of involved system simulation programs.

In this report of comparison of simulation programs the
following codes are described and have been used to solve
some standardized systems to determine the effect of code
assumptions and approximations.

USA (TRNSYS} '

USA (LASL SOLAR) named USA (LASL)

JAPAN (NIKKEN) named J (NIKKEN)

DK (S5VS)

D (Philips finite element) named D (PHILIPS)

GB (FABER)

I {(FTP)

E (INSOL)

USA (TRNSYS) - University of Wisconsin

A computer simulation program that interconnects each
mathematical component subroutine in any desired manner to
solve the simultaneous algebraic and differential equations
describing the system, With this program, the problem of
transient systems simulation reduces to one of formulating
mathematical models for each of the components in the system.
TRNSYS contains general mathematical models of many (e30)
components commom in solar energy systems.

TRNSYS is well documented and supportéd by a full time
computer service engineer at the University of Wisconsin, '

USA (LASI. SQLAR) -~ Los Alamos Scientific Laboratory
A computer simulation program to determine collector sizing

and parameters sensitivity studies of active liquid and air
systems. Used internally by LASL for a guide to collector
desiqn, and design of mobile home projects.

J (NIKKEN) - Nikken Sekkei, Ltd, Tokyo

The program is purposed to simulate soclar heat cooling,
heating and domestic hot water supply. Cooling is made by
an absorption refrigerator, of which model is based on the
performance data of a manufacturer. Models of other compo-

nents are theoretically represented by use of algebraic

13



expressions and differential equations. In order to shorten
calculation time, these models are simplified, yet are de-
signed to insure reasonable accuracy to serve practical
purpose.

The program is of quasi-stationary calculation which can
be made assuming an arbitrary interval within one hour,

DK (8VS)- Technical University of Denmark.

The 5V5 solar heating simulation Program consists of a
number of subroutines, which each either model compeonents
or have mathematical functions. The pProgram is quasi-~statio-
nary, meaning that the eénergy flows within the time steps
are supposed to be stationary,

A control routine for the energy flows has to be pro-
grammed for each system to be simulated. When a whole year
is calculated, the Program continues month by month until
the same mean Storage temperature is obtained. In this way
the start up effect is avoided.

D (PHILIPS) - Philips Research Laboratory BAachen
The Philips simulation code is based upon a Finite ele-

ment approach. The system is broken down into segments

(finite elements) of a given capacity and/or thermal responce.
These finite elements are defined in such a way that the

most important temperature gredients, heat and mass transfers
are properly accounted for. It was found for solar energy
systems that only a two dimensional finite element treatment
(in the mass flow direction and perpendicular to it) was

necessary for most components.

GB {FABER) - Faber Computer Operations Ltd.
This code was developed for design and optimisation
purposes. The program is of the modular type using a

time step of one hour.

14



I (FTP) - Istituto di Fisica Tecnica, Palermo

I(FTP) is an interactive progrém prepared for a desk-
computer to fulfil the need for a reliable tool for the
consulting engineer. The time-step used is 1 hour and the
computing time on a Hewlett-Packard 9830 desk-computer

is 3.5 hrs.

E (INSCL) - Instituto Nacional De Tecnica herospacial,
Madrid
This is alsc a program of the modular type. It was
basically made to investigate the behaviour of sclar
systems and has been specially prepared for direct
application to a wide range of possible configurations,
Secondary objectives were the development of simplified

methods and design purposes.

A review of the programs and their capacity is given in
table 1.3.1.
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CHAPTER 11

MODELLING OF
SOLAR ENERGY SYSTEMS -
(WHICH MODELS FOR WHAT)
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I Introduction

The total heat and mass transfer problem of a building and its energy
system (see F i g 1) can be evaluated experimentatly or numerically.
Both methods are important. Experiments serve as the final check on the
consistency of particular numerical simulations, and simulation programs
using numerical modelling methods can quickly and inexpensively give
results which assist in defining the thermal consequences of choosing
between various building codes, system component iypes, system designs
and general operating strategies. Such progréms also form the basis of
any parameter sensitivity studies or optimization calculations.

As shown in F i g 1 the fotal problem encountered for a building

and its energy system in the Tow grade heat energy use sector, is made
up of two parts: a demand area {eg. heating and cooling demand of a
buiTding} and an energy supply system. If the supply system is a solar
energy system then both the building, for its demand, and the energy
system, for its supply, depend upon the ambient weather. Moreover, the
building's thermal demands are also dependant on the 1nhabjtants' user
profile, Both weather data and user profiles are stochastic in nature
and have no intuitive simple and general representations which could
lead to closed form solutions for this total problem,

In aTmost all cases this total problem is solved by dividing it up
into two independent parts: a demand and a supply area program. The
demand area program provides the thermal energy demand as input data
Fur Lhe supply area program. The supply area program then calculates
the thermal performance of the eneray system in terms of the alternative
energy used and the auxiiliary energy required. Below the various
methods of determining the performance of the enérgy supp]yfng system
are identified and compared for solar energy systems in'Bui1d1ngs.
The evaluation of computer based simulation programs is done by:
a. qualitatively comparing existing simulation programs
b. quantitatively comparing specific simulation programs on the basis
of results found from yearly simulations. ~

19



The numerical and analytical techniques for the simulation of thermal
energy systems are well known [1, 2]. These techniques can be classi-
fied into the following categories (see Tabile 1):

1. first principles approaches
2. companent 'black box' approaches
3. simplified approaches.

First principles approaches take into account all the basic physical
processes which occur in an energy system. Component 'black box'
approaches use the fact that energy systems are arranged in one
dimensional acyclic or recyclic circuits and made up of component

parts (i.e. solar collectors, pipes, heat exchangers ete.). For each

of these component parts the dynamics are defined by taking into account
the net gain and Toss mechanisms, in a quasi-stationary sense, and iden-
tifying one or more capacitive terms related to each component,

The circuit is defined by setting outiet and inlet temperatures of
neighbouring components equal to each other, As indicated by Table 1
simplified approaches can be divided into two basic subcategories:

a. dynamic simplified approaches
b. semi-empirica) simplified approaches,

In the former subcategory the boundary conditions as defined by the
weather and load demand data and/or the real time-ordered physical
prucesses are simplified. However, certain information referring ta
the dynamic response of the energy system is still retained. The
Tatter subcategory either uses simplifying rules without retaining
any information on the dynamics, or uses relatjonships between systems
and performance parameters which have been established by fitting to
the results of more detailed approaches, '

Each of these approaches to solving the underiying thermal processes

can be based on a variety of mathematica)l solution procedures some
of which are given in Tab1le 1. Moreover, each cateqory has

20



certain system limits {ie. one cannot simulate components in a system
if the aliowable time step - the components' response time)
and critical time periods below which no physically valid information
can be obtained. These two points as well as the user area, where
each category of programs are of most use, are given in Tabtle 1.

As for weather and load data the first two categories require hour-
by-hour data for calculations. The simplified methods mentioned here
require at most daily and at the least monthly data. These requirements
are 1isted for existing energy system programs in Tables 2

and 3. Table 2 gives a 1ist of the R and D systems analysis
programs which have been developed in the USA and at the Philips
Research Laboratories in Aachen {PFA). This table indicates the user
technology required to handle such programs as well as the reduced core
space needed and typical run times required on a COC 6700 for a year's
run. Table 2 also gives a rough ordering of the methods in

degree of complexity and accuracy. A similar ordering is given for
simplified methods in Table 3. Here, however, the accuracy of the
methods, relative to the first principles models, decreases considerably.
It can be seen from these two tables that, in going frem finite element
models to the fastest simplified methods, computation time may be reduced
by over four orders of magnitude. A detailed account of the accuracy

of these classes of simulation programs is given below.

IT Modeling of Energy Systems

1, First Principles Approach

Such methods are exact in their physical description of all the thermal
processes which determine the dynamics and detailed performance of

an energy system. One such approach is the finite element method. Below,
this method is discussed and is then used as & master program for the
comparisen of various other methods.

21



The finite element method 2] is based on a nodal analysis where
each component is broken up into finite elements. These eléments are
arranged in such a way that the most important temperature gradients,
heat and mass flows,are accounted for. It was found that a dimen-
stonality of two,as indicated by the temperature gradients in the
fluid flow direction and perpendicular to it 1), is sufficient for

determining the detailed dynamics of most energy systems,

To assess transient effects in the direction perpendicular to the flow
direction it was found that the maximum element size may be estimated
by the heat wave penetration depth, d, | 81 given by:

AT oy 172
d -—(ﬁc)

where X is the heat conductivity,
T is the time period of typical temperature changes
{e.g. the cycling time of the solar collector circuit),
p 1is the density and C the heat capacit&.

The subelements of the ith element of a component are shown schemati-
cally in F i g 2. Here, the mass transport is given by ﬁtf with a
mean fluid temperature Tw(i) and a heat.capacity Cw(i). In Fig 2
the superscripts U and L indicate the upper and lower set of sub-
elements, The dynamics in this approach are governed by the specific
capacities Cg, and CE. + the loss mechanisms (e.g. conduction processes)
and the pussig]e energy gains (e.g. solar) which may occur.

This finite element approach has the following features:

{a) The typical error 2) for a year's run is no larger than 0.1%.

1}'fcn" elements with cylindrical symmetry the flow direction and the
radial are taken while for plane elements the flow direction and
the normal to the flow plane are taken.

2)sum of round-off, element size and time step errors,

22



(b} It may be used to simulate any experimental situation; thus
this approach lends itself to being a master program,

{c) If the dimensionality 2 is sufficient, it is straight forward
to program an energy system.

(d} Its major drawback is long computer run times, e.g. 25 min/year
on a €DC 6700 for 50 elements each divided into three subelements
and 300 time steps per hour . Such a program has a reduced program
stze of not more than 30 K words.

2. Component 'Black Box' Approach

2a Total Solution

Mathematica]ly an exact form for solving the first order differential
equations which define each component of a system (ie, the 'black box'
equations) is a total analytic solution over a basic time step.

In this method, which is one step away from the finite element method,
each component is considered as a 'black box' (see F i g 3).Ina
simple solar energy system, e.g. F i g 4, there are five such com-
ponents, namely the solar collector, twe pipes, the heat exchanger and
the storage tank. As indicated in F i g 3 for each component j,

the power balance can be written as a differential equation [9 s 10}
in terms of:

the fluid heat flow

se(p{d) - )
mC (TC_ TC )
in out
gain and loss mechanisms,
. ] dTC(J) th
and the capacitive effect CC 0t for the j~ component. Since
a circuit, even with branching, is a one dimensional sequence of com-
ponents, the fnlet and outlet temperatures of neighbouring compo-

nents are equal (e.g. TC (3+1) = TC J }. Moreover, the component
in out
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reference temperatures T (3 dre not independent of the other
temperatures, that is, TC(J) may be expressed by algebraic equations
in terms of the TC (3) and TC (i) and possibly also certain

ambient temperatures. Connect1ng all the compenents together one has

a set of coupled linear d1fferent1al'equat1ons in terms of the in-
dependent reference temperatures TC{J), where the inhomogeneous parts
of the differential equations contain the actual ambient loads, These
equations can be solved exactly by the usual methods of linear
differential equations assuming a constant or analytic load over

any given time step.

With this method, the wore components used the more complex it is
to set up and define the solution of the coupled differential
equations and thus to develop and test the corresponding computer
program. Experience has shown that jf the number of components

in this method exceeds about 5 then this method offers no advantage
over a finite element approach with about 50 elements.

3b Modular Program: a Numerical Method

This type of program is essentially a component 'black box' approach
even though at times one or more components may be handled by finite
element methods. Two such programs in current use are TRNSYS [4] and
SIMSHAC [5]. Each of these simulation programs is a general dynamic
model which can be used for any energy system confiquration in ana-
tyzing the solar hot water, heating and/or cosling contribution to
buildings. In each of these programs the various components are des-
cribed by subroutines or subprograms. The user of such a program must
specify the components included in the system, the manner in which they
are interconnected and the basic control strategy. The program then
generates the computer program structure requ:red to ana]y e the speci-
fic system.
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In general, a modular program consists of three levels with the follow-
ing functions: :

(a) The input level. This reads the system layout description, control
function, component and subsystem variables, as well as the initial
conditions of the system state variables.

(b) The output level. This produces the system state variables at
given time intervals or under certain prescribed conditions.

{c) The executor level. This is the main part of the program, which
connects the set of subsystem modules and components together as
a sequential set of differential and algebraic equations and
uses an integrator function to converge cyclically to the solution
of the state variables over a giventime step.

In the case of non-convergence the time step must be reduced. This
results in absolute convergence 1) of the solution with the same
boundary conditions. However, this alse increases the round-off errors
and 50 the total accumulative error.

At first it appears that such a program has the possibility of being
user oriented as well as multi-system oriented. However, in such a
versatile program the operation's language, the system's definition,
the punching of input information and checking for consistency often
take as long as writing a program oneself for the same system,

Such a modular program was constructed on the basis of equations
similar to those given in |6 | and calculations were performed on

solar heating and hot water systems. Some of these results were pre-
sented in | 7| for Hamburg. The typical reduced program size was 35 K
words and yearly run times of the order of 1 - 10 minutes on a CDC 6700
were found.

1)

but not necessarily onto convergence
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The problems encountered while using this type of program were
as follows:

(a) Setting up the right input data for components and controls,
as well as checking and testing,was time consuming.

{b) Erroneous convergence occurred often.

(c) When 10'5 convergence was reached in the integrator the total
accumulated error for a year's run was of the order of 1%.

(d) The run times for System optimization, where a whole parameter
space must be scanned, were tog long.

(e) No information could be obtained on the system's dynamic perfor-
mance at time intervals below a couple of heat transport fluid
cycle times. This relates most directly to an experimental situa-
tion.

2¢ Lumped Circuit Separation: a Reduced Method

In this method the number of differential equations is further re-
duced to ome for each closed Toop (e.g. the solar collector circuit

in F i g 4) and each acyclic circuit. In each case only one reference
temperature T (see F i g 4) is required. If the temperature profile
is Tinear between the intet and outlet of a component {indicated by
large dots in F i g 4) then the reference temperature T is directly
related to the average component temperature. However, for strongty
nonlincar temperaturve profiles (eq. heatl o hanger) the reference
temperature T = (Tin + Tout)/z can be related to the average component
temperature via a renormalization equation [11]. Considering the simple
solar collector system in F i g 4 the problem is then reduced

to only two coupled linear differential equations with an average

loop temperature TL and an average storage tank temperature TS as
independent variables. A1l the specific gain and loss mechanisms as
well as capacity effects are now considered in terms of these common
reference temperatures. The coupling of the differential equations
here is due to the quasi- stationary relation between any two inter-
act1ng circuits {eg. via a heat exchanger). This reduction in the
number of equations used in the other'black box' methods allows for
an exact solution assuming a constant or analytic load over any given
time step.

26



The advantage of this approach, apart from the ease in programming,
is its comparatively short run time of about 5;15 sec/year run on

a CDC 6700. This run time is still, however, too long for large scans
of a system's parameter space and/or direct inputs to optimization
routines. As for the modular method, and the total solution mentioned
above, no information can be obtafined about the system's performance
over time periods less than several fluid cycle times. Since these
cycle times are normally of the order of a few minutes, all weather-
dependent switching effects for hour-to-hour data are correctly eva-
Tuated to within one hour. However, switching effects due to start-ups
where thermal waves persist can only be fully accounted for by

a first principles approach. In the above mentioned total solution
and reduced method no convergence problems are encountered as an
exact solution to the defining equations is always found.

4. Simplified Approaches

4a General Discussion
Basically simplified methods can be placed into two groups:

(a) Dynamic methods | 6, 15, 16] which exactly solve a set of
differential equations over longer time periods (eg. a day or month)
and thus reduce computing time.

(b) Stationary and semi-empirical methads [12,13, 14 |, which either
use simple relations or functional forms te describe the effect
of the system’s parameters on performance measures.

The latter of these methods requires at least spot scans from an exact
program to establish the value of certain constants contained in the
semi-empirical equation for a given system type. The former method,

on the other hand, requires that the boundary conditions as defined

by loads be for example, integrabie over time, Semi-empirical methods
do not allow accounting for system desiguvariations whereas the dynamic
simplified methods do,
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In the dynamic simplified model considered here an energy system is
defined by a set of first order differential equations, one for each
recyclic and acyclic circuits, similar to the Tumped circuit method

of section 3c. In addition, the loads are reduced to a sequence of
simple integrable functions with a minimum of input data required over
a year. This saves computer time. However, it also reduces the number
of possible on/off switchings.

4b Load Data

The load data, as mentioned above, are simple analytic functions,
In the program version considered here the insolation HT(t) is

given by
n
oSyt - cosw'
Bo(t) = 1z
T T T Cosw
where
W Tgl0) + 1 (s)
T TAC 7 [

ST = the effective insolation {amplitude) defined
such that the integral of HT(t) aver a day
equals the total incident energy during that day

-rd(s) = the day lenqgth (beam componenl) for 'a surfece
tilted at s towards the south ‘

and

FAc = the day Tength reduction constant.

The day Tength reduction constant is used to adjust HT(t) to the

Tocal weather statistics relevant to a solar energy system. For most
1ocations and energy systems it is sufficient to take an FAC per

year between 0.9 and 0.95, The ambient temperature, Tamb(t), is defined
here by
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= 'IT_
Tamb(t) B Tarnb * ATanp €08 (T?(t 8)) where
24
-1 1 ol . 2 172
Tanb = 77 J Tanb data(t) dts Mamb = 77 (Tamb data ™ Tamp)  dt)
0

ol '\iE .

and § is the time phase shift in hours. The wind velocity, v

amb °*
used here for the collector is given by

Vamb(t) = varnb
; Td/Z
TN Vamb data(t) dt
Td THVZ
where
. T4(o} + 14(s)
T = FAC (——

2

The hot water, heating and/or cooling loads can be defined, 1ike the
insolation, as the first term of a fourier series or as the amount of
the loads existing between three basic time intervals:

0 - 7 hours
7 - 17 hours
17 - 24 hours

during the day.

It was found that the heating and cooling load can in most cases be
simulated as averages over these three time periods, while the hot

water load can be simulated by a pointwise demand at 7, 12 and 20
hours,
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As input data, only five constants (ST s g Vamb * ATamb) per day
are required by this method to define the weather data and at most
three constants per day to define any one of the load demands.

3¢ The Program

A program built in the aforementioned way was found capable of
simulating four different energy system designs as either air or
water systems under several operation modes. These modes are hot water
production only, heating only,or cooling only or any combination of
these three basic modes. The reduced size of this program is not
larger than 26 K words. Typical run times found for this program are
from about 0.5 sec for hot water only to 1.5 sec for a combined
heating-cooling and hot water system per year's run on a CDC 6700.
Because of this short computer time, the start-off initialization con-
ditions used in this program were taken to be -such that the values

of all temperaturcs on January 1st at G hours are the same as those

on December 31st at 24 hours. That is to say the program is self-
consistent. Such short run times also make this program suitable for
optimization runs.

The major disadvantage of this and other such programs is that no

information can be obtained on the system's performance for times
less than one day.

4. Comparisun of Finite Element, Lumped Circuit and Simplified Models

The above title gives the methods which are compared below in order

of decreasing number of equations (or independant variables) used

to define the energy system. Also, this ordering is given-in increasing
resolution time allowable, Either way, this ordering indicates what
needs to be done to reduce computer run time for parameter space

séans. In doing so, the accuracy of the results is affected. To

assure that the accuracy of each method is sufficient for the purpose
it is used for, an error analysis was performed.
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Table 4
three methods, namely the finite element, the lumped circuit and
the dynamic simplified method discussed above. The modular {numerical

shows three sets of yearly results referring to the

method) and exact (total solution} 'black box' methods are not considered

here as their errors are comparable
model.
following

1)

collector area

transmission-
absorption factor

average front loss factor

back loss factor

total collector
heat capacity

'piping Tength

heat loss factor
of piping

total heat capacity
of piping

storage tank volume

storage tank heat
los factor

fTuid flow rale

heat exchanger rating

average hot water
demand

system parameters:

3

to those of the lumped circuit
Basic system 1 in Table 4 is, in brief, definable by the

5 mg

0.86

2
1.22 W/nlk
0.47 w/mEK

4.0 wh/mfx

40 m
0.2 W/Km

0.25 Wh/Km

400 T (water equivalent}

0.2 W/Km2
300 W/K
300 W/K

350 1/day
{12°C inlet, 45°C outlet).

with the exception of the convergence and round-off error probtems
encountered in methods using cyclic convergence (e.g. modular method).
In this case, the time step Ats used cannot be made smaller than Atc
the heat transport fluid circulation time, and so a solution which
reduces these errors can only be found "in principle" i.e. by
negiecting the physical basis used.



This is a normal hot water system with a high efficiency collector.

The results presented here were calculated for Hamburg. 1973 [17]

with a collector surface facing 45° south. Columns 2 and 3 of

Tabtle 4 are some system variations used as a check for extreme
effects. Here, coTumn 2 takes a high collector heat capacity of 20 Wh/m K
and column 3 takes a Tow flow rate of 72 W/K while all other parameters
are the same as in case 1. The last system .investigated, system 4,

whose results are not shown in Table 4 , considers a standard

one pane non-selective coliector with an average front loss coefficient
of 6 N/m K. A1l other parameters of system 4 are the same as in case 1.

The reasons for these choices are that:

system 1 does not see the details of the weather structure,

system 2 decouples the 'black box* equations and has an effective
pumping cycle time of the order of a haif hour,

system 3 has a pumping cycle time of the order of a half hour,
and |

system 4 sees the details of the weather structure because of its
high front loss coefficient.

As seen from the yearly results of Table & s the differences

of all energies calculated are within the percent range. However,

the difference in pumping hours, which are related to onfoff switching
effects, s as high as 4% for the lumped circuit and 8% for the
dynamic simplificd meLhod, This was Lo be expected on the basis of the
resolution time for each of these methods compared to the finite
element approach. From this table it is seen that all three methods
are accurate enough for the analysis of systems on a yearly basis.

In fact, the dynamic simplified method is the best choice for yearly
runs {which are the basis for optimization procedures) because of its
short computer run times.
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The detailed error distributions, on a day-to-day basis, relative to

the finite element model, are shown for basic systems 1°to 4 in

Figs 5 to 8 respectively. In these figures the error channel

is given on the x-axis and is defined as the percentage difference

of the system's gains between two models over a day relative to the daily
average system's gain found by the finite element model over a month.
The y-axis gives the number of days in each error channel. F i g 5
shows that for system 1 a sharp distribution was found with respect

to (a) the Tumped circuit and (b) the dymamic simplified model.

The average error over a year and month is always less than - 1%

and the typical full width at half maximum errors (EFHHM) are 2%

for the Tumped circuit and 3.5% for the dynamic simplified method.

Thus, there is about a 65% chance that the day-to-day errors are not
larger than + (erHMf:.) and a . 90% chance that they are no Targer

than + EFWHM This good agreement was to be expected. In going from
basic system | to system?2 (Fig 6 ), €pyum ©F the dynamic simpli-
fied method is . 8% or about a percent larger than that for the Tumped
circuit method. However, the average monthly error is only . 1%

for the former and . -4% for the latter. This is due to the fact that
the equations, in this case, tend to be decoupled for both models.

The dynamic simplified model, however, due to the choice of FAC s

has the effect of distributing the errors, in a Teast square sense,
normally about zero. F i g 7 shows the errors for system 3, where the
definftion of the 'black box' equations becomes less valid for use

on an hour-by-hour basis since these cquations are defined as an integral
over several pumping cycle times. Here it is observed that CEWHM
is twice that of system 1 whereas the average monthly and yearly errors
remain at about + 1%. F i g 7 shows the errors for system 4 which,

due to the high collector top loss coefficient, 'see' the details of the
weather structure more than system 1. The effect of this higher loss
coefficient is observed in that EFUHM ~ 2% for the lumped circuit model
while €rynM ~ 10% for the dynamic simplified model. The reason for this
difference is that the lumped circuit model uses the actual hr-hr data
while the dynamic simplified mode! uses daily data with a cosime function
fit for the dynamics over the day. The monthly and yearly errors are. 1.5%
for the lumped circuit and . 2.5% for the dynamic simplified method.

33



A comparison has also been made [15] between the finite element pro-
gram and F-chart [12' , a semi-empirical simple method. The results

of this comparison are shown in F i gs 9 and 10. The x-axis

of these figures gives the parameters which were varied for the
comparison and the y-axis gives the percentage difference between

the performance predicted by F-Chart and the finite element method
relative to the finite element results. The first of these comparisons
was made for the energy system given in 12| and [15| for Hamburg 1973,
with heating only. This was done for one house design |15] built accor-
ding to three different building codes:

1. Normal house
{2 house built according to the German DIN 4108.
This house has a high internal heat capacity and
a yearly heating requirement of 35000 kKh)

2. Swedish Standards house .
{a house built according to the 1978 Swedish Standards.
This is a well insulated light wood frame construction
with a yearly heating reguirement of 9100 kWwh)

and 3. Experimental Standards house
{a house built according to the standards of the
Philips experimental house [18]. This house has a
yearly heating requirement of 1300 kWh)

as a function of solar collector area.

It is observed from F i g 9 that the deviations using F-chart

for a heavy European house are about 30% and almost independant of
collector area. This is so as the demand profile, for such a house,
has another time sequence (relative to the supply profile} than that
used to define F-chart. The Swedish. Standards house, although

well insulated, has a dynamic response similar to the house on which
F-chart was based. This is also reflected in the deviations found for
the SwediSh Standards house. As seen from f i g ¢ they don't
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exceed 15% for reasonable collector areas. The final code considered
is for the Experimental Standards house. It has a very_]ow heating
demand and a relatively high internal heat capacity. The maximum
deviation observed here is over 160%. This is due to the fact that
with this house type we are now out of the range of validity of
F-chart f12],

Fig 10 considers deviations due to changes in the collector para-
meters such as the average transmittance-absorptance product (aT),
the average collector loss coefficient UL and the total effective
collector heat capacity C. + This comparison is done for a solar
augmented heating system as given by [12] for a Swedish Standards
house in Hamburg 1973. The results indicate that differences as high
as 12%can be anticipated by varying any one of these collector para-
meters in a plausible range. Varying two or more of these parameters
simultaneously within Jjoint plausible ranges givesdifferences no
greater than 15%,

IIT Concluding Remarks

1. Energy Systems Programs

The above results show that care must be exercised when using simpli-
fied semi-empirical methods,especially those based on regression
procedures. Mot only can considerable errors occur when using such
methods but of greater importance is the fact that the user of such
nethods may uﬁwittingly use the method beyond its range of validity.

As for the other approaches, typically, in going from a first principles
to a component 'black box' approach yearly errors of a couple of percent
and daily errors of several percent may be expected. In going from a
first principles to a simplified dynamic approach,errors no greater
than a few percent occur on a yearly or monthly basis for the calcu-
lation of energy balances; however, more than a few percent error can
occur in defining the pumping times or on-off switching. For real
systemé the input weather data, le¢ad data, or data defining the
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physical parameters of a system are never known to closer than a few
percent. Thus, it seems only sensible to use simplified dynamic
methods for calculations where yearly or monthly results are required
and creative engineering work, from a systems design point of. view,
are needed,

For supply area programs, in short, it can be said that as long as
information over time periods greater than one day is needed simplified
dynamic methods are the most useful tools. This is especially the case
for the optimization of existing and new alternative energy systems,
However, to observe the influence of, for example, control strategies,
whose primary influence occurs at times less than a day or to develap
other simpler methods, component *black box' or first principles
approaches should be used. Finally, as a master program or for checks
with experiment a first principtes approach is necessary. The actual
choice of one program or another is determined by the purpose for which
it is to be used as well as by the trade-off between the time required
for setting up and running the program on the one hand and the accuracy
which may be expected and needed on the aother,

2. An Open Question

The above discussion and the results shown in this paper were based
on Lhe assumption thal the total heat and mass transfer problem of

a building and its energy system could be treated by two independant
programs. The validity of such an assumption, over a wide range of
energy systems designs available today and building codes which are
or will be implemented, has yet to-be-investigated.

[t is well known that a demand defined by a two point thermostat
setting can lead to overshooting of indoor temperatures with hydronic
systems in wood frame houses, This indicates from a control point of
viel a dependant dynamic behaviour which may lead to additional systems
losses. Sensitive buildings where both heating and cooling Toads can
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occur simultaneously define a situation where the demand area is an
integral part of the supply area. Also, if the response and storage
times of an energy system are of the sahe order as those of a zone
in a building and these, in turn, are of the order of one to a few
hours then, intuitively, the effects due to dynamic interaction
between the demand and supply areas via a control strategy may lead
to different results for the total {building)~{energy system) problem,
From these and other examples it seems that the range of validity
and usefulness of this simplification (i.e. dividing the total
(buitding)-{energy system) problem inte two independant parts)
requires some investigation.
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Fig.9

Comparison of F-Chart and Exact Dynamic

Calculation {Hamburg 1973)
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Fig. 10

Comparison of F-Chart and Exact Dynamic
Calculation {Swed. Std's House; Hamburg 1973)
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CHAPTER 111

DESCRIPTIONS OF SIMULATION PROGRAMS
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. ASHRAE Transactions, vol. 82, part 1,
. 1878).

.1 TRNSYS-A TRANSENT SIMULATION PROGRAM

SANFQORD A, KLEIN DR, WILLIAM A. BECKMAN 3R, JOHN AL DUTFIE

A solar energy system is a group of interacting pieces of equipment designed to collect solar
radiation, store the collected energy in one form or another, and distribute the energy as
needed for some specffic purpose. The performance of all solar energy systems is dependent up-
on weather. 1In a solar heating/cooling system, for example, both the energy collected and the
energy demand are functions of the solar radiation, the ambient temperature, and other meteor-
ological varjables. These forcing functions are unique in that they are neither completely
random, nor deterministic; they are best described as irregular functions of time, both on a
smatl {e.g. hourly or daily) and large (e.g. seasonally or yvearly) time scale.

It is this irregular behavior of the forcing functions which complicates the analzier of
solar energy systems. In general, these systems exhibit a nonlinear dependerce upon the weath-
er which is further complicated by the time lags introduced from thermal capacitance effects.
It is thus not possible to analyze these systems by observing their response to average weather
conditions, Because the forcing functions are time variable on both small and large time
scales, the amalyses of these systems require an examination of their performance at small in-
crements of time aver a large time period,

Solar energy systems are characteristically capital-intensive. Thus the economic feasi-
bility of these systems is critically dependent upon their design. The determination of an
optimum design requires a comparative analysis of many different designs, If possible at all,
comparative experiments are very costly and time-consuming.

In theory, mathematical modets can be formulated which, when supplied with sufficient mete-
orolegical data, simulate the transjent performance of these systems. In practice, however,
the fermulation of such varied models is complex. Because a system consists of components, a
mathematical description of system performance can be developed by combining the mathematical
models of aTl of the system components. This modular approach reduces the complexity involved
in the formulation of a system model because each of the components can be mathematicaily des-
cribed with 1ittle regard for the description of other components, In addition, many components
are common to several systems, and thus the mathematical models of these components can often
be used In different simulations with 1ittle or no modification, provided that they are formu-
Jated in a general manner. Once all of the components of a system have been identified and a
mathematical model for each has been formulated, the models must be connected together in the
desfred manner and information must be transferred among them. This information transfer can
be schematically represented by an information flow diagram of the system which identifies the
input and output varfables of each of the component models and indicates their interrelation-
ship. .

A transient simulation formulated from component models requires a simultaneous solution
of a system of algebraic and differential equations which describe the component models. So-
lar energy systems in particelar often exhibit several recycles in the information flow among
component models; thus an iterative scheme {in addition to that which may be used to solve
the differential equations of the system) is needed to obtain a simultaneous solution of these
equatfons. This paper describes TRNSYS, a computer program designed specifically to connect

Sanford A. Klein is Research Assistant; William A. Beckman is Professor of Mechanical Engineer-
ing; John A. Duffie is Professor of Chemical Engineering, Solar Energy Laboratory, University
of Wisconsin, Madison, Wisconsin.
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component models in a speciffed manner, solve the simultaneous equations of the system model.,
and display the results,

COMPONENT MODELING

Solar energy system components are described by individual FORTRAN subroutines.

These subrou-

tines, as Tisted in Table 1, comprise a growing 1ibrary of equipment models -available to the

rser for system simulation,
user can supply his own,

If a particular compenent is not available in the library, the
These subroutines may be fairly complex, as in the case for the multi-

node storage tank, or they may be very simple, which is the case for a constant flow-rate pump.
For some hardware, analytical mathematical modeling is impractical as an analytic model may be

very difficult to develop or expensive to use in a lengthy simulation.

In addition, a user may

want to simulate a system that includes a particuiar piece of hardware for which he has actual

performance data.
functions obtained from curve-

In these cases,

the component model may be empirically defined by transfer

Fitting theoretical or actual performance characteristics. An

example of such an empirical model is the TRNSYS absorption air conditioner subroutine (TYPE 7}.

Type
1

n
12

Name,

Collector

Differential Controller
Pump
Ligquid Storage Tank

Heat Exchanger

‘Auxiliary Heater

Space Load and Air
Conditioner

Three Stage Room
Thermostat
Card Reader

Packed Bed Energy Storage
Tank

Tee, Flow Mixer, Damper

Space Heating Load

Relief Yalve

Time Dependent Forcing
Functions .

TABLE 1
Current TRNSYS Library

Description

Uses Hottel-Whillier-Bliss equations for collector perfor-
mance.

Mode T: all collector parameters are assumed constant.

Mode 2: Toss coefficient is calculated as function of con-
ditions.

Mode 3: cover transmission is calculated as Founction of
angle.

Mode 4: combination of Modes 2 and 3.

Outputs 0 or T depending upon difference in two input signals,
Fixed flow rate pump (on or off).

N-section model of Jiquid thermal storage tank,

Counter, paraliel or cross-flow heat exchanger.

On-off heater with set temperature and deadband.

Simple house load calculated by emergy per unit time per

unit temperature difference method, with built in absorption

air conditioner and cooling tower.

For use in controlling combined heating and air conditioning
Systems.

Reads data from cards or mass storage (usually weather data).

N-section model of packed bed thermal storage unit.

Flow controllers for air or water.

Simple energy per unit time per unit temperature difference
Toad, with

Mode 1: parallel auxiliary.

Mode 2: series auxiliary.

Mode 3: no auxiliary,

Mode 4: no auxiliary with thermal-lag,

"Dumps” energy to maintain temperature below specified maxi-
mum.

Permits time varying data to be introduced into simulation
{usually periodic).
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TABLE 1 {Cont.)}

Type  Name Description
15 Algebraic Operations Permits atgebraic operation using Reverse Polish notation.
16 Solar Radiation Processor Estimates beam and diffuse radiation on surface of any

orientation from total radiation on horizontal surface.

17 Wall
) Components that can be used to mode) buiTdings, which in-
18 Roof clude the effects of thermal capacity, infiltration, fenes-
tration, etc.
19 Room and Basement
20 Heat Pump Water or air source using manufacturers performance data.
24 Integrator Integrates any quantity with respect to time {not used to
solve differential equations}.
25 Printer Prints desired information in easy-to-read format.
26 Plotter Plots information on line printer.

Each TRNSYS component s described either by algebraic or differential equations. The
collecter model (TYPE 1) is an example of component with only algebraic equations while the
storage tank (TYPE 4) s a component with algebraic and differential equations,

As an illustration of an algebraic companent, we will use the Hottel-Whillier-Bliss equa-
tions, as presented by Duffie and Beckman', for a flat plate collector.

0, = AFgH (ra)-U (T, ~T,)] 1)
0u = r;]CP(.I-c:ut'Tin) . (2)
C FplFr = (1-e7t)a _ . . (3)
b = AF'U, /e, (a)
U = fy (collector design, L Thlater wind, tilt) (5}
F' = f, {collector design) ’ (6)
(ra) = fy {collector design, angle of incidence of solar radiation) (7}

For preliminary design purposes, U » F' and {ta) can often be considered as constants
throughout the simulation and therefore can be entered into the program as parameters. The
collector component receives "information" such as Hps oy Ty and T, from other components
and must calculate Ty ; and O, to be transmitted to other components. This transfer of infor-
mation into and out o? a subroutine i$ shown in Fig. 1, which indicates the ordering of INPUTS,
QUTPUTS and PARAMETERS. (The TANSYS Users Manyal? containg complete documentation for each
component in the library.} Note that the mass flaw rate, m, is an QUTPUT but is never changed
by the collector subroutine; it is an QUTPUT so that TRNSYS systems can be constructed which
resemble the flow of material in real systems.

[f more detail is required than is given by this simple collector model with constant
parameters, another subroutine could be written to include as much detail as desired. For
example, the dependence of Uy on ambient conditions can be included. This would require an
additional INPUT corresponding to the wind speed and additional parameters for the number of
covers, cover spacing, plate infrared emittance and the back and edge coefficients, TRNSYS
has, in effect, four collector models giving the user four choices as to levael of detail (more
detail is almost always associated with higher computer costs). Instead of having four dif-
ferent subroutines, a single subroutine was written which has four modes of operation. The
first parameter of the cu?]ector model is the MODE {1,2,3, or 4) which determines the level of
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detail. Each mode has a different set of INPUTS, PARAMETERS and QUTPUTS.

Communication between each component subroutine and TANSYS s through the calling arguments,
For any TYPEn model, the approprfate FORTRAN statement is

SUBROUTINE TYPEn (TIME, XIN, OUT, T, DTOT, PAR, INFQ)
where

TIME

integration time

XIN

"

an array containing the INPUTS
OUT = an arfay which the subreutine fills with the appropriate OUTPUTS
T

an array containing the dependent variables of any differential
equations

DTDT = an array which the subroutine fills with the time dependent
derivatives

PAR = an array containing the PARAMETERS
INFO = an array containing TRNSYS control information

For MODE 1 of the collector model, the array XIN corresponds to Tip, m, Ta and Hys the
array OUT corresponds to Tgs and Qu as calculated from Eq. T and 2 and f, which was an input;
the T array and the DTDT array are not used since no differential equations are involved, the
PAR array contains MODE, A, F', Cp, a, U_and 1.

The tank model is an example of a component described by differential equations. A fully
mixed tank is described by the foliowing differential equation which relates the rate of tem-
perature rise of the tank to the net energy into the tank from the collector, the load and the
surroundings!, :

dT
(M) g7 = (BC,) (ToT o)+ ()| (T-T0) + (WA (T,T,) (8)

TRNSYS handles component differential equations with its own internal integrator. Through
the T array, TRNSYS supplies the subrouvtine with values of the dependent variables. TIME is
always the independent variable. The component subroutine calcutates values of the time de-
rivatives and puts them in the DTDT array. For the one node tank model, a single differential
equation is involved so that T(1) is Te and DTDT(1) is dT /dt.

The internal TRNSYS integrator uses the modified-Euler integration algorithm which pre-
dicts new values of the dependent variable using simple Euler and corrects using the trapezoid
rute. The advantage of this integration scheme for systems of combined algebraic and differ-
ential equations is that the iterations occur at a constant value of time. As the differential
equations converge (by successive substitution},

"Black-box" component models are identical to algebraic modets although ‘the relationship
between independent and dependent variables may be in the form of tables rather than analytical
eguations. .

SYSTEMS AND INFORMATION FLOW DIAGRAMS

Once all of the components of a system are available in the TRNSYS library the next step is-to
construct a system information flow diagram. An information flow diagram is a schematic repre-
sentation of the flow of information between each of the system components. In the diagram,
each component is represented by a companent diagram 1ike Fig, 1. Each piece of information
required to completely describe the component is represented as an arrow directed into the
box.* Each piece of information calcufated by the algebraic or differential equations des-
cribing the component can be represented as an arrow directed out of the box.

*A component must receive values for all its INPUTS, but it is not necessary to use all of the
OUTPUTS.
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. It is often helpful to think of the arrows connecting component inputs and outputs as in-
formation exchanged via pipes and wires in a real system, A collector cutlet flowstream tem-
perature and flowrate connected to the inlet of some other piece of hardware is “"information"
transmitted through a pipe. A controller on-off output connected to a pump is information
transmitted through a wire. The analogy between information flow and pipes and wires is. how-
ever, not perfect. In a real system a pipe may carry a flowstream through some component which
does not affect one or more variables that characterize the flow. In these cases it is not
necessary to route those particular pieces of information through the component.

In order to demonstrate the construction of an information flow diagram, consider a very
simple solar water-heating system consisting of a solar collector and an auxiliary emergy heat-
er as_shown in Fig. 2. Cold water, at a fixed temperature T4y, 1S circulated at a conmstant
rate m, to the collector. If the outlet temperature from the collector is less than T at+ the
water is heated from T, to Tset by the auxiliary heater. The problem is to determine ag: the
total auxiliary energy requirea over a specified time period using the collector model of Fig,
1. The system information flow diagram is assembled from the collector component diagram and
frem the component diagrams described below,

Time dependent solar radiation on the plane of the collector and the ambient temperature
are assumed to be available on punched cards. The card reader (TYPE 9) is shown in Fig. 3.

The instantaneous auxiliary energy required, QB’ is described by the Tollowing equation:

ch[Tset'Tu]; T = Topts To 2 Teet

Qy = (9

0; Tr = TD otherwise

The information flow dfagram for the heater is shown in Fig. 4,

In order to determine the total auxiliary energy required, g, the instantaneous auxiliary
engrgy mMust be sumied or integrated over the period of operation.” For this purpose, it is
. necessary to include a "quantity integrator" as one of the system components. Note that a
quantity integrator component is uSed only to integrate some calculated QUTPUT quantity over
a period of time; it is distinct from the internal integrator used to solve first-order dif-
ferential equations which are part of the mathematical description of differential companents.
A quantity integrator is treated as any other system component. The equation describiny it is

TIME
0 = fgat (10)

The diagram for the quantity integrator is shown in Fig. 5.

One more component is needed fo allow the results of the simulation to be made available
to the user. For this purpose, TRNSYS has both printer and plotter components. The analogous
pieces of equfpment in a physical system would perhaps be a multichannel digital display and/or
strip chart recorders, which would menitor, record, and display various quantities.

‘It is necessary to include either a printer or a plotter component (or both) in the system
information flow diagram; otherwise no output will occur, 1In fact, TRNSYS recognizes this and
unTess it detects either of these component models in the system information flow diagram, it
will not execute and the appropriate error message will be displayed.

In the example being considered, the user may wish to print QB and TO as the integration
progresses with time, The Printer is shown in Fig. 6

The information flow diagram of a system is constructed by joining all of the diagrams of
the system components. TRNSYS recognizes the position of each component in the information
flow diagram by  the user assigning to each component a unique UNIT number. The component UNIT
number should not be confused with its TYPE number; the two nunbers are unrelated. The UNIT
number is nothing more than a reference number which will aid in conveying the information flow
diagram of the system to TRNSYS. The user is free to select any unit number he chooses. The
only restriction imposed on the UNIT number selection is that no two SyStem component can have
the same UNIT number. The information flow diagram of the solar water heating system is shown
in Fig. 7 with UNIT and TYPE numbers.
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A TRNSYS PROGRAM
In order to convey the information of Fig, 7 to TRNSYS, a simple language has been developed .
that is based essentially upon seven key-words*. The first card of a TRNSYS deck must be of the
form
SIMULATICN t, ty At

where t, is the time at the start of the simulation

ty is the time at the end of the simulation

4t is the timestep to be used by the integrator.

The final card of a deck must be an END card. Between these two cards, there is a set of
cards for each component of the general form.

UNIT n TYPE m Comment
PARAMETERS j

Pys Pos ** Py

INPUTS k

uys [l-I Uss 02, S U Dk
Vir Vo e vy
DERIVATIVES £

s dgs oo iy

where
n is a unique unit number
m is a type number from the TRNSYS Tibrary
j is the number of parameters for TYPE m

Py: Pgs *=+ P; are the j values of the parameters, listed in order indicated
in the manual, e,g. as shown for TYPE 1 in Fig. 1

k is the number of INPUTS for TYPE m

Uy, 0] Ugs 02 R T Uk are the UNIT numbers and c?rresponding OUTPUT num-
bers“for the first, second -+ and kEh INPUT to this UNIT n,

Vis Yoo tre ¥y are the initial values of the k INPUT variables. A special
notation is used whenever an INPUT is to be a constant. When
both u. and Q. are set to zero, v. is then the value of the
ith indut thrdughout the simulatidn.

£ is the number of derivatives used to describe TYPE m, For an algebraic
component this is zero and this and the following cards are
not used.

i], i2 e 1'E are the 2 initial values of the dependent variables for TYPE m.

If a particular component does not have INPUTS, PARAMETERS or DERIVATIVES, the corresponding
cards are not necessary. -

*The seven-key—wurds are SIMULATION, UNIT, TYPE, PARAMETERS, INPUTS, DERIVATIVES and END. Other
key-words exist in TRNSYS but their use is optienal and will not be discussed here.
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- In order to illustrate the TRNSYS language, the following deck would be required to simu-
late the water heater problem for 100 hr, beginning at time zero. The numerical values of some
of the PARAMETERS were selected to be representative of current practice. The units in this
example are 5.1.

SIMULATION 0, 100, 1
UNIT 17 TYPE 9 CARD READER
PARAMETERS 2
2,1
UNIT 14 TYPE 1 MODE 1 COLLECTOR
PARAMETERS 7
1, 2, 0.95, 4,2, 0.9, 15.0, 0.8
INPUTS 4
0,0 0,0 17,1 17,2
15.0 100. 20.0 0.0
UNIT 32 TYPE 6 HEATER
PARAMETERS 4
1.E6, 60, 2, 4.2
INPUTS 2
14,1 14,2
20.0 0.0
UNIT 43 TYPE 24 INTEGRATOR
INPUTS 1
32,3
0.0
UNIT 25 TYPE 25 PRINTER
PARAMETERS 1
1
INPUTS 2
14,1 43,1
T0, QB*
., END
{Data to be read in by CARD READER must be placed after the END card. It

was assumed here that each data card contains two pieces of information, and
each card represents one hour.)

*The initial values of INPUTS to the printer are nmeumonics which identify the printed output.
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Klein, et al.? have presented the detailed resuits of several heating simulations using -
TRNSYS.

CONCLUSTONS

TRNSYS is a compiler for a high level computer language designed specificafiy.to cannect campo-
nent models of transient systems and solve the resulting simultaneous algebraic and differen—
tial equations describing the system. TRNSYS has the following desirable features:

1. Each component model is formulated as a separate FORTRAN subroutine. The requirements
for compatibility of the component subroutine with TRNSYS are minimal. Components which pro-
vide the capability to print, plot or integrate various quantities as the simulation progresses
are built inte TRNSYS and need not be formulated.

2, TRNSYS is general in the sense that it can be used to simulate any transient system
for which the system component models are expressible in FORTRAN statements. TRNSYS is par-
ticularly applicable to solar energy system simulations because a library of component subrou-
tines modeling the components common in these systems has been established.

3. The input data to TRNSYS 1is essentially the information flow diagram of the system.
This information is communicated to TRNSYS in a very simple manner requiring only seven key-
words. An error-checking facility is provided to diagnose most data input errors.

4. The computation scheme incorporated into TRNSYS recognizes the existence of informa-
tion recycles, and it will provide the iterative calculations needed to solve the simultaneous
algebraic and differential equations of the system model. An important part of the TRNSYS com-
putation scheme fs that only those component subroutines involved in the recycles are recalled
for additional iterative calculations. In this manner, TRNSYS requires & minimum of computa-
tional effort to achieve a simultaneous solution to the equations describing the system.

5. The user need not concern himself with the order in which the companent subroutines
are called during the simulation since the computation scheme built inte TRNSYS will soive the
system equations, within a specified accuracy, regardless of the calculation order. However,
since the calculation order may affect computation time, it may be optionally specified by the
user.

6. The entire TRNSYS program is written in ASA standard FORTRAN IV. It requires relative-
1y small storage space; it fs thus usable on most modern computers.

NOMENCLATURF .
A Collector area

Cp Heat capacity

FR Collector heat remgval factor

F* Coliector plate efficiency factor

HT Totat solar radiation on plane of collector per unit area
M Mass of water in the storage tank

m Mass flow rate

Qu Useful energy output of collector

0y Total auxiliary energy

63 Auxiliary energy rate

Ta Ambient temperature

Tin Fluid temperature at collector inlet

T0 Fluid temperature at collector gutlet
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Teat- Set temperature for auxiliary heater

v Collector loss coefficient

UA Product of Toss coefficient and area

o Solar absorptance of collector plate

T Solar transmittance of collector cover system
SUBSCRIPTS

c Collector

L Load

5 Storage
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DESCRIPTION OF LASL SOLAR ENERGY SYSTEM SIMULATION CODE

I. General description of the system.

a)

b)

Objective. The strategy was to write streamlined special-
purpose codes which could be used to study the effect of
parameter changes on overall system performance. Two codes
have been written -- one for a system consisting of liquid
heating collectors, a heat exchanger, water tank thermal stor-
age, and forced air heat distribution. -- the second for

air heating collectors, rock bed thermal storage, and forced
air heat distribution. Since the objective of the code was
to study the solar heating system, the details of the Toad
calculation were bypassed by assuming a simple "degree-day"
toad directly proportional to the room-to-ambient temperature
difference. '

Main Components:
Liquid System -~ collector -- one or two glazings
-- absorber surface
-~ back and side heat loss
-~ heat exchange to coolant
-- thermal storage
piping -~ heat loss to ambient
heat exchanger --
thermal storage -- mixed tank
~- heat loss to ambient
distribution -- heat exchange to a finned tube
coil upstream of auxillary
-- auxillary as required to
raise air temperature to
required level
hot water -- preheater tank coupled
: to main tank

Air System -- collector -~ Same as above
ducting -- heat loss to ambient
thermal storage—— one dimensionat
-- air-to-rock heat transfer
-- reversable -flow direction
-~ heat loss to room
distribution -- auxillary as required °
to raise rock bed exit air
temperature to required level
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hot water ~= preheater tank heated
by finned-tube coil in
collector exit duct,

Input data -- solar radiation on horizontal
surface
-- ambient temperature
IT. Computer Model

a) Schematic

Hourly rolor
rodiclion dela .

Flo)-plois
cofacior

tharmal
performance’
calculelion,

slorage
tyitem

Hourly

oulside Enecgy "

wind oad el eatracie

temperature Hem!\;;s’l::uhon | trom

dalo stodoge

Energy o3
required lo
salis]y load

Teermal

p——
1

Auritiory
heoling
syslem

SIMULATION SCHEMATIC

calulation

At each hour the net energy which can be extracted from the collector
is calculated. This is determined from the solar radiation, the collector
design, the outside temperature and wind condition, and the inlet fluid tem-
perature from storage. 1If this energy is positive it is added to storage.
The thermal load is calculated either from the outside temperature (for
space heating) or a fixed schedule {for water heating}. This energy is ex-
tracted from storage by the heat distribution system to satisfy the load.
If the load cannot be totally satisfied from storage then auxiliary heat
is added as required to make up the difference. The change in storage
temperature over the hour is the net energy added from the collector minus
storage heat losses minus the energy extracted by the thermal load, divided
by the storage heat capacity.

This calcuiation is repeated for each of the 8760 hours of the year,
All energy flows are summed hour-by-hour and both montnly and yearly sum-
maries are printed out, A typical year-long calculation reyuires only 34
seconds on the Los Alamos COC 6600 computer and thus it is feasible to study
the effett of changes in many design parameters.
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b} Input data -- hourly values of solar radiatign
on a horizental or tilted surface
and ambient temperature.

toad (AL) -- BTU/hr - °F - ft for temperature
below 68°F

Liquid System:

SCPM - . Thermat Storage Mass, BTU/°F ftg
TILT - Coltector tiit from horizontal, degrees
GL - number of collector glazings
EC - collector surface emittance
ALF - collector surface absorptance (normal)
EG - collector glass emittance (hemispheric)
CPM - collector heat capacity, BTU/°F - f
EX - glass extinction coefficient
TCONY - design convection temperature, °F
TCONY = Trm + CEFF (Tdw-Trm)}
(LOAD) (Design AT}
CFM =
{24) {1.08) (Tcony-Trm}
Trm = room temperature, °F
Tdw = design water temperature
CEFF= coil effectiveness
WCP - collector coolant filow rate, BTU/hr—“F-ftE
H - collector heat transfer coefficien§, surface-
to-coolant (average), BTU/hr-®F-ftg
URX - heat exchanger heat transfer coefficient,
collector coolant-to-water (averages),
8TU/hr-°F-ftg
UPIPE - piping heat loss coefficient, BTU/hr—°F—ftE
UBACK - collector ba%k and side loss coefficient,
BTU/hr-°F-ftc '
DIR - colTector orientation, degrees east of due south
ALAT - Tatitude, degrees

Air System;
SCPM, TILT, GL, EC, ALF, EG, CPM, EX,
UPIPE, UBACK, DIR, ALAT: same as above
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HA - collector heat transfer coefficient, collector
surface-to-air {averages), BTU/hr-°F-ftg

L/LAM - thermal storage length in units of heat
exchange relaxation length (dimensionless)
(same as NTU)

Note: the domestic hot water feature was specially coded for
the IEA rums and is not a normal fealure.

Output:

MON - month of year (1 to 12)
EBLDG

building thermal load, BTU/ftZ (based on
I(68°F-ambient temperature) x AL, when the
quantity is greater than zero.)

ECOLL - energy collected by collector, BTU/ftE

EAU; - auxiliary energy required, BTU/ftg

EHORZ - solar radiation incident on horizontal surface, BTU/fti
EINC - sotar radiation incident_on coliector, HTU/ftg

DEG DAY - heating degree-days, °F-days (based on daity
median temperatures)

% SOL - percent of solar heating, 1 - EAUX/EBLDG

111. Description of individual components and subroutines

a) Solar Collector - .

A heat flow balance is achieved for each {one or twoe) glass sur-
faces and the absorber surface accounting for radiation, convection,
and conduction, by numerical iteration using a Newton-Raphson
technique. The heat capacity term is accounted for as an equiva-
ient heat flow from the surface averaged over the previous hour.

b} Energy Storage Unit -

The change in storage temperature over the hour is equal to the ret
energy fron the collector minus the piping losses minus the heat
extracted Lo heat the space minus the-heat losses from the storage
container surface divided by the storage thermal capacity. For the
air system the situation is somewhat more complex.
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The, govemning differential equations for the rock bed
storage nsodel are:

we, ST . has
T =D

dTs
Mg Cps 3= = hAg (T—Ty)

which afier rearrangement become:

dT L
— % (=T
d(]_.) .
dT, L
o TR (T
)
witere
WCpL . .
= = Rock bed relaxation length
hA -
.o M Cps
WCp

In the numerical form these equations become:
Titr — Ti = a(Tgjsy + Tgj — Tiwy — T))
Tgi — Tai = A(Tj + T} — Tgg — T)

_aB(Ti+y + T{} + (1—ecHD)T; + (1) (Tgies + Tai)
Tir = T+a+f

{(1B) Tsits + B(Tir) + Thy)
Tei+1 = T+0

where

1
&=

L
NTX

- .L
oo x
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INTERNATIONAL ENERGY AGENCY Dec. 12th, 1977

3.3

. Revised: May 29th, 1978
J (NIKKEN) Revised: Mar. 1st, 1979

SOLAR HEATING AND COOLING PROGRAM

(Task 1 SusTask A)

MoDELING AND SIMULATION RESuLTS

Reported by Japanese Group

Y. Matsuo, Chairman
T. Noguchi ~
K. Fimura
S. Tanaka
E. Maki

M. Udagawa
T. Inooka

Description of the Computer Program

The authors have since 1974 developed simulation programs for solar
heating, cooling and hot water supply systems, and invescigated the

problems of energy saving and economy in the systems.

These programs have a number of parameters by which effects from
many factors can be clarified. Computation can be made at one-hour
or shorter intervals which have been arbitrarily determined. Where
summation ig called for by the month or year, the intervals can be
elongated so as to reduce computing time. On the other hand, where
the results of simulation 1s compared with data actually measured,

the intervals cam be shortened to enhance the accuracy of simulation.

The present simulation was made at 20-minute intervals., Computing

time was 6 minutes per case per year. The computer syatem used was
IEM S/370 M/138.
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Input Data

Weather and load data furnished in magnetic tapes by NBS contained

those for the following three cities.

The data of magnetic tapes contained hourl

ltems:

d.
e.
f.
g-

Madison, Wisc., U.5.A.
Santa Maria, Calif., U.S.aA.

Hamburg, Germany'

Solar radiation on horizental

surface (Total)
Wind speed

Dry bulb cemperature
Wet buld temperature

Dew point temperature

Total cleud cever

Sensible load
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/M2y
(M/SEC)
cy

(°c)

(*c)

(0 to 10)
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Description of the Individual Components

3.1 Parameters

*

A

Parameters not described in Anpex I

Parameters described in Annex I, but
not used in the present simulation

Other parameters are as indicated in Annex I.

For symbols see Fig. 1.

(a)

(b}

Collector

Area

Tilt {Latitude + 10°)

Orientation
Front loss (See 3.3 (b) below)
Back and side loss

Heat transfer coefficient from
collector to clrculating water

Collector surface

Shade coefficlent of glass
(See 3.3 (a) below)

Heat transfer coefficient
Heat capacity

Glazing spacing

Piping {Collector - Heat Exchanger

AG = 50 M2 (Madison and Hamburg)
20 M2 (Santa Maria)

¢ = 53°  (Madison)
= 45° (Santa Maria)
= 65.6° (Hamburg)
South

Ko = 3.23 w/m2.°¢
KU = 0.42 w/ul.og

rKW (Determined by Ko, KU
and F')

a = 0.95

€ = 0.9 (taken into account
in KO above)

S5CT = 0.915

F' = 0.95
Disregarded

0.04 M

: _Each Side)

Fluid flow rate

Heat loss
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Ambient temperature TA .= 20°C

=]

Heat capacity Disregarded

(c) Piping (Heat Exchanger - Main Storage Tank : Each Side}

A Fluid flow rate LS = 1 2/MIN-MZ,
Heat loss Disregarded
A Heat capacity ‘Disregarded

(d) Collector - Main Storape leat Ewchanger
Heat transfer coefficient UAE = 60 W/M3.-°C

Heat capacity Disregarded

(e) Main Storage Tank

Volume v = g0 !/HzC {Madison)
(Santa Maria)
(Bumburg Case 1}
= 40 £/M2; (Humburg Case 2)
= 20 /M2, (Humburg Case 3)
Shape (Cylinder) H/D = 1
Heat loss U= 0.42 WH2gpe©C
Ambient temperature TA = 20°C

No stratification

(f) Preheat Exchanger

Heat transfer coefficient ° UAP = 1000 -W/°C
Heat capacity Disregarded
Flvid Flow rate (both sides) LP = 10 2/MIN

{(g) Preheat Tank

Volume Ve

350 &
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Shape (Cylinder) H/D =1
Heat loss U= 0.42 WfM2y-°C
Hot water use LHW = 350 E/da}
Ambient temperature TA = 20°C
Cold water inlet temperature TCW = 10°C
Set point for hot water THW = 50°C

(h) House Heating Unit
Fluid flow rate LH = 0.25 2/MIN-M2_
Piping length 20 M
Heat loss UAH = 0.15 W/M.°C
Ambient temperature TA = 20°¢C
Alr flow rate ) G = 1364 XG/H (Madison)

= 496 KG/H (Santa Maria)
745 XG/u (Hamburg)

n

Alr inlet temperature TR = 20°¢
Heat unit capacity Disregarded
Coll effectiveness ) n=20.8

(1) Controls

Cellector
Off + on When TC1 > TST + 5°C
On + Off When TC1 > 95°¢
On -+ Off When TC1 =< TG4
D.H.W. circult Always on

Heating unit
On When QAC > 0

Off When QAC 20 )
Where, QAC: House heating requirement
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(&)

Initial Condition

1]

Main storage tank TST = 30°C

Preheat tank TSW = 30°C

3.2 Basic Formulae

For pymbols see 3,1 and Fig. 1.

(a)

(b)

Collector

Equivalerit heat transfer coefficient (KE) and equivalent
temperature (TE) are obtained by the use of equation of

“heat balance for heat collecting:

KO + KU T
=~ T AL = Fls KIY e
KE Ko + KU + er.rKW F'+ (KO + K} (1)
_ J1:G1 + Jd-Gd ) Ky _
TE = TO + —"m—-—-— « SCT-a X0 + KU (TO TA) (2)
Where,
Solar radiation {(Direct) Ji w/n?
(Diffused) Jd w/M2
Radiation gain coefficient of glass (See 3.3 {a) below)
(Direct) Gl
{D1fFused) Gd = 0,808
Outdoor temperature TO
Temperature at inlet and outlet of coolamt (TC4, TCl):
TCl = TE ~ (TE - TC4) EXp (-KE-AC/LC) . __ 3
Heat collected:
QSC = 1C- (TC1 - TC4) ————ee (&)
Heat Exchanger (Collector — Storage)
Heat exchanged:
QEX = UAF-ELD (5)
Where,

Al - A2 (TC2 - T82) - (TC3 — T$1)

ETD = n(AL/A2Y = Za(1Ci- T52)/(TC3 ~ TS1)
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(ed

(d)

(e}

(£}

Piping
TSI = TST

Heat loss:
TC4 = TA ~ (TA - TC3) EXP (-UAC/LC)
TC2 = TA — (TA ~ TC1) EXP (-UAC/LC)

Solar heat to storage:
QST = LS-(TS2 - TS1):0.86

Preheat Exchanger

Heat exchanger:
QP = UAP-ETD

Where,

81 - 42 _ (TP1 - TW2) — (TP2 - TW1)

EID =

Hot Water Suppl
Hot water requirement:
QHW = LHW- (THW - TCW)-0.86
TSW = THW
Flow rate of cold water:
LCW = LHW+ (THW ~ TCW)/{TSW - TCW)
Auxiliary heat:
QAHW = 0
TSW < THW
Flow rate of cold water:
LCW = LHW
Auxiliary heat:
QA-HW = LHW- (THW — TSW)

House Heating
TH1 = TST
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Coil inlet water temperature:
TH2 = TA ~ (TA-TH1) EXP (~UAH/LH)
Heating capacity of coil (Q):
Q = G-(THZ - TR)n
Q 2 QAC (QAC: House heating load)
Aux. heat: QA-AC =0
Q> QAC.
Aux. heat: QA*AC = QAC - Q
Coll oitlet water temperature:
TH3 = THZ - (QAG - QA-AC)/LH
Temperature of return water:

TH4 = TA ~ (TA - TH3) EXP (-UAH/LH)

Storage load for house heating (QSOUT)
QSQUT = LH-(TH1 - TH4)

(g} Main Storage Tank

Heat loss:

QLOSS = UAST-(TA - TST)
Heat balance:

IQ = L5-(TS4 ~ TST) + LP-(TP2 - TST)
+ LH-{TH&4 ~ TST) + QLOSS

Water temperature of thermal storage:
TST(K) = TST(k_l) + EQ/V-A

Where,
K : Time

A : Interval to be used for simulation

3.3 Remarks

(a) - Gain Ratio and Shade Coefficient of Glass

Solar radiation passing through glass (including emission

after absorbed by glass) was calculated in the following

procedure:
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(c)

Therefore, by caleculating resistance at the outside sur—
face, resistance of glasses and resistance by 40mm air

gaps, KO was obtained as 3.23 w/uzc-°c.

Solar Radiation Processor

Solar radiation on the tilted surface was obtained by the
use of LASL Method described in Annex 3 of July 7th, 1977
(revised on Sept. 27th, 1977).

Simulation Results

Output data as to punched output, hourly solar performance Summary,
monthly solar performance summary and yearly solar performance sum-—
mary are explained in the attachment.

(The left sides are shown by the symbols described in Annexes of
July 7th, 1977, and the right sides are represented by those in
Fig. 1.)

- 11 -
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(b)

Gain ratio (Gi) of glass (standard type, 3mm thick) is
determined on the basis of obtained incident angles (1)

on a collector.

Thus,
Gi = 2.3920 cos 1 ~ 3.8636 (cos 1)3 + 3.7568 (cos i)5
- 1.3952 (eos 87

S5ince diffused gain of solar radiation is regarded as
nondirectional, ratie of diffused gain (Gd) can be des—
cribed as:
w/2
Gd = 2 S Gi-sin i-cos i-di = 0.808 = 0 omcmemeeen
0
For arbitrary types of glass, Gi is corrected by the use
of shade coefficient (S5CT). So, SCT of the collector of
"NBS- Solar House" was assumed on the basis of data indi-
cating that the collecter is composed of bwo panes of
glass being 0.037 in glass absorptance per sheet and

1.526 in refractive dindex.
Thus,
Gain ratie of two paned glass (as normal incidence)
Gi' = 0.8133

Gain ratio of 3mm thick standard glass (as normal

incidence)
Gi = 0.889
Therefore,
scr = & « 0915
Gi

Heat Transmission Coefficient of Collector Surface

For heat loss through the collector of "NBS Solar House,"
that through the back and side walls of collector (KU =
0.42 W/M2c-°C) only has been indicated. For the purpose
of this simulation, however, heat loss through the glass

surface, 1.e., the front loss (K0), must also be computed.

- 10 -
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MONTHLY SOLAR PERFORMANCE SUMMARY

Unit = kwh
Collector
1. Collector imput QCIN = (J1 + Jd)-A
2. Collector output QCOUT = LC- (TC1 — TC4)
Storage
3. Storage input Q5IN = LC-{T54 —~ TS1)
4.  Storage lass QSL = UAST- (I5T - TA)
House
5. Storage output QSOUT = LH- (THL - TH4)
6.  Auxiliary required QAUX = Qn - QSOUT
7. Demand load QD = House .-heating load (from tape)
DHW
8. Storage output QS0UT = LCW«{(THW' - TCW)
9. Storage loss QSL = UASW-(TSW — TA)
10. Auxiliary required QAUX = LCW- (THW" -~ THW')
11. Demand load QD = LHW- (THW - TCW)
Percent Solar = (QD - QAUX)/QD (%)
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YEARLY SOLAR PERTFORMANCE SUMMARY

1. Collector areca

2. Horizontal insolation

3. Collector input

b. Collector oﬁtput

5. Main storage input

6. Main storage loss

7. Main storage output
to house

8. House auxiliary

9. House demand

10. DHW storage input

1l. DHW storage loss

12, DI slorugecaipa

13. DHW auxiliary

14. DHW demand

15. House percent solar

lﬁi DHY percent solar

17. Total percent solar
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A
Jh  (from tape)
{34 4 Jd)-A

LC- {(TC1 - TC4)
LC: (TS4 — TS1)
UAST- (TST - TA)

LH: (TH1 - TH4)

(House demand) — LH-{(TH2 - TH3)
(from tape)

LPH- (TP1 - TP2)

UASH. (TSW - TA)

LCW~(THW!. — TCH). .

LCW« (THW" - THW')

LHW {(THW -~ TCW)




Table

4

CONPARISON OF MITHODS
—_—

FINITE ELEMENT LUHFED CIRCUIT SIMPLIFIED
Quantity Measured
1 2 3 i 2 3 1 2 3

Yearly Insolation
on Solar Collector 5264 5264 5264 5264 5264 5264 5264 5264 5264
{kWh} -
Solar Collector Gain o
(kWhsyear) 475 izo0 456 da78 Jza1 3451 3517 216 4148
For Tc 85 Energy ) 1
stillrecoverable 17 0 5 9 0 L] k] 0 4
(kHh)
Storage Tank Gain
{kMh/year) 2876 2654 2791 2878 2726 2804 2881 2644 2819
Solar Hot Water
{kWh/year) 2799 2596 2725 2794 2655 2127 2805 2600 2750
Auxiliary Energy
(kWh/year) 2104 2307 Z178 2109 2248 2176 2098 2303 2153
Total Energy for
Hot Water (kWh/year) 4903 4903 4903 4903 4902 4503 4301 1901 1903
Percent Solar 37.1 52.9 55.6 57.0 54.2 5.5 57.2 53.0 E6.1
Pumping Hours 7
{hr/year} 2961 3178 3083 3089 3214 i 3200 3165 3207

L
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THERMAL INSULATION LABQRATORY

3.4

Description of the S.V.8., simulation code.

Introduction.

This program, which is developed at the Thermal Insulation
Laboratory at the Technical University of Denmark, is based upon
programs developed for the Zero-Energy-House by T. Esbensen and
for solar heating systems by H. Lawaetz.

The program consists of a number of subroutines, which
either model components or have mathematical functions. The pro-
gram is guasi-stationary, meaning that energy flows within the
timestep are supposed to be stationary.

Description of the computer model.

The program calculates the entire system every hour or half
hour in a year, and after that a test is made upon the storage
temperature. If it deviates less than 1°C from the start storage
temperature the computation is stopped. Otherwise the calculation
continues month by month until the storage temperature deviates
less than 1°C from the temperature at the same time last year.
The system in that way is in balance with the climatic data and
the heat loads, so a continued calculation does not give results

which differ from those last year.

The computing time will be about 1 min. for the solar water
system and about 2 min. for the solar air system.

The computation is carried out by an IBM 370/165 system, com-
piled by a FORTG compiler. Core needed approx. 58 k + input-out-
put buffers, total 82 k.

Depending how the climatic data and house loads are available
{explained in section "Input data") the structure of the programs
ready for computation may look as shown in the flowchart.
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Flowchart for MAIN

Start

KIND Datacards
read

SKRIV

DISKQ

month
values

TEST

Beat flows

temperatu-
res in the
system

AASUM

Write
sannual
values

A

I=1,48

—

P
Summing up
half hour

Sun position

—

SUMME

values

Write
daily vala-
es

UDDAG
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The subroutine STYR controls the energy transports (heat
flows) and calculates the temperatures of the system. At the
moment four different STYR-subroutines exist at the labora-

tory for as many different solar heating systems:

1} Combined heating and PHW liguid system.

2) Combined heating and DHW air system.

3) Combined solar heating and heat pump system.
4) Liquid DHW system.

A special subroutine for calculating the pebble bed storage
has been developed for the air system.

The subroutine OPFA calculates the energy gain by the solar
collector. Five different subroutines exist at the laboratory,
two for a one glazed water-based collector, two for a two
glazed water~-based collector and one for a two glazed air
based collector.

Only the key subroutines used in the IEA-simulations will
be described here. ’

Subroutine STYR for a water system.

1} At the first call the geometric parameters, the heat con-
tents in the tanks and the heat loss coefficient are calcula-
ted.

2) The collector is calculated by calling the collector

the collector subrecutine.

3) The heat transported to the storage and the new tempera-
tures of the collector circuit pipings are calculated.

4) Calculations of heat moved from storage to preheat tank
by a heat exchanger and heat needed for domestic hot water
from the preheat tank;

5} Calculation of heat needed for house heating from storage
to house air through the coil.

6) Calculations of heat losses from the system and new
temperaturés in the heating circuit pipings.

7) Calculaticns of the new temperatures of the storage tank

and the preheat tank.
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Flowchart for STYR (water system)

: New temp.
Constant Yes gBe = in heating
circuit
parameters je0108] ™3, TT4
Calculation .
of TIC
and TUD
. Maximm
Calculation heating fram
(OPFA2) of solar storage
collector Qsop
Heat to .
storage g;lculatlon
QTTILL, and
TIC, TUD T13, TT4

Heat losses
from storage
QBE QT4, and hea
losses from gdipes

demand
for domesticy
t te

Heating of Calculation
preheat [ of new TT1
tank, VVBl

Calculation [

of heat for

domestic hot 1 Retum

water VB2
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TBV
TT2
TT1
TIC
TUD
QTILL
VVEl
VVB2
QO(I)
T4
TT3
QSOP
QT4
TKV

Needed temperature for domestic hot water.
Temperature ¢f preheat tank.

Temperature of storage tank.

Inlet temperature to collector.

Outlet temperature from collector.

Solar heat to storage.

Heat from storage to preheat tank.

Heat from preheat tank to domestic hot water.
= (QBE, Heating demand of the house.

Temperature in the heating circuit from storage.
Temperature in the heating circuit to storage.
Maximum heating from storage.

Heat losses.

Temperature of cold water from mains.

89



Subroutine STYR for the air system.

1)

2)

2

4)
5)

6)

As for the water solar system the geometric paraméters,
the heat contents and the heat loss coefficients are
calculated at the first call.

The solar collector is calculated by calling the collector
subroutine.

If the air temperature after the solar collector is 5 °¢
higher than the temperature in the preheat tank, heat is
transported from the heat exchanger to the preheat tank.
Heat for hot water from the preheat tank is calculated.
Depending on the heat loads for the house the heat trans-
ported to the house and to or from the storage is calcu-
lated.

The heat losses from preheat tank and storage are calcu-
lated,

The new average temperatures of the storage and the preheat

tank are calculated.
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Flowchart for STYR (air system)

Yes Constant
parameters

Heat fram air
flow to
preheat

Call store

Heat to housd
from solar
collector Call store Call store
! )
Heat to .
house from Auxiliary Auxiliary
solar heat heat
collector
— t
1
Call Store Collector Collector
l inlet inlet
temperature terperature
Collector
inlet
tenperature
| N

Collector
inlet
temperature
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TT2 Temperature in preheat tank.

TCCH Air temperature after solar collector.

TAFl Air temperature after heat exchanger,

TIH Demand temperature for air flow into the house.
TEM Temperature in top of store,

Call STORE heat losses temperatures in storage,
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Subroutine STQRE (Energy storage unit for air)

Assuming that @ "infinite_NTU model (8} is adequate since
NTUc 10, the storage can be divided up into N sections.

It is assumed that there are infinite heat conductions in the
sections in the radial direction, but normal conduction between
the elements in the axial direction. With this in mind the heat
balance for each element can be calculated.

Parameter list:

T{I,J}: Temperature of element J at the time I C
Q(I,Jd): Accumulated heat in the storage at the

time I for element J J
QTS: Accumulated heat in half an hour J
QA(I,J): Heat loss from air to storage at the

time I for element J - J
QAS: Heat loss from air in half an hour J
ST(I,J})}: Heat loss to earth at the time I for

element J J
QTAK: Heat loss to earth in half an hour J
QCl1(I,J) and
QC2{(I,J): Heat conducted to and from the element J

at the time I J
MCR: Heat capacity for an element 3/%
MCL: Heat capacity of the air in a time element 3/°c
KA: The effective axial thermal conductivity

during non-flow conditions for an clement

in a time element,. J/%c
UP: Thermal loss cocefficient for an

element in a time element 3/%¢
TJORD: - Temperature of the surroundings %c
N: Number of elements in the storage.
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a) For heat entering the storage.

Element nr. J at a time I

QA(I, )
'
T(I,J-1)
oc1t
Q(I,J) ~ ST({I,T)
aczt  T(La)

]

(1) Q(1,7) = Qa(1,J) - ST(I,J) + QCl(I,T) - QC2(1,J)
where

Q(I,3) = MCR. (T(I,J) - T(I-1,J))

QA(I,J) = MCL-(T(I,J-1) - T(I,J))

ST(I,J} = UP-{T(I,J) - TJORD)

QCl(I,J) = RA-(T(I,T-1} - T{I,J})

QC2(1,3) = Ka-(T(I,J) - T(I,J%l)

The only unknown in equation (1) is now T(I,J)

(2) T(x,3) = (MCL-T(1,7-1) + MER-T(I-1,J)} + ka - (T(I,J-1) +
T{I~1,J+1)) -UP-TJORD] / (MCL + 2KA + UP + MCR)
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b) Heat out of the storage.

QA(I,J)
t
Qc2 ¢ T(I,3)
-Q(I,J) - ST(I,J)
i I(I,J:1)
Qcl #

Heat balance.
Q(I,J3) = Qa(1,J) - ST(I,J) + QCIL{(I,I) - QC2(1,d)
The index J is now switch (N> 1and 1 - N) so the air flow

still enters element number 1 first. This.means that T(I,J) can
be calculated with the same equation (2) as before.

When equation (2) is written for each element, it is
possible to form a matrix equation which can be solved
by matrix-inversion. The outlet air temperature is found
from

TUS = TIS =~ QAS/TMCL
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Subroutine OPFA

This subrcoutine calculates the solar collector and is called

every half hour from STYR.

Mathematical description.

The principles of the calculation are with a few corrections
the same as those used by Lawaetz (1) and Esbensen (2).
Depending on the sun's position the incidence angle of beam
radiation on the collecter surface can be determined as (5)
cos(I) = cos{HD) - cos (AZ-AF) -cos(T) + sin(HD) *sin(T)
The transmittance for a single glass cover is (3)
TR = e X&'+ (1-rE)/ (1+RE)
where K is the extinction coefficient and L is the thickness
of the glass, and the reflection factor RE is determined of
Fresnels formular (5)

RE = % [sin®(1-18)/sin?(I4IB) + tan?(I-I2)/tan?(I+1B) ]
where  sin(IB) = sin(I)/N

That part of the beam radiation which is absorbed by the col-
lector with the absorptance o« is (3}

FE = 1.012 - TR? + ¢ + 0.17(1-e ¥Cy+ 0.63 - TR - (1-e "KLy

That means that out of the total amount of beam radiation hitting
the outside of the collector the absorbed amcunt is

QDIR = FE-(1-D}*(1-%) *DIR

Where D is the correction for dirt on the cover glass and § the
correction for the shadow on the absorber. D is found to be be-
tween 0 and 4% {3), and are in these calculations 2% as an ave-
rage.

The diffuse radiation comes from different directions and
therefore the transmittance is calculated with an average
incidence angle in these calculations. This angle is estimated
to 50 degrees (from 3).
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The heat removad by the water is calculated as the difference
between the absorbed heat and the heat losses

Q = QTOT - QLOSS

The heat loss UP through the cover glasses is a combination of
radiation, convection and conduction, and is rather complicated
to calculate., It is necessary to use an iteration to find the
heat balances between the air and glasses.

The coefficient of heat losses are calculated in {5}, and will
not because of their complexity be reproduced here. However, it
shall be mentioned, that the convective coefficient between the

top cover and the outside air is calculated as:
HW = (1 + 0.3W)- 5.67 w/m> - °C

where W is the windspeed in miles/h and 5.67 the ratic between
Btu/ft?-h-°F and w/m? °c.

The heat loss through the side edges is also difficult to cal-
culate and is therefore estimated to be 5% of the front heat los-
ses (2).

-The heat transfer coefficient for the hackside can be found as

UR = )\/e
Where ) is the isolation heat conductivity and e the thickness of
the isoclation.

The total heat loss coefficient therefore is:

Ul = UP-(1 + 0.05) + UR

Calculations of the utilized heat.

The heat exchanger factor is here called F3. and it forms
together with the solar collector efficiency factor {(Fl) and
the fluid flow factor (F2), the solar collector equation:

g =Fl - F2 - F3 - (QA2 - UL2(TTl — TA}} (1)
In this eguation:

QA2 is the collection rate of solar radiation in W/mz.

q is the final collection rate of heat in the solar
collector.

UL2 is the heat loss coefficient of the collector in W/OC.
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TT1 is the storage temperature.
Ta is the ambient temperature.

F2 is given by: F2 =

where H = E%ﬁg%g, and FLOW is the capacity flow of the fluid

in w/%%c.

There are two parameters, which determine the heat exchanger.
That is the heat exchanger effectiveness, e, and the number of
tranfer unit, NTU.

Uhx

FLOW

where UAx is the UA product of the heat exchanger, and the

The definition of NTU is NTU =

definition of the heat exchanger effectiveness is:

_ TUD - TIC
€ = T05 - Tot {2)

TUD is the outlet temperaéure of the solar collector, and
TIC is the inlet temperature.

A presumption of the two above equations is that the capacity
flow of the collector loop is lower than the capacity flow of
the storage loop (FLOC).

In the program we are now able to calculate the heat
exchanger effectiveness,€, as a function of NTU and R, by
the help of the heat exchanger equation:

€ = l - EXP(~ NTU - (1 - R)) (3)
1l - R -(EXP(- NTU - (1-R}})
_ FLOW
R = $1oc
for FLOC = @ 1€ = 1 — EXP{ ~ NTU)

FLOC = FLOW: €

NTU/ (1 + NTU)

For the solar collector we have the heat balance

q = FLOW(TUD - TIC} (1)
Combined equations (1}, (2} and {4) yield
q = L Fl * ¥2 —! - (QA2 - UL2(TTL - TA))
UL2 * F1 " F2 )1 :
Il * FLOW IE qi

-
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Comparing this eguation whith eguation (1) the heat exchanger
factor is given by:

1
1+M[&-{]

FLOW [3

The product F2 * F3 is now given as a function of only

H = E%fg%E , and € :

1-¢7H

H(1+(l-ehH)-(-——a

The program will now calculate F3 as:

F2-F3
F2

F3 =
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Subroutine SUNR. (Sun radiation processor)

Algorithms.

This subroutine calculates the time SO and SN for sunrise and

sunset, the sun's altitude H and azimuth AS for each half-hour,
and the day number DN in the year. Simplified, the longer duration
of the summer half than the one of the winter half, the refraction,
and the equation of the time are counted in. Then the normal, dif-
fuse, and the total radiation are calculated for clear weather
conditions, and depending on the fraction between the measured
total radiation and the calculated total radiation, the actual

diffuse and normal radiation can be calculated.

Procedure and definitions.

DN 1 to 365,
Calculation of the equation of time TEQ, in minutes:

1 <DN <2l  TEQ = -2.6 - 0.44-DN

21 < DN <136 TEQ = -5.2 - 9,0-cos{(DN-43) -0,0357
136 < DN <241  TEQ = =1.4 + 5.0-cos((DN-135) -0.0449)
241 < DN < 336 TEQ = 6.3 + 10.0-cos(DN-306) -0.0360)
336 < DN=365  TEQ = -0.45- (DN-359)

The local time (-9.7 min. for Copenhagen), is added, and TEQ

is converted into angle of time:

TET = (TEQ + LOCALT) /60
TEQ = TET - w/12
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The declination of the sun VA:
DF = DN - w/182.5
VA = 0.33 - 22.96°*cosDF + 4.0-sinDF ~ 0.37+cos2DF - 0.15+cos3DF

Sunrise and sunset:

TON = 12/ -arccos(sinBR-sinVA + 0.01)/(cosBR-cosVa))
S0 = TON - TET (sunrise}
SN = 24. - TON - TET {(sunset)

,Half-hour angle, I = 1 to 48

TP = I - n/24 + TEQ

Altitude of the sun:
sinH = sinVA+sinBR - cosVA-<cosBR-:cosTP

Azimuth:

COSAS = AN = (sinBR-cosVA‘'cosTP +cosBR-sinVA) /cosH

Refraction (when H > -0.005, corresponding to about -0.39)
" H = H + 0.000225/(H + 0.023)

If the refraction and the longer duration of the summer half
are neglected, it will give the length of the day an error of up
to 12 - 13 min. at equinoxes.
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Subroutine DISKD

The subroutine is called once for every day from MAIN, and
following list gives the variables and the arrangement of data
in the card picture. ‘

Unit Format col
NMD Month - 12 11-12
NGD Day - 12 14-15
IHOUR " Hour - 12 17-18
ISCLAR Global radiation W/m2 14 20-23
IWS Wind speed m/s 12 25-26
{converted to FF knots)
DB Temperature % F5.1 28-32
ITC Cloud cover 1/10 13 46-48
(converted to NN 1/8)
ISOLD Diffuse radiation W/m2 14 50-53
(converted to IDIFF W/mz)
QLOAD House load kW F6.2 55-60
(converted to QQ W)

Subroutine TEST

With this a test is made upon the storage temperature. If the
temperature deviates more than 1°C from the value it had last year
the sum counter of the next month is put to zero position and the
calculation continued for the next month. If not the calculation
is stopped. The subroutine is called from MAIN cnce a month.
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Some program problems.

1)

2)

3)

4)

As described earlier the program is built up for calculating
the IEA water system. If thesé systems do not describe the
user's actual system, a new control routine STYR has to be
written. An important thing to remember is tec use the
common blocks right, because they are the key in connecting
the subroutines. Alsc the user has to remember that sub-
reutine OPFA is called from STYR.

If the input data are not available in the expected form
the routine DISKQ has to be changed.

Some of these problems will be solved in the coming editions
and some of the routines will be split up in two or three, so
they become simpler and easier to understand and change.

Routines for calculation of a solar system with a heatpump
are existing at the laboratory and can be added if wanted.
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3.5 Philips Research Laboratory Aachen {PFA)

R. Bruno and ¥. Brombach

In the finite element approach an energy system is broken
down into segments of a given heat capacity and/or thermal
response. These finite elements are defined in such a way
that the most important temperature gradients, heat and mass
transfers are properly accounted for. It was found for selar
energy systems that only a two dimensional finite element
treatment (in the mass flow direction and perpendicular to
it) was necessary for most components. The determining
criteria for this being that the total! calculation error is
Tess than about 'IO'4 over the time periods (day, month, year)
considered.

IEA study,it was found that with element sizes of

(i} Water System: 10 Wh/OC fluid capacity for Madison,
Aachen, Denmark, Tokyo
and 5 Wh/°C fluid capacity for Santa Maria.
(ii) Air Systea: 10 Wh/OC blown air volume element for
Madison, Aachen, Denmark, Tokyo
and 5 Wh/OC blown air volume for Santa Maria.

the various errors did not exceed:

(i) round-off error €rd <1/25000
(ii) element size error €az < 4/10000
(iii) time step error €< 1710000

over a day, month or year,

Two basic‘approaches are available in this method for caleula-
ting the effect of fluid flow. The first considers laminar flow
and the second turbulent flow. For all cases considered here
only turbulent flow was taken.
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This program also takes as input data two constants related
to temperature measurements. First, the heat capacity of a
measuring device (CTemp) and second its measurement accuracy
(€TEMp,). By using the appropriate values of Cremp and €qpyp
comparison can be made directly with experiment. In the cal-
culations made here Crgyp was taken to be 0.1 Wh/OC and €TEMp
had two values depending on the measurement position and pro-
gram run. The two values used were E€1gyp = * 0,019C and €TEMP
= Y€ CoMP. RD.-0FF- It should be mentioned that in all runs
made here temperature differences were considered as differen-
ces between two absolute temperatures.

The reduced finite element program sizes are not larger than
31 K bytes,

Three conditional transfer constants are read by these programs
which enable one or another segment of the program to be acti-
vated, They are constants indicating whether:

(i) to cool or not to cool

(ii) a short circuit start should be activated or not

(iii) a Set of pipes/ducts are used in common for both
heating and cooling modes or not.

Since these finite element programs took about 13 hours compu-
time per year's rum on the PB80 the start-off initialization
considered here was to have all temperatures at hour 1 on Ja~-
nuary 1st set at 20°C. That is to say the program is not self-

consistent.

In both programs all energy circuits had ON delays (see Tables
2.1 e and 2.2 e). The reason for this was that otherwise too
many ON/OFF switchings occurred in the circuits. This is also
an approach which is used experimentally.
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The two energy systems and their variants considered are
given in Figures A 1 and A 2. Fig. A 1 gives the water sy-
stem where for the finite element model short circuit de-
lays were tried out as well as containing heat exchangers
within the storage tanks. Fig. A 2 shows the circuits used
in the air system. It should be mentioned that the simpli-
fied method did not use two tanks for the water system but
assumed that both tanks were effectively combined. This is

a sensible assumption as seen from the finite element re-
sults for the average tank temperatures over a month. This
is so since a Targe enough heat exchanger and fluid flow was
used. For the air system an effective main storage tank .was
set for the simplified method that had the same effective
heat loss as both tanks together and also their combined heat
capacity. The stratification effect as well as the hat water
heat exchanger in the simplified method were then simulated
by an effective heat exchanger in the main storage tank.
These values are contained in the input data {e.g. Fig. D 7)
for the simplified method.
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2. Hot Water Circuit Table

PREH TKGM

SOLAR HW

AUX HOTW

TOT HOTW

AV PTK TEMP

The energy gain of the hot water’ storage
tank in kWh.

The amount of splar energy given to the
hot water produced in kWh .,

The auxilliaryenergy required for hot wa-
ter production in- kWh,

Total energy required for hot water pro-
duction in kWh,

The average temperature of the hot water
storage tank.

Table for Heating and Cooling Loops

TK HTL

SOL HT

AUX HT

TOT HT
AV TEMP,

TK CLL

S0L CL

AuXx cL

TOT CL

The energy drawn from the main tank to
satisfy the heat load in KkWh.

The amount of solar energy given to the
heating coii in kWh,

The auxilliary energy required for heating
in kWh,

The total energy required for heating in kwh.

The average temperature of the main storage
tank in Oc,

The energy drawn from the main tank to sa-
tisfy the cooling load 1in kWh.

The amount of solar teoling energy given to
the house in kWh.

The amount of auxilliary cooling energy given
to the house in kwh,

The total cooling demand of the house in kkh,
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For the air system two additional results are written,

they are:
Hot Water Circuit Table

TK HEAT LOSS = The total heat loss of the hot water
storage tank in kWh.

Table for Heating and Cooling Loops

AV TEHPél =  The average of the temperature diffe-
rence between the top and bottom of
the main storage tank in 0C.
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Date : 19th May 1978

Name : P B Andersocn

Title : Seclar Simulation System - Liquid

Project : I.E.A. Study on Solar Heating and Cooling
Contents ; I General Description

II Computer Model
IIX Individual Components & Subroutines
Iv Programming Problems

v Discussion of Results

General Description

a) Objectives

The objectives of writing a computer program to simulate

solar heating and cooling systems were:
to assist engineers 1n their designs.
to study various systems and find the minimum economic cost.

to vary installation parameters of a particular system and

find its optimal running characteristics.

b) Main Components

Collector - single or double glazing
- absorber surface
- wind, back and side losses
— heat exchange to transport medium
- heat capacity

Plumbing - heat loss to surroundings
- heat capacity of pipes

Collector/Storage Heat Exchanger

Thermal - mixed tank
Storage - heat loss to ambient
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llousie - heat exchange 1o finned tube coil
Distribution - auxiliary as requircd -
Domestiec Hot -~ preheat tank coupled to main storapge
Water Supply tank through heat oxchanger

- auxiliary as required

Inpui Data - collector, storage and preheat tank,
domestic hot walcer and house
distribution lead specification

- weather data horizontal radiation,
dry bullb {emperature, wind speed,
house loads

I Computer Model

Qsput

|Q:onﬁ§ Main Sto -n;%éprc oAt

1

:

ry

/
JTlary Q4 é Aur

d: E?I
Niter wWiter

------ Coltector————-v=n --Yain Storape-- =-Doncstic Hot Water Supply=- =House DMislribution-—

Figure 1 : Spolar Model Diagram

1) Syslen
The schematic drawing of the solar system model is given
in Figure 1. The simulation period is initially for a ycar,
but shorter intervals can be analysed. The time step is
at diserete hourly intervals. For a yearly run the central

processing time is four minutes.

b) Input Data
The inbut data is divided into two distinct pieces of
information;_Solar System Specification, outlined
in Figure 2; Weather data, as supplied from the operating
agent, in particular horizontal radiation, dry bulb temperature,
wind speed, and housc loads.
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igpure 2 : Solar System Computer Specification
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c) oOutput
Month - month of the year (1 to 12)
Qcin - Collector Input
Qcout - Collector Ouiput
Qsin - Storage Input
Qsout - Storage Output
Qs1 - Storage Loss
Qaux - Auxiliary Supplied
Qd = Demand Load
% House - Percentage Solar for House Distribution
% DHW - Percentage Solar for Domestic Hot Water

% Total - Percentage Solar of Total

I1I Individual Components & Subroutines

The general discription of the program is given in Figure 3,

a) Solar Collector

At discrete hourly intervals; horizontal solar radiation

is converted into total incident radiation on the collector
surface using the specified 'LASL' routine, this energy

is transferred into the energy transport medium which

in turn is supplied to the collector-storage heat exchanger,
The energy input to the collector system simulator and

the net energy output being 'Qein' and ‘Qeout ' respectively,
The theory used in the collector simulator is the Klein
formula (1973) using Hottel and Woertz methods, and in the
collector heat balances converging lterative procedures
which take into account capacities, losses, heat exchange

rates, and the storage temperature,

b) Energy Storage Unit

The stofage energy balance, measured by the varying temperature,
is calculated from; the hourly net gain from the collector
circuit 'Qsin', and the hourly net loss to the space

heating and hot water supply 'Qsout!’ and 'Qsl’'. The auxiliary

and demand load are given by 'Qaux' and 'Qd' respectively. .
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Figure 3. Flowchart of Simulatjion Program
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Programming Problems

a) Weather Data
The weather data for Madison had to be modified to correct
missing data., To overcome the problem, the weather data
was modified by taking the average from the preceding hour

and the next "hour,
b) Controls

The controls have been slightly modified, so that the maximum
amount of energy is transferred from the collector to the

storage medium.

‘e) Ambient Temperature for Calculating lleat Loss

The ambient temperature has replaced the dry bulb temperature
for the calculation of heat losses. The dry hbulb temperature
is still used for calculating losses on the collector. i.e.
top, side and back losses,

d) Incident Inscolation

The incident insolation on the collector was calculated by
the Boes correlation from the horizontal insolation provided
on the weather tape. For the Hamburg simulation runs the
incident insolation calculated by the Boes correlation method

was higher than the actual data supplied. For the final Hamburg

gimulation run, the diffuse radiation from the weather tape
was uscd to calculate the total incident radiation on the

collector.

Discussion of Results

The results for the three locationé are similar to the other
participants, but slightly biased on the lower side., The reason
for the results being slightly biased may be due to many factors
which will only be shown up in the validation subtask,
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DESCRIPTION OF FTP SOLAR ENERGY SYSTEM SIMULATION PROGRAM
Federico Butera~Istitute di Fisica Tecnica-Palermo-TItaly.

1. General description of the system

a) Objective.
Many small consultant firms or small factories begin-
ning to deal with solar energy do not find it convenient
to work with big computers and very often own small
desk-computers., On the other hand up to now the simu-
lation models available have been prepared for big
computers.
For this reason a simulation model has been develo-
ped at the Istituto di Fisica Tecnica of Palermo
University to be used with a Hewlett Packard 9830
desk-computer.
The FTP Solar Energy Simulation Program is a versa-
tile and reasonably reliable tool for evaluating
the effect of parameter changes on .the overall sy-
stem performance.
The code written is only for water systems, and can be
used also by unqualified personnel, because once the
program is loaded, the input data are requested one by
one on the computer's display, and given through the
key~board.

b} Main components.

The flat plate collectors are connected to the storage
tank via a heat exchanger.

The main tank is fully mixed, and the water Flows from
it to the heating ceil.

Twe types of connection between tank and HVAC systen
are possible.

~ The auxiliary heat is given by means of a second

water-to-air heat exchanger (IEA system).
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a)

2)

- The auxiliary heat is given in alternative to the
solar with a three-way valve which excludes the
tank and activates the furnace. Only one heating
coil is therefore provided.

The same storage tank is used for the DHW system.

Feed water enters the tank in a separate ceil. Pre-

heating of DHW is therefore always provided.

The controls are:

- on-off for the collector pump

- mixing valve for the HVAC system

The main input data used are:

- horizontal solar radiation (hourly)

- wind speed (hourly, if available)

- d.b. temperature (hourly)

- heating load (hourly, if available. If net, the
heating load is ecalculated hour b§ hour on the

basis of the inside-cutside temperature difference).

Description of the computer model

The calculations are performed with a time-step of
1 hour, for all the 8760 hours of a year.

The computing time is 3.5 hrs.

Input data.

~Weather data

-Latitude of location

-Collector tilt

-Transmission-absorbtion product (normal incidence)
=Absorber efficiency factor

-0Overall loss coefficient UL (or five matrixes, as

explained in the next paragraph)
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b)

3)
~Collector coclant flow rate
-Collector area
~Storage tank volume
-Heat exchanger (collector-tank)} effectiveness
~Inlet water temperature (DHW)
-Required water temperature (DHW)
-DHW daily usage pattern
-Daily hot water requirement
=Overall building heat losses {if hourly load is not
available)
~Water-to-air coil efficiency
~Inside temperature profile
Output data.
For each month the following outputs are given:
-Mean daily horizontal solar radiation
-Mean daily solar radiation incident on the tilted
collector surface. -
—Collector output
—DHW solar
-DHW auxiliary
-DHW demand
~House solar
-~House auxiliary
-Total heating load
~Collector efficiency
-DHW percent solar
~House percent solar
-Total percent solar
—~Average tank temperature

The same outputs are provided on yearly basis.
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3.

a}

4)
Description of the individual components and subroutine.

Solar collector

Energy gain E which -hour by hour - is transferred to
the coolant fluid in the collector is calculated with
the Hottel-Willier-Bliss equation, modified according
to De Winter to include the heat exchanger between col-
lectors loop and tank:

E =F, F" A [HT (ta)_ - U

L (ts - ta)] D

where
Fo =[(ch)/UL] [1-exp(—F'UL/ch)]
cPG=capacitance rate
F' =plate efficiency factor
UL =overall heat loss coefficient
EY =1/ [1+(F U /Ge,) (1/7e-1)]
€ =heat exchanger efficiency
A =collector area
(ru)e=effective transmission-absorbtion product
HT =total solar radiation incident on the tilted
surface
ts =storage tank temperature{no stratification)
ta =ambient temperature

[ G,F‘;E,A are given, for each system simulated,as input.
Y P
P

EI is generally (not for IEA runs) calculated with the

Liu and Jordan procedure for evaluating diffuse radia-

tion.
(Tu)eis a function of the angle of incidence of solar
radiation.The value at normal incidence (ta)n

requires to be known (either from tests or from

calculations).
F' is given as input
U can be either constant (as input) or variable as a
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b)

5}

function of ta,ti Ht and V (wind speed) as follows:
before the hourly calculations begin, a subroutine
builds up-by numerical iteration- a set of five
matrices (10x10), containing values of UL. In each
matrix the 100 values of UL are calculated for a gi-
ven value of HT (Tu)e (200w/rn2 the first matrix, 400
W/m2 the second, up to 1000 W/m2 the fifth), for 10
values (10 to 100 °C of ti and for 10 values {1 to

9 m/sec) of V. The value of ta is considered constant
for all the matrices and egual to ¢ 0C.

Each hour, when the value of UL is required as a fun-
ction of the operating conditions of the collector,
the appropriate UL is calculated with linear interpo-
lation from the values contained in the matrices.
With this procedure is avoided the need to proceed to
a numerical iteration each time step, saving computing
time.

The subroutine for the UL'matrices requires as input
the collector tilt, fluid flow rate, number of covers,
F', plate absorbance and emittance, glazing transmit-
tance.

Collectors control is based on the conditions:

E=0 if HT (Tu)e < UL (ts-ta)

E=0 if  ts > 100 %

otherwise E has the value given bu eqn. 1).

Heat capacity of the collector and piping losses are

neglected.

Energy storage unit.

Only one storage tank is considered, and each hour the

new temperature is found with the simple heat balance
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6)

new old
ts =tg + (E-QL-QA-QD) /Mcp

where:
= collectors energy gain

solar heating load

o o o
f o =
I

=s0lar DHW load

=tank losses

@]

Mcp=thermal capacity

c) Solar heating load calculations

Solar heating load is calculated as follows:

Mode 1) QL =0 if glts-~ti) < Q'L
QL =Q'L otherwise, where
q = design load/({coil design temp.-air temp.)
Q'L = heating load (required)
ti = air temperature (ambient, internal)
_ e . .
Mode 2) QL g(ts-ti} if QL <Q L
Q = Q£ otherwise

4. Discussion of the major pProgramming problems and com-
parison.

aj The basic need of a computer model to be used with a
desk—cpmputer is to optimize the running time and the
accuracy. Because of the running time the time step can-
not be chosen smaller than 1 hour.
With such a time-step it is impossible to introduce in
the program the reguired condition
E > 0 (Tcoll.out-Tcoll.in.) > 5 °c¢
E = 0 otherwise
because most the useful enerqgy at the beginning and at

the end of the day would he lost.
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b)

c})

7)

In order to avoid time consuming iterative processes

all the parameters are supposed to be constamt within

each hour. This leads to errors, that anyway are very

small, as the comparative runs show.

The larger difference appears to be in the evaluation

of HT. This is attributable to the fact that all the

radiation falling on the collector in the period bet-

ween sunrise (sunset) and the next {previous) hour

is supposed to be zero. Nevertheless the performance

of the system is little affected by this inaccuracy

because the values of solar radiation lost are not

high enaugh to produce useful gain for the collector.

All the requirements of the "working plan for IEA

task 1" of July 7£h, 1977 including revised version

of Annex 2) have been met in the computer runs per-

formed, with the eXception of what follows:

1) piping heat losses have been ignored

2} only one storage tank of (80xA+350) liters has
been considered

3) storage losses have not been printed out, but are
included in the calculations

4) The yearly calculation has been performed only for

one location {Madison) hecause to trasfer data from

the tape to the cassette of the Hewlett Packard desk-

computer revealed to be a very time consuming task.
53) The hourly outputs are plotted and printed out, not
transferred to cards because this is impossible with

the equipment used..
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DESCRIPTION OF THE INTASCL SIMULATION PROGRAM AND REPORT OH

SIMULATION RESULTS ‘ X

I. GCNERAL DESCRIPTICN

The INTASOL method is one of the programs carried out
4t the Instituto Nacional de Téenica Aerocespacial (INTA), Spain,
for performance calc¢ulation of hot water and central heating

solar systems.

The program is basically aimed to investigate the be-
haviour of solar systems and has heen specially prepared fér
direct application to a wide range of possible configurations.
The INTASOL method can also be used in the development of sim-
Plified methods of calculation as well as in the design of solar

installations.

The egquations that define the behaviour of each system
component constitute independent sub-routines. In this way the
INTASOL program allows for the determination of the discrepancies
that occur in the calculations when the components are simulated
by means of mathematical models by more or less complexity or

when the design parameters are changed.

The method, in its general version, has been prepared
to utilize, as input data, the diffused and total radiation
hourly standard local values, the ambient temperature and the
wind velocity, that are being recorded at the moment for dif-
Terent Spanish places according tc statistical data of actual

measurements.
Het water, heating or refrigeration lcads can he intro-

duced in the prcgramme either by recorded hourly data or by

Fixed and statistically defined sub-routines.
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In this paper the INTASOL is applied for the solnrion
of domestic water heating and refrigeration propes.d Ly I!EA.
The input data are the ones recorded for differenl climitos
and loads by NBS at Madison (USA)}, Santa Maria (USA) ard Hampurgz
(Germany).

TI DESCRIPTION OF THE COMPUTER MODEL

IT.1 Schematic Drawings of Entire Jysten

The whole system is shown in I'ig. 1.

IT.2 Simulation Periocd and Time Step

The simulation pericd is a complete ycear with caleulat ion
intervals of 30 minutes. The computer system uscd was Hewlet

Packard 2100 (64 KBYTS).

II.3 Computing Time

The computing time was long, due tc the conversiocn time

.needed in EBCDIC and ASCIT format and line printer.

II.% TInput Data

The program was processed with the data recorded at
Hadison (USA), Santa Maria (USAY and Hamburg (Sermany) au has

been mentioned above.

TIT PESCRTPTTION OF THE INDIVTDUAL COMPONTIHTS AND CURMCOTINNS

ITT.1 Solar Collector

The collector medel used corresponds basically to the
equatious given by Hottlel, Whiller and Bliss.
Qe = ACTR*{JT -t -UC(TRC-TA)}
QGC = GMC+CP{TSC-TEC}

GHC-CP ¢, -FP-UC-AC/GHC-CP,

PR = 3te
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Where the collector overall lous coefFicient UC iz oh-
tained as a Function of the cellector desipgn facktnr Lhe Amhient
temperature, the wind velocity, the collector tilt an the ilate

temperature.

ITT.2 Main Storage Unit

The model used in the program concern to a non-stratified
storage tank. The differential equation that defines the be-
haviour of the accumulator unit constitutes the center of the

system and controls the calculation pProcess throughout the

functions Fl’ F2 and F3.

dT cr CP wa. CF R

qrT © FyrGMCe oo (TIM T)+F2 GH2. mr (TI?—T)+F3 GH3s S (Tin-1)-
-(T-TEA}

Where;

T = TA1l = main storage tank temp.

t' = t/ta H ta = CLAUA

Controls -

Fl = Q0 when TSC<TEC

Fl = ¢ when TSC»>95°C

Fl = 1 +hen TS5C>T+5

'y = 0 when TLTA2

', =1 when T>TAZ
PB = 0 when QLC:O
F, = 1 when O0OLC>0 .

The value of the functions Fl’ Fz, Fa is deter ~jued hy
the corresponding sub-routines.

The acoumulator differential e¢quation is integrated by

ane Iintegration algorithm which used the trapezeid rale to

predict more exact values of rank temperature.
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ITI.3 Preheat Tank

The correspending subroutine is that of the main storage

tank, particularized for the hot water tank bParameters.

a . . EP ' . . E__ .
e GM? AT (TLS-T )+F GMu (TCO-T')-(T'~TEa)

where
T' = TA2 = preheat tank temperature
E'Y o= t/t1 ' te = cL/AUL

Controls:

Fo = 0 when TA1<T!

2
F2 =1 when TA1>T!'
Fq = H0/(T'-10) when T's»>s0
F, =1 when T'<50

The calculation of functions Fz and Fu is carried out

by independent subroutines.

ITI.4 Heat Exchanges .

The basic equations are:

NUT = UACC/CP.GM

REC = NUT/(NUT+1)

TSF = TIF+REC(TIC-TIF)

TSC = TIC-REC(TIC-TTIF)

QT = GM-CP(TIC-TSC)

TS5F = cold fluid outlet temp.

TSC = hot n n "
TII = cold fluid inlet temp.
TIC = hot " " "

TIT.5 Fan-Coil Heat Exchanger

The basiec equations are:

CCl = GA+CPA-F,
TCZ o= CM3-CPeT,
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CMI = croi/ce?

T83 = TA1-LILCC{CHI/CC2)(TA1-TLA)
TS1 = TA1+EFEC{TA1-TEA}

QIE = EFEC-{(CMI/CC1){TA1-TEA)}
QCR = QLC-QIE

IIT.6 Pipings
TS TA+(TE-TA}/EXP(AU/GM-CP)

TS = fluid onlet temperature

TE = Fluid inlet temperature

IIT.7 Subroutine DECET (DW, DECL, TEQ)

Subroutine DECET affords the dctermination of both decli-
nation and time equation, the subroutine is called on:e for

every day.

DECL = 23.45-s5in(2-m+(28424DN}/365) n/18
TCQ = f(DN) :
TEQ = {TEQ+LOC)/B0

ITI.8 Subroutine HORAR (HQUR, TEQ, W, GC)

It determines the value of the hour angle aad the hot

wo'ter load.

W = n/12(( HOUR-(DT/2)+TEQ)-12}
GC = {{HOUR)

ITI.9 Subroutine LASL

It includes the determination of the direct and diffused
radiation in accord with program LASL and also the calculation

of product 10

IV CONCLUSTIONS

IV.1 Subroutine for collector calculation econstilutes the
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longer calculation time program: part. Therefore., to
start with, the subroutine is simplified by taking the
plate temperature as an experimental fun;tion of the
inlet fluid temperature. For this reason hiigh values

of the collected energy have heen obtained. In tha fol-

lewing caleulations the whole subroutine will be used.

Some difficulties have avrised in timing the progranm

with the corresponding rccorded values.
It would be desirable to have measured values far the

diffused radiastion as well as a better definition of

the house heating unit functicning conditions.
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oy =
TEQ =
Loc =
1*a =
AC =
GHC =
GM2 =
GM3 =
GME =
GH =
ve =
AUA =
AUL =
UACC=
AU =
CPA =
Cp =
EECC
REC
TA

TTA
TCO =
JT =
Qie =
QI =
QIE =

H

NOMENCLATURE

Day number of the year

Time equation '

Local time

Transmittance-absorptance product
Collector area

Collector flow rate

Storage-prelieat tank heat exclianger Flow-rate
Storage fan coil flow rate

Preheat tank-hot water load flow rate
Fan coil air flow rate

Collector overall loss coefficient
Accumulator leoss coefficient

Preheat tank less coefficient

Heat exchanger ceoefficient

Piping loss coefficient

Air heat capacity

Water heat capacity

Fan coil effectiveness

Heat exchanger coefficient

Outdoor temperature

Indoor ambient temperature

Cold water supply temperature

Total radiation on glass collecton
Lnergy collected

Energy transferred in the heat exchangers

" " " " fan coil
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INSOL l.E.A.
PARAMETER UNITS
Nomanclature fNomanclature

~MONTILY SOLAR PERFORMANCE SUMMARY -
Total solar radiation on collecior QINC qadin KWH
Cusllectors output QGe fqaout KWH
Main storage input QEA1 gsin KWH
Main storage loss OPAl asl ¥WH
House heating storage output QSCR fnsout KWH
House heating auxiliary required QACR qaux KWH
House heating load QLC gqd KWH
Preheat tank input NEA? gsin KWH
Prehecat tank leoss o QPAZ2 qsl KWH
Preheat tank output QSAC qsout KW
ot water auxiliary requlred QAAC Qaux KWH
Hot water load QLA qd KWH
House percent solar oS H -
Demestic hot water percent solaw SAC DW -
Total percent solar TOT TOT -
-HCURLY SOLAR PERFORMANCE SUMMARY-
Haia sturage tank temperature TAL TNK DEG.C
Hot water tank temperature TA2 T HWT DEG.C
Cellector inlet temperature TEC - DEG.C
Cellector output temperature TSC - DEG.C
Total sclar radiation on collector QINC - WATT /Y
Absorbed on collector surface QFrC -, WATT/M
Collector output QGC QCOL WATT
Main heat exchanger input/output QI - WATT
Main storage input QFEA1l QIN WATT
Main storage loss Q0PA1 - WHATT
Enery; delivered to house by solar QSCR QCOTL WATT
Hot water tank input QEA2 - WATT
Hot water tank loss QPAZ2 - WATT
Cnergy output-form DHW preheat tank QSA2 QDHW WATT
Total energy required ! QNECTC - WATT
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CHAPTER 1V

DIFFERENT APPROACHES - DIFFERENT RESULTS
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4.1 Calculation of radiation on tilted surfaces

At the meeting in Los Alamos where the results were first
presented there was a very significant difference-in the
yearly percent of solar enerqgy predicted. The main reason
for that was different methods for calculation of the
hourly solar radiation on tilted surfaces using horizontal

radiation data.

The figures 4.1 - 4.3 show the monthly solar radiation on a
tilted surface calculated by each group using their own
method,

A short report made by S.A. Klein, University of Wisconsin
gives a description of the methods used in the different
programs and a suggested solution of the procblem. The par-
ticipants agreed on using the LASL method for future cal-
culations. All results presented in this report are from
calculations where this method has been used.
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I1

CALCULATION OF RADIATION ON TILTED SURFACES

Introduction

Each of the groups which submitted solar heating system
simulation results has a preferred method of calculating
hourly solar radiation on tilted surfaces using horizontal
radiation data. The methods are not completely in agree-
ment, as seen in Table 4.1, in which monthly total radiation
on a 539 surface in Madison, Wisc. (lat. 43° N) is presented.
The purpose of this report is to summarize the methods used
by each group and to identify points of discrepancy and

sources of concern.

Summary of Each Group's Methods

There are several problems involved in calculating hourly
radiation on tilted surfaces using radiation data on a hori-
zontal surface. First, all of the groups require a knowledge
of diffuse radiation on a horizontal surface. Since diffuse
(or beam) radiation is not available for Madison or Santa
Maria,” empirical methods are used to estimate the diffuse
component from a knowledge of the total radiation. Second,
there are some discrepancies in how the diffuse and reflected
radiation on the tilted surface are calculated once the
diffuse and beam components on the horizontal surface are
known, Finally, problems occur at times near sunrise or
sunset (as will be explained), and each group handles these
problems somewhat differently.
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University of Wisconsin

l+cos s

_ _ l-cos s
Ip = (I-Iq)Rg+ T4 ) +pI{ } (1)
T‘is hourly radiation on tilted surface

is hourly total radiation on horizontal surface

a is hourly diffuse radiation on horizontal surface

I
I
I
RB

is ratio of radiation (beam) on a tilted surface to

that on a horizontal surface

RB = cos BT/cos BH - {(2)

BT is solar incidence angle on tilted surface

BH is solar incidence angle on horizontal surface

is collector slope (from horizontal, facing equator)
is ground reflectance (assumed to be 0.2)

Id was determined empirically froﬁ a knowledge of I
using Liu and Jordan's correlation, shown in Figure 1,10,
(Note, Liu and Jordan's correlation is defined on a daily
basis, but it was used heré on an hourly basis).

At times near sunrise and sunset during.the winter,

RB becomes very large. Ordinarily, the radiation on the
horizontal surface would tend towards zero at these times.
However, as a result of interpolation, time shifts, the
simulation time and the horizontal scolar radiaticn data may
not be in phase, and large errcrs in the célculated beam
radiation on the tilted surface may result. This problem
is treated by limiting the value of RB to be its value at

% hour from sunrise or sunset.
< < '
0 £ RB RB

R,' = Ry at L hour or less from sunrise or sunset
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Figure 3.5.2 The ratio of the daily diffuse radiation to t
da?ly total radiation as a function of ¢loudiness index. From
Liu and Jordan {1960},

Figure 1. 10

IX.2 LASL

LASL also uses equation (1). However, d’ the hourly
diffuse radiation on a tllted surface is calculated using
the relationship of Boes:

0.0 PP < 0.3
IDN =4 1.19 PP = 0.55 0.3 < PP < 0.85 (4)
1.0 PP > 0.B5

where

IDN is the hourly direct normal radiation in units
of kW/m

PP is the % possible or X

T
PP =K horizontal radiation I
= extraterrestrial radiation I
Diffuse radiation is then given by
Id = -IDN cos BH + I (5)

To solve the problems encountered near sunrise or sunset,
Ry is restricted to be hetween 0 and 5.

0..<,RB.~'.<5 (6).

Ground reflectance, p , is constant at 0.2.
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IT.3 Germany: Schreitmuller, Stuttgart

The German group also uses equation {1} with p, the
ground reflectance set to 0.2. The relationship between
diffuse and total radiation on a horizontal surface is
similar to that of Liu & Jordan, it is given as follows.

0 if I £ 0.2 IO
IDN = I(r1-0.2 Io)/.T Iosin h .2 IO < I < .BS IO (7}
.4.Io/sin h I > 0.85 IO

where

h is the solar attitude

I0 is the extraterrestrial radiation
At times near sunrise or sunset, IDN is restricted to be
less than 1100 W/m2:

0 < IDN < 1100 W/m2 near sunset . (8)

ITI.4 Denmark

Diffuse radiation, if it is not available from the mete-
orclogical data is calculated as follows.

(0.941 0 <E <0.4
I; = I{(1.29-1.19F}/{1-334 E}) 0.4 < E ¢ 1.0 (9)
E 0.15 1 E > 1

where

E is the ratio of measured radiation on the horizontal
surface to the clear day radiation at the same time,

B = - I (10}
clear
day

-The radiation on the tilted surface, IT' is calculated
as the sum of beam, diffuse, and reflected components, as
in equation {1). The beam component is as given in equa-
tion 1. However, the diffuse and reflected components are
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II.5

handled somewhat differently. The diffuse radiation on

the tilted surface is given by the following algorithm.

Diffusetilted = Id = F
where
Po= rr-r) e LB 4 1y cos 52
N = cloud cover 1 <N-<8
F" = F' {1l - cos ¢I) + cos ¢I
¢I = incidence angle on tilted surfaces
0.55 + 0.437 cos ¢I + 0.313 c052¢I for cos ¢I z
F' =
0.45 for cos ¢I < -0.2

The reflected radiation is given as follows.

l-cos s

Reflectedtilted = pi 5

)(Idsin h + Iy

where p = 0.25

Presumably, these algorithms assume a distribution of

{1
u.z(

diffuse radiation  intensity over the sky, whereas equation (1)

assumes diffuse radiation is isotropic.

Philips: Germany

Where diffuse radiation is not given, it is estimated

from global radiation by the following algorithm.-

Id = (Io)(Kd)
Kd = Kd + (1-f) o
Kd = 0.31 Kt + 0.139 sin(4.62 Kt)
K, = I/I_
_ Kt - 0.942
g = (0.81 Kd) (Kt) (TW)
0 £ £ £ 1 1is a stochastic variable.
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II.6

Radiation on tilted surfaces is calculated in one of two
manners. In the more simplified method, equation (1) is
employed. 1In the more detailed method, an attempt is made
to describe the distribution of diffuse radiation over the
sky .by a detailed algorithm (see Bruno).

Japan

Measured total radiation (I) on horizontal surface is geparated
Into direct radiation and diffuse one by the use of Bouguer's
Formula and Berlage's Formula, taking atmospheric tramsmittance

(P) a parameter.

IDN = Io_Pcosec(h) ~———m~m——=—w—— (Bouguer's Formula) ---- (1)

cagec (h)

Id = %-Io-sinjh) ;T::EiTZ?EEF_ ~— (Berlage's Formula) -——— (2)

I = Ipestalh) + I, - - (3
Where,

I0 : Extraterrestrial radiation

IDN ; Normal direct radiation

Id : Diffuse radiation on horizontal surface

I' : Totzl radiation on horizontal surface

h 1 Solar incidence angle on horizontal surface

Thus, appropriate atmospheric transmittance can be found out 1ﬁ the
case I' obtained through Equation {(3) is equal to the measured I.
In this, silnce error may occur at the time around sunrise or- sunset,

limitation of Q0 < P < 0,85 {is given,

The measured radlation is represented by hourly integrated values.
However, the sun changes its position considerably im an hour,
particulary during an hour after sunrise or before sumset. So,
errors in computation can be greatly reduced if, in Equatioms (1),
(2) and (3), the sblar positions are determined at every ten minutes
and total radiation is separated into direct radiation and diffuse

one on the basis of hourly integrated values.
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Discussion

There are several points of discrepancy between the
various methods described in section II. These will be

discussed here.

Diffuse radiation

Each group used a different algorithm to estimate
diffuse radiation on a horizontal surface from global
radiation measurements when diffuse radiation measurements
were not available. It is impossible for this group to
decide which of the various methods is best. However, we
recommend a study and comparison of these methods, so that
further simulation results will agree {(at least in terms of
the solar radiation). All groups are to use the method recom-—
mended by LASL.

Distribution of Diffuse Radiation

Once the diffuse radiation on a horizontal surface is
determined, it is necessary to assume a distribution of the
diffuse radiation over the sky, in order to caleculate the
diffuse radiation on a tilted surface.

The simplest assumption is that diffuse radiation is
uniformily distributed across the sky. This assumption was
used by all groups except the Danish and the more compli-
cated model of the Philips group.- One point in favor of
the isotropic distribution assumption is that it yields

conservative result.

- Radiation on surface having tilt (s) is obtained as follows:

_ 1 + cos(s) 1 ~ cos(s)
I = IDN-sin(BT) R T Sl TP 2 (4}
Where,
&p : Solar incidence angle on tilted surface
p ! Ground reflectance (assumed to be 0.2)
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Time

There is discrepancy on how the horizontal radiation data
is synchronized to solar time. For example, the radiation
recorded at 12:00 noon on the data tape could be interpreted
to be the integrated total radiation from 11:00 to 12:00,
from 12:00 to 1:00 p.m. or 11:30 to 12:30 p-m. Also, some
groups, notably, the Philips group, considered the correction
of local time to solar time. This subject is treated in more
detail-in the report by Bruno. The participating groups
have agreed to treat the time shift consistent with Bruno.

‘8ll algorithms for calculating radiation on tilted sur-
faces experience diffuculty at times near sunrise or sunset.
The reason for this is that RB' the ratio of beam radiation
on a tilted surface to that on a horizontal surface, tends
to infinity during the winter months. The horizontal beam
radiation, which should, in reality, become very small as
"{sunrise or) sunset approaches may be out of rphase with the
measured radiation data. This causes a calculated value of
beam radiation on the horizontal surface which is very large.

To eliminate this problem, all groups have agreed to use
the method of LASL with the correction that RB = QO if the
sin{Altitude) is < 0.017.

Most groups have set the ground reflectivity to 0.2.
Bruno has suggested the use of a ground reflectance which
changes daily. For further simulations, p will be set to
0.2.

- 148



4.2 Compariscon of solar collector models.

A main reascn for differences in the results of solar heating
system computer simulation programs is ‘likely to be diffe-
rences in the modelling of the solar collector. To investi-
gate that point the participants agreed that comparison

plots of the steady state efficiencies should be drawn.

The input data for calculating the instantaneous efficiency

weres:

1) I = 800 W/m2, i =0%, pct. diffuse = 0%
ta = ZOOC, g=1.2 kg/mzmin, v = 4 m/s
£y = 0%, t; = 0, 20, 40, 60, 80°C

= 60°

2) as 1), but with i
3) as 1), but with v = 8 m/s
4} as 1), but with v = 0 m/s
5) as 1), but with t_ = 20°C
6} as 1), but with pct. diffuse = 30%

7) as 1), but with I = 100 w/m2

where I 1is total radiation on the collector surface
i is angle of incidence
pct. diffuse is percent of diffuse radiation on the
collector surface
t_ is ambient temperature

a
is coolant flow

v 1is windspeed
tS is sky temperature
ty is inlet temperature of coolant flow

It was decided to plot the efficiencies using the collector inlet
temperature in the collector parameter.

The average fluid temperature can be used in this parameter
by using the following equation:
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(TF - TA)/I = (TIN - TA)/I + n/{2 m Cp)
For our given conditions this equation reduces to: -

(Tp = T,0/1 = (T = T,)/I + .006 - n

r
As the possibility of calculating the solar collector
efficiency using a sky temperature, tS different from the
ambient temperature, t, does not exist in all the pro-
grams, two series of plots were made. Fig. 4.2.1 - 4.2.7
are made using tS =0 ° ard fig. 4.2.8 - 4.2.12 using

_ o]
s = 20 “cC.

It is impossible to show how the differences between the
calculated steady state efficiences influence the yearly and
monthly results of the programs because of the negative feed
back mechanism of the solar systems and because these steady
state efficiences and the results are rather close. The
differences only show up in the plot of the hour values of
energy collected given in secticon 5.3. The J(NIKKEN) and
D{PHILIPS) programs calculate in general a bit higher steady
state collector efficiencies than the USA(TRNSYS), USA{LASL)
and DK({SVS) programs, and this is in complete agreement with

what is seen from the hour value plot.
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Program differences and specialities

Of the eight modelling and simulation pregrams presented
in this report cne is of the finite element approach
D{PHILIPS), and the rest modularized. Of these seven two
have a built in integrator for the governing differential
equations using the euler-trapezoid principle, USA(TRNSYS}
and E{INSOL). The five other programs calculate the heat
flows as steady state within each timestep (quasi-
stationary). The chosen timesteps range between 20 minutes

and L hour.

The USA(LASL) program calculates the influence of collector
heat capacity by calculating the change in collector tempe-
rature and subtracting the energy stored from the collector

output each hour.

The J(NIKKEN} program uses a constant collector top loss
coefficient of 2.02 W/OC mé.

The DK(SVS) and I(FTP} programs both use the De Winter
method for calculating the heat exchanger between solar
cocllector and main storage.

The GB(FABER) program uses Klein's formula (1973) using
the Hottel and Woertz method (1942).

In calculating the predictions presented in this report
the E{INSOL) program uses a simplified collector model .

The I(FTP) program is the only low user technoleogy pro-
gram of the eight. It is pProgrammed for a desk computer
and thus has some simplifications: only one tank, DHW
is preheated in a coil in the big tank. A matrix of UL
values are generated in the beginning of the pPregram to
avoid iteration. There are no piping losses and the can-
trols a

o] re changed from TO > Tin + 5 to To > Tin because
of the use of I hour as timestep.
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COMPARISON OF CALCULATED COLLECTOR EFFICIENCES
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COMPARISON OF CALCULATED COLLECTOR EFFICIENCES
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COMPARISON OF CALCULATED COLLECTOR EFFICIENCES

CASE 4

t =20°C
S .

V=0wns

1.Usa (TRNSYS)
2 .USA [LASL)
3. J(NIKKEN)
4.DK(8VS)

5.
6.GE (FABER)

5T
At “

2
3T %
21
14
.0 f u + J —i
-.025 -0 .025 .05 .075 .10

(Tr~T,) /I, ‘Cn2/w
Fig. 4.2.10

161




COMPARISON OF CALCULATED COLLECTOR EFFICIENCES

CASE B
ts = 20°C
= 30 9
1.0 - DIFFUS 0%
1.USA (TRNSYS)
~ 2.USA(LASL)
. 3. JINIKEEN)
9 1 4 .DK{8VS)
5.
6 .GB {FABER)

ad
.0 } - t t —
-.025 0 .025 .05 .075 .10
| - o2
(Ty-Ty )/ T, "Cn2 /W
Fig. 4.2.11

162
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CHAPTER V¥

COMPARISON OF RESULTS
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Yearly results

With the purpose of making the comparison between the
different program results for each location and type of
system more easy the tables 5.1.1 - 5.1.6 are made. These
tables are based upon the "Yearly Solar Performance
Summary" tables (Annes II). The principle upon which the
tables are made is that in a solar heating system, there
are three sums that can be used to test the calculation.
The sum of demands has to be equal to the sum of Solar
Supply and Auxiliary Energy, and the sum of Solar Supply
and Losses from tanks and pipings has to be equal to the
Collector Qutput.

From the "Yearly Solar Performance Summary" tables it‘is
seen that there are some confusion about whether "Main
Storage Output to House" includes Heating Circuit Pipings
Losses D(PHILIPS) or not (DK {SVs}, USA(LASL), JAPAN,
GB(FABER) )}, or even includes input to the DWH storage tank
USA(TRNSYS) . The House Solar Supply is therefore calculated
as the difference between House Demand and House Auxiliary
for the PHILIPS and TRNSYS programs.

The Heatlng Circuit Pipings Loss is easily calculated for
the PHILIPS program as the difference between Main Storage
Output to House and House Solar Supply. For USA(TRNSYS}

one has to subtract one more figure, namely the DWH Storage
Input.

The Collector Circuit Pipings Loss is calculated as the
difference between Collector Output and Main Storage
Input.

Table 5.1.6 for the air system is made in exactly the
same way.
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The maximum differences observed in the yearly tabhles in
calculated collector input and predicted total solar supply
are summarized in table 5.1.7.

All codes calculate the same yearly heating demand and the
variations in the calculated hot water deﬁénd are very
small and must be due to different assumptions of the
density of water and/or the temperature dependency of

the density,

Although it was agreed to use the same correlation to split
up the global radiation into direct and diffuse insolation
(see paragraph 4.1) there are 5till differences in the cal-
culated collector input. On the Madison_weather data the
relative difference between the highest and lowest values
is 7-8%, on the Santa Maria data it is 3-4%, The Hamburg
weather data contain the diffuse radiation, and the pro-
grams therefore are very close in calculating the collec-
tor input on these data.

Total Solar Supply

First it is interesting to investigate whether the above
mentioned differences in calculated collector input show up
in the predicted total percentages of solar - which is not
the case. The relative difference betwecen the total solar
supply predicted by D(PHILIPS) and I(FTP) on the Madison
data is only 2.3%. This because D{PHILIPS) calculates a
lower collector efficiency and higher losses than I(FTP).
The relative difference between USA (LASL) and E(INSOL} on
the Santa Maria data is -1.9%, because USA(LASL) calculates
a lower collector efficiency. The relative difference on
the Hamburg data between D{PHILIPS) and E(INSOL) is -6.2%,
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because D(PHILIPS) calculates much higher piping losses
than does E({INSOL}.

Secondly the reasons for maximum differences on each set

of weather data are sought. On the Madison data the relative
difference between GB(FABER} and E(INSOL) is 10% which
obviously is due to the much higher collector efficiency
calculated by E(INSOL). The maximum relative difference
between the predicted results on the Santa Maria data ig
only 2.5% (E(INSOL), USA{TRNSYS)) because this system is
somewhat oversized which causes all programming differences
to smear out. The difference is due to the higher collector
efficiency calculated by E(INSOL) and the 518 kwh not
accounted for by that program. The highest relative diffe-
rence between the predicted percentages of total solar supply
is observed on the Hamburg data. The E{INSOL) program pre-
dicts 17.6% more than the GB(FABER) program. Again the main
reason for the difference is the differgnce between the
calculated collector efficiencies.

It is seen that in the last cases the main reason for the
difference is the high collector efficiency predicted by
the E({INSOL) program. This is in complete agreement with
what is stated in the description of this code (para-
graph 3.8), that the collector subroutine is simplified
and therefore high values of the collected energy have
been obtained.

As some of the groups have run their programs from the very
beginning of this research programme, they have had a lot
more time to "tune in" their programs on the problems (see
chapter 6). Therefore one could expect a bétter agreement
among. the results predicted by the programs (USA (TRNSYS) ,
USA{LASL) , J(NIKKEN), DK(SVS) and D(PHILIPS). This is in
fact the case. Thé maximum relative difference between the
calculated collector input range between 1.5% and 1.9%

for all three sets of weather data and the maximum rélative
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differences between predicted percentages of total solar
supply are 4.9%, 1.4% and 8.2% for the Madison, Santa
Maria and Hamburg data respectively. Again the differences
are due to differences in collector efficiences and
piping losses. The absolute differences in the predicted
percentages by these five Programs range between + _7

and * 1.8%

This ratio ranges between 1.22 and 1.33 for the Madison data
and between 1.67 and 2.04 for the Hamburg data. It has not
been possible to find the reasons for these differences,
they might be due to different modelling assumptions of the
preheat heat exchanger.-

Four of the programs calculate the lossis from the heating
circuit pipings. USA (TRNSYS) and J(NIKKEN) agree very closely
on all the data sets and so do -DK (SVS) and D(PHILIPS) but
the two latter predict from 18% (on the Madison data set} to
31% (on the Santa Maria and Hamburg data sets) higher losses
from the heating circuit pipings. The most likely reason

for this is that DK (SVS} and D(PHILIPS) alsc take into
account night losses {(when there is no circulation in the
pipes).

Collector piping losses are calculated by all the programs,
but the variations are quite high. In general for all three
weather data sets DK(SVS) and D(PHILIPS) predict the highest
losses, USA(TRNSYS) and E(INSOL) a little less and the rest
lower losses. This pattern is violated for the Santa Maria
data where E(INSOL) predicts the highest.
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The differences between the predicted piping losses

most likely have two main reasons: One is that some of the
programs take into account night losses when there is no
circulation, and the others do not. Second user errors,
such as forgetting to change the length of the pipings
when changing the collector area from 50 to 20 rn2 (Madison
to Santa Maria) and forgetting that the lenght given is for
each side and not both sides of the piping$, can explain
some of the differences,

Storage_losses

All the programs agree to a reasonable degree on the DHW
storage and the Main storage losses. As they should both
closely correspond to the predicted collector output, the
higher the collector ouﬁput the greater the storage losses.

Effect of storage size

The results of the USA(LASL) program show a stronger de-
pendency of storage volume than-the results of the other
programs deing the sensitivity'analysis, table 5,1.3 -
5.1.5. Figuring that this might be because of the collector
heat capacity being used in the USA(LASL) program (and

not in the other programs) US participardt J. Hedstrom

ran his program with no collector heat capacity, the
results shown in the last column of the three tables. This
raises the prediction of the total solar supply of that
program with 3, 3.3 and 3.7%, still showing a higher
dependency of storage volume than the other programs. This
1s very clearly seen on figure 5.1.1, showing the percent
solar versus storage size (J. Hedstrom) . The curves of the
USA{TRNSYS), DK{SVS} and J(NIKKEN) proyrams are more flat than
the two curves of the USA(LASL) program.
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It is interesting that the DHW solar Supply calculated

by the USA (TRNSYS), DK(SVS) and J(NIKKEN) Programs increase
as the storage decreases whereas it decreases calculateq

by the USa(LAsL) program. The net result of that being a
closer agreement on DHW supply and a higher discrepancy

in House 'solar supply.

Four programs have been used to run the air system on the
Madison weather data. The results are shown in table 5.1.6.
The agreement is excellent. Not only are the predicted
percentages of solar within + 0.25%, also the piping
losses and the storage -losses are very close,

171




S hL 9°89 2°L9 z oL 1°0L L 0L €°L9 5°89 g A1ddng aeTog TE3OL
97 0L 9°¢9 0°29 $* g9 2799 £799 0°z9 8°v9 3 A1ddns aeTos osnoy
T°ce 128 9° 1@ z-ce 9°tg 9°18 A A 99t m ¢ Arddns IeTos MHQ
AT Lle 622 L7 92 S°LT 0°5¢ T°€2 g'se m % *334d I0309TT0D
88THL 00S€EL| OTISL 1564 TPI8L 9LT8L £988L 00582 Indul xozoaTTed
50602 S6£0Z| £0ZLT 972T¢ TLPTZ TZE6T £529T 0LLET | Indang 103031100
lllllllllllllllllllllllllllllllllllll o e e e e e e e e e
1T Sp- Py 0 Lb- 9% | oz- | " 203 peaunoooe 3on
01ST S6E Tore €961 009 SEQ 0LZT w ss0T dTd 211D TIOD
0 yo6t 0 ShL 6LL 659 0 865 ) ssoq-drd-oaTn*3eaH
2912 68bT B66T pbse z90z 9vTe TLTZ 5507 @bvrolg utey
AN 00g Z6E 609 A2 6TF cBE ss07T aberoas MHJ
6b9TT PBYOT: 0zZ0T 68L0T 05L0T £660T 6TZ0T £890T A1ddng Ie1os @snod
6509 L00S§ (2:2°1 Sveb LZ6Y zogt oggy 689% A1ddns 1eTOS MHQ
SEgb T66S 09z9 5695 PEL 895 5929 L6LS AzeTTTXnY @25NCH
£88 p60T 060T 866 996 080T 980T 85T AreTTTXny MHQ
9Z%eZe vL5Ze | zTpzE Lzvze LLEZZ |24 44 ozvee Lzwee puellag Te3OL
b8r9T SLY9T| 6LF9T PEPOT p8¥eT | z8p9T PEPOT 08¥%9T puswaq SSTOH
Zh6s 6609 EE6S €765 £685 Zp6s 9€6S LY6S puBwag MHA
(TOSNI) (da1d) (gaava)} (841TIHA) (SAS) (NIANIN) ("1svI) (SASIUL) My
3 I g9 a a r ¥sn ¥sn

]

ur 1. J3]

ZU/1 08 mmwum er03g PTOBTT :yonsig UOSTPEH :yuor3e00T I°1°s :o7qel

Z

L

"TT°D

172



6°L6 L°L6 8796 o6 T°96 556 g A1ddng z1prOg TRIOL.
L'L6 L L6 £796 8 86 6°56 9*'G6 % A1ddng xeT1OS °sNOH
0" 86 8°L6 z L6 6°96 7796 P 56 % A71ddng xeT05 MHQ
T°Z¢ 062 27z FANE 2 % €L 07 1€ % *33d A0309TTOD
090kb POvEY S6ESE 0TTStE 8695Y 088by andul 1033877100
OETHT 89821 6E9PT SLEET 8Y¥eT 006ET 3nding 103997700
IIIIIII e e e e e —— e e e e e e ——
91T 98 ' 0 0 ze a9g JI0J pejuncooe 30K
8TST 962 TTTT 8901 ’ 8L 09L ss01°dTd  2xTD  TTOD
0 0 LETZT S6zT 0 St8 sso1 d1d-oIT)’ 30
¢ 6Zr1 TLET 9597 SLO0T VT §507 abrio3s uTRR
118 bES 66% 129 ¥Zs g6t ss07 96PI03S MHA
9TLY ZILY 9rak zzob Lzov fak-] A1ddng aetog ssnoy
9z8s T08% bLLS ETLS ZTis 6995 A1ddns zeTOS MHQ
TTT TTT 187 50T 661 Z1¢ XieTrTXny asnoy
971 ZET 897 81 rze vLZ ATeTTTXNY MHQ
8940T 969401 0LL0T 0TLOT £9L0T 69L0T puswsg Te3OL
SZgt £Z8y Legty LI8Y LZ8Y 9Z8v puRwWDg SSTIOH
Ev6S £E6S £V6S £689 9€65 £bes pPuBWLRd MHA
{TOSKNI) (Ha9va) [({sdITTH) {5AS) {NEMATIN) ("ISYT) (SASNEL)
a €9 a ¥sn ¥sn’ b

/T 08:-7T0oa =breiosg
tealE

"TTOD

pInbry

BTITH ®BIUBS :yuoT3R20T

2°1°S :zaTqgeRL

173




zW 0§

"TTOD

T'L¥ 0° 0% TTE 6" 9% S Gh £ €k Al 4 s'yp s Arddng 1eTos TEIOL
9 9¢ ' 0% 6°0¢ 0°LE z°5¢ £ egg (A% L*9g ¢ A1ddng 1eT05 asnOH
£°69 6°0L 0°€E9 6°L9 L9 T €49 A ] ¢ Arddns xeTos MHQ
6'7Z BT €761 pae T°52 L 12 £°712 8 zz m $ *J39 I0IODTTOD
ELE6LY 60ZLY 6TZLY 9zZE8Y BSSLY 66ELY ELGLY o9zer 3ndul I032RTTOD
L660T | sireT L606 68221 9Y6TT 68Z0T PETOT 0TOTT | 3nding 103097100
||||||||| R III.II.I-IIIIII.IIIII-I. T e v o o e e e . e e e i o ey e ] e
0 00T 6 - L - 0 1 z1 g . 7z I0J PajuUncodE 10N
6LV 588 il T9GY 8971 89¢ TT? 08 sso1°dTd 2110 10D
6 0 ¢ 0% Sgt agz 0 acz ssor+dTd-23TD" 31BN
6871 8191 186 TLET TLST SYET TLET 8TvT sso7 8b6BI031S UTEW
61¢ LOE S6T LLT £TE raz ' goz vEZ 5507 26BI031S MHA
ZI9% 0505 588€ zS9p EEVD 06T¥ T8TF LT9F &1ddns zBTOS @STOH
LTTY STV ovLe FEOF SLGE ZEBE LB6E TF9€ A1ddng IeT0S MHA
SL6L LESL L698 Se6L ¥ST8 S6£8 £0¥8 ELBL AIRTTTXNY 9SNOH
0Z8T STLT £61C 606T 6T6T 01TZ 6E6T LOET AIRTTTXNY MHJ
£Z58T 6Z58T STS8T 0€S8T 6LV8T LTSBT £Z58T 8ESST puewsg Te30L
K1Toedes .

Jesy LBSZT 2852ZT LBSZT 98671 S$85CT LBSZT 0652T purweg 9SNOH
*TTOD ON 4 41 £E€65 £EV6S £68S (443 9t 65 BF6S pPuUBWad MHJ

("IS¥T) (TOSNI) | (yEgwa) [(S417IHA) (548) (NIIAIN}] {(ISVTI) {SASNMIL) o

¥sn i 55) a qa o ¥sn ¥sn
) .e

/T 08 ° wauwwmuoum PTOBTT :uwaqsis binquen :uopyeso £°1°S :oTqel

174



0°gv (A4 A S Tv L Tw CEP $ A7ddng aetos Te30L
9°¢cg . T e P O£ 89° 6T z've % A1ddng 1eTog esnop
Z°69 6°L9 679 899 6°19 % 41ddng zetos mHg
6702 £cz 66T £°6T 1z | % *3FF JA0IIDTTOD
EL6LY 6SSLP 66ELY €LE6LY 09Z8% ‘ 3ndur 1030977100
Lp00T Z60TT 9EP6 6926 ‘06TOT | 3ndinp A0309TT0D
it T SV RS Sty SR T SRS I e e
h B T 9T £ L : - I0F PIjUnoDoT 30N
89p 08TT " Lve STy £98 s50T"dTa 011D 710D
0 covp 162 o S6T : sso1-d1d-oa1o  3®RH
£Eve 8T0T Spe pog E06 5507 abeiozs urtey
Z62 LZE £GZ 892 LEE §s507 obexols MuQ
TEZF T9T¥ TERE TSLE SOEY A1ddng aet1o5 ssnoy
S0t 000F £58€ 896¢€ 089t A1ddng 1etos MHG
9558 GZpe PSLg 9E88 5:T 4] A1eTTTXNY ®snoy
TEBT £68T 6802 896T 892z ATIRTTTXNY MHQ .
£2581 6787 L2587 . £2Z58T BESHT . puewoeg TeE3OL
A3Toeden
3eay 98521 GBS L8STT 0652T puemsg ssnoy
“IT0D ©N £68¢ Zr65 9£6S BF6S purwWweg MHJ
(ISYT) (5A8) (NTIAIN) (TSYT) (SZSMEL) um
¥sn sa ° ¥sn ¥sn A
5 -
i*Toa abve
NE\H 15 T 1033 U.._u._u.mv._...H HIERR-F ¢ m.H._pDEmH.H tUOI3RIO7 P*T"S ¢ STRL

NE g :fE2AE *YTOD

175



[4

T°1r T°Zk 9° 8¢ poLE £ 0% ¢ &1ddng zeTOS TRjOm
S° 8z S'6Z v-9z 0 44 8'6z ¢ % A1ddng xetos asnoH
0°89 0°69 ST #9 £°59 L°z9 ! ¢ A1ddng 1PTOS MHO
. L£°97 PTTZ T°8T 0Lt L*6T g *IFE I0303TTOD
ELELY BSSLE 6GELY ELE6LY 09z8¢p 3ndul xo3237T0D
0968 LLTOT 5958 LETS Z616 3nding 1039917100
...... TR o T }-m---{----mu---q-l.m-:--“.----.fmmm-mmmmmm.u.omauoz
L9¥ ZTI0T 6€¢€ 6T¥ 99¢ w $507'd1d" oITD" TTOD
0 60% 162 0 97z ) 5507 d1d- 2113 3wl
685 6E9 €25 LZS LS ssoT =bexo3s urey
L8z £EVE arz LSZ s} ssoT abero3s MHAa
£85€E 80LE TZEE 090¢ 6VLE A1ddng zeTOS 29snoy
FEQY = To} rESE 9.8€ LTLE £1ddns zeTos MHQ
v006 8L8¢8 ¥9Z6 LTSE 788 AieT1TY¥nyY °5NOH
Z06T 8Z8T 80Tz T90zZ 61727 KIBPTTTXNY MHG
£€259T 61587 LZSBT £758T 8ESST puewag Te3lof
A31oRdES 1 BWY(] DSNOH
3E3Y 9895z T S852T L8STT 06SZT puewsq
"TITo2 ©ON £E689 (443 9t6S 8v6g purwag MHJ
(IsvT) (SAS} (RIAAIN) {15%T) (SASNMIL) UMy
¥sn il o ¥sn vsn
f+)
W/T 0z :°*goa abexo3g . . R H
¢ wos resze 170D PERDYT smeasds banquen :uoriesor §'T'g  *OTqEl

176



S 05 FEIIR "yiop

B 2]
S'€9 S°E9 FE9 6°¢E9 % ATddng 1eTos TR3OL

F 09 868 G 09 0°19 % A1ddns 1erog ssnoy

-zt g8 eL Lzt Lo TL % AT1ddns aetos mug

17z g ez 0°€2 stz 3 *F3T I0A53TTOD

TSE6L TvI8L | gsgel 0058L 3ndur 10329770D

89£8T 6TP8T SST8T 0ppBT | Indino 103097110D

||||||||| | g | . I.l.l.ll-.l.ll..-llllulllll = - —— llnlll.ll'llllnl|'I|lll'Illl'—llll.ll.I'Il'nll.l.ll.l.l_l.llll'.ll.ll
9Tz - I~ 197~ ° pE- " I0J pojunosop JON

_x.m 8507 dIg pIT0" TTOD

82T mmmHA” £50T AH 98TT % 8507~ d1d" 0113 00y

PSLzZ Shsz £5L7 6L9z SSOT 8be103g uTey

B6Z 662 | zoe 567 ss0T a5eI035 MHQ

7966 1986 0686 £900T 41ddng 1erog ssnep

68Z% LSEY 8TIEF 09z% Atddng zeTos MHQ

1259 €299 F6S9 LIbO AxeTTIXNnY ®snoy

¥59T LBST 8T9T 0851 ArerTIXnY MHGQ

gtvze 6g8cezz 0Zvze tzZvee purwa2g Te30],

€891 PEPOT v8%9T 087971 PuUEWag asnoy

£p6S S065 9E65S 0%6% PUBWST MHQ

(sdrTIna) {sas) {I85¥T1) (SAST) UM
a ¥q ¥sn ¥sn
¥ STZT fTToA 2be1o3s ATY  :wsysig UOSTpeR TUOT3IBDOT 9°1°g :alqel

_|

177



 EFFECT OF STORAGE SIZE

HAMBURG LIQUID SYSTEM
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Monthly results

The results of the yearly tables are reflected in the
histograms, fig. 5.2.1 - 5.2.8 showing the monthly total
solar supply and for Madison weather data alsc the DHW
solar supply and house solar Supply. For some reason the
USA (TRNSYS) program calculates 4 somewhat smaller DHW
solar supply than the others, this shows up in fig. 5.2.3,
Nov. and Dec.. Also it is very clear-from the histograms
5.2.2 and 5.2.3 that the USA(LASL) is in complete agree-
ment with the others on the DHW solar supply, but calcu-~
lates a somewhat lower house solar supply in November and
December., The J (NIKKEN} Program results shoe the opposite,
a higher house solar supply and 2 little less DHw solar
supply.

Generally it must be said that the histograms show a fine
agreement among the programs. This agreement is excellent
on the results of the air system, f£ig. 5,2.8.
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5.

3

Short Term Results

Short segments from the Madison, Hamburg and Santa Meria weather &load tapes
were identified for the purpose of making more detajled comparisons of results.

The segments of approximately one week duration, were selected for their inclusion
of randomly distributed "good" and "bad" doys. The periods selected were:

Hamburg 3/12 to 3/2 inclusive
Santa Maria /2 to I/8 inclusive
Madison 3/10 to 3/16 inclusive

The participants were asked to simulate the liquid system in all three locations and
the air system in Madison only. Later, they were asked to simulate the liquid system
in Hamburg with smailer storage tonks (20 and 40 I/m*® collector}. In all cases
sforage temperatures were Initialized at 30°C and pipe and duct temperatures to
20°C. The requested output was punched cords consisting of hourly values of the
followings:

QCOL--—~total energy collected [Kwh]

QIN=—ee—— energy input to main tank {Kwh]

QSTO--~-energy output from tank to house [Kwh]

QCOIL-=~energy delivered fo house by solar [Kwh]

QDHW ---energy ocutput from domestic hot water tank [Kwh]

TTNK-——~- matn tank femperature

This data was sent to a central site for plotting so that it could be presented
together on camposit graphs., A huge number of graphs were generated but not all
participants furnished oufput for each system and location, Figures | through 8
were selected for inclusion In this report since they are representative of all
results and illustrate the major points to be made in the short term comparisions.

Discussion
—seeeiaT

In general the agreement among the programs is very good. The differences are the

result of a wide variety of factors including the method of solution of system equations,
component modeling, porameter sefection, program anomalies,and user input error.

The importanceof this last foctor is difficult to over state. Nearly every participant had several
opportunties o find end correct errors in his input through comparisons with the other
participants as their work progressed. Still, due to the large amount of dato required

to describe these systems and the need to transform it in one way or another to fit

the particular format of each program , there are many opporfunities for user error.

As evident from Fig. |,the energy collected by the liquid system in Madison, ol
programs calculate similar collector performance in Madison, Small differences seen
in the leng term results of table 4.2,1 are reflected in Fig. 1. Japan, Gemmany and
Denmark have the highest annual collector output and their hourly coliector outputs
cansistantly peak higher than those of USA=TRNSYS ond USA-TASL in Fig.l. This

is partially due to these three having slightly high Jonuary incident radiation on the
coliector Luf is also due fo differences in collector modeling, The programs differ
slightly in their treatment of the heat fransfer to the collector fluid, the losses, and the
capacitance. Only on the second and fourth days (hours 35 and 85) do appreciable
discrepancies occur, In these intermittantly cloudy pericds the Japanese collector out -
put is Dand  the other programs predict varying amounts of collected energy.

The explanation here may be differences In modeling the no-flow collector temperature
which of course is critical to the collector furn on centrol strategy .
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The plots of the energy delivered to the house heoting coil by the solar storage tank in
the Madison liquid system (Fgure2) are also in very good agreement. They are nearly
exact when the load con be fully mef by the tank as in hours 20 to 40 and 140 to 160,
At other times the heat transfer across the load heat exchanger is rate |imited as in
hours 0 to 10, 60 to 80, and 90 to 105, Ar these times discrepancies occur beccuse the
tanks start out at slightly different temperatures and because the house piping & coil
systems are modeled slightly differently. The difference in the time constant of decay
of QCOIL between hours 60 and 80 is prabably an indication that the Jupanese have
modeled a slightly higher performance coif. Their lower values of QCOIL between
hours 90 and 105 is @ result of their lower tank temperature caused by lack of energy collection in
the immediately preceding cloudy period as discussed earlier.

Heat transfer fo and from the domestic hot water system has been modeled nearly
identically as shawn in figure 3. A phase advance error in the German results is
apparent hawever. It has been verified that the domestic hot water load profile was
mistakenly shifted one haur ahead when input ta their program. Aside from that
problem it is evident from figure 3 that no significant errors in time synchronizetion
exist among the programs. |t was previously believed that small time shifts caused by
different Interpretat ions of "hourly® input and output, synchronization of solar and
local time, and numerical integration error might cause greater differences. These
effects cauld cancel each other out but their net effect is insignificant on the scale of
these plots.

Figure 4 shows the excellent agreement in the Madison liquid system main starage fank
temperatures, Starage temperature plots are the single most informative for any system-
location combination since the dy namics of the collector, storage, and load subsystems
are all evident. Any gross modering errors would be apparent by comparison af tank
temperature plots, either with experiments or other analytical technigues. However, it
should be recognized that many "negative feedback” mechnisms act to diminish
differences between “real" and modeled storoge temperatures. At high tank
temperature, collector efficiency, and hence tank energy input, decreases, At

still higher temperatures, the relief valve opens or the controller turns the collector pump off.
At low tank temperatures [iftle energy can be extrocted to meet the load. Asa

result, even when temperoture predictions diverge for awhile, they are often forced
back together in a short time,

The liquid system specified for Santa Maria meets about 95% of the annual load
with solar and thus is probably "oversized". The tank temperatures are considerably
higher on the average than in Madison and therefore some differences in collectar
and control performance noted ecrlier are exaggeroted. It is not suprising, then,
that the Santa Maria tank temperoture plots of Figure 5 show poorer agreement than
those for Madison,  The English tank temperature predictions are consistantly lower than
the others, indicating a basic systematic difference in their model. Refering to the
long term results in Table 4.2,2 it is clear that their collector predicts consistantly
lower performance.

Figure 6 shows the Hamburg liquid system storage temperature plots, Again
agreement is goad but not as good as in Madison. In Hamburg the day length is short
and it is often cloudy. In these cases differences in collector and control models
are more evident,

In order to investigate the extent to which the storage tank dempens out differ-
ences in the rest of the system, the Hamburg liquid system tank size wos reduced
from 80 |/mZ of collector ta 40 and then to 20, Figure 7 shows the starage temp-
erature for the Hamburg liquid system with 20 |/m< storage. The daily swings in
tank temperature are predictably greater in the small tank simulation but the dis-
crepancies of results when expressed as percent of total temperature range, are not
much different from thase seen in the large tank system. The sixth day (haurs 125
to 150) is obvicusly a marginal day for solar collectian, Going inta trlis day, the
Japanese and ltalians seem to over-predict the tank temperature, which is a confri-
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buting factor to their collectors not turning on while the others did. If storage size
were decreased toward zero, differences of this kind would become more apparent.
Short time step, finite element type models of solar components, pipes, etc . would
be required to model accurately systems having little or no storage tanks,

The average spacial temperatures of the Madison gir system pebble bed are
shown in Figure 8. The agreement here is excellent in view of the added complica~
tions in simulating the air based system. While the liquid system storage tanks were afl

to be delivered to the load either from storage or from the collectors, This requires each
of the programs to make an approximating assumption regarding the defivery of

energy when the load is smaller than the collection rate. The programs must either
divide the timestep into 2 or more operationcl modes in such timesteps (eg collector

to loed and collector to storage), or generally over or under-supply the load in a given
timestep. The latter appraach requires the use of some kind of pregramming or modeling
"trick" ta campensate far the over or under supply in subsequent timesteps. One such
trick is the use of @ Auctuating "room* temperature, It is gatifying that the variery

of approaches leads to very nearly the same results.
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QDHW-DHW TANK ENERGY GUTPUT
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Conclusion

A significant improvement in the agreement among the
programs has been obtained since the first draft report
was made in October 1977. When the results of the five
programs USA (TRNSYS), USA{LASL), J(NIKKEN), DK(SVS) and
D(PHILIPS} were compared for the first time, the pre-
dicted yearly percentage of total solar supply on the
Madison weather data ranged from 66.1% to 77.9%; now
this range is from 67.3% to 70.7%. This improvement is
mainly due to the choice of a common solar processor as
mentioned in section 4.l1. Second the system parameters
were redefined to avoid misunderstandings and limit the
possibilities of making user errors. Alsoc quite clearly
some of the researchers have corrected user errors and
modified their programs in order to model the two solar
systems as accurately as possible. Referring to the
results presented in this final report it must be concluded
that this process has been succesful. Since this joint
programmes was established, three more groups have contri-
buted with the results of their prograﬁs GB (FABER) ,

I (FTP) and E(INSOL). These groups have not had as much
time to "fine-tune" their programs as the others, but
still they predict results within a narrow band.

The percent total solar supply predicted by each program
for the liquid system on the Madison data agree within
14% {see table 6.1).

Table 6.1

Total solar supply pct.

Location: Madison System: Liquid
Program %
USA (TRNSYS) 68.5
USA(LASL) 67.3
J (NIKKEN) 71.7
DK (§VS) 70.1
D({PHILIPS) 70.2
GB (FABER) 67.2
I{FTP) 68.6
E (INSOL) 74.5
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Considering the wide variety in the modelling‘approaches
(section 4.3) and the many oppertunities for input error
caused by the very large amount of data required to de-
scribe the systems, the differences between the percentages
in table 6.1 are small.

On the other hand the relatively large di%ferences between
the program in calculating the pipings losses as stated in
chapter 5 must lead to the conclusion that when modelling
these losses one has to be extremely careful,

The overall conclusion is that this evaluation of the pro=-
grams has been succesful, and that as far as this evalua-
tion procedure is valid all the pregrams model a solar

energy system in an acceptable way .
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ANNEX I

SYSTEM SPECIFICATIONS ON THE TWo SOLAR SYSTEMS
SET UP FOR PERFORMANCE PREDICTION COMPARISONS,
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Annex I

Information on the two solar systems set up for performance

prediction comparisons.

Data for the Liquid Solar Heating System.

See the schematic diagram of the system, Figure 1.1

Collector

SRR )
Area (mg) = Madison
50 m? Hamburg
Copenhagen
20 m2 { Tokyo
Santa Maria
Tilt ' Latitude + 10%
Orientation South
Number of glazings 2
Glass absorptance (per sheet) 0.037
Refractive index 1.526
Absorber surface a 0.95
Absorber surface € 0,90

Overall effective
Heat transfer coefficient (Fl) 0.95

Back and side losses 0.42 w/% mi
Back and side temperature 20%

Total heat capacity 1¢ kJ/°c mg
Fluid flow rate ] 1 L/min mg
Glazing spacing 0.04 m.
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Pipings.

The collector circuit Piping and the heating circuit )
bPiping are divided into a cold side and a hot side, and
the following data are the same for both sides.

Collector circuit pipe: (each side)
_ 20
Heat loss: = 0.1 W/mc C
Total Heat Capacity = 5 xJ/%c mg
Ambient temperature = 20 %
Heating circuit pipe: (each side)
Length (mH) = 20 m
Heat loss = 0.15 w/m, °c
Total heat capacity = 2.16 kJ/mH %c
Ambient temperature = 20 °%¢
Thermal Storage Tank.
Volume 80.1 L/mi
Shape cylinder H/D = 1
2 o
Thermal loss 0.42 W/mst Cc
m2 = ©8torage surface
st g
No stratification
Collector-storage heat exchanger.
U'a = 60 W/°C m?
. 2 0
Capacity 0 kJ/mc C

Fluid flowrate (heat exchanger - storage) 1 L/min.mg
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Preheat tank

Volume

Thermal loss

mp = Preheat surface
Shape

Cold water inlet temp.

Hot water use (see figure 1.2)

Ambient temperature

Set point for hot water

Preheat heat exchanger

U-a
Heat Capacity

Fluid flowrate (both sides)

House heating unit

Fluid flow rate

Maximum air flow rate Madison
Santa M.
Denmark
Hamburg
Tokyo

Air inlet temperature (to coil)

Heating unit capacity

208

350 1
0.42 w/m? °c
p
H/D = 1
10°
350 L/day
20%¢

509

1000 w/°C
0 kJ/°¢

10 L/min

0.25 L/min. mg

1364 kg/h
496 kg/h
867 kg/h
745 kg/h
621 kg/h

20%
0 kJ7/°C




Controls

o
Collector On when Tcoll(out) > Tstorage + 5°C

o
Off when TCOll(Out)> 95 ¢

coll(out)= Teoll(in)

" 0ff when T

D.H.W., circuit: always on
Hot water from taps is mixed with cold water
when preheat tank temperature is higher than
50%¢

Heating unit: ON: QLoad > 0.0
GFF: QLoad < 0.0
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Use Profile for Domestic Hot Water

Use rate F—

]
%]

Midnight

2 4 6 8 10 12 2 4 12
=) +
o) 5
) o]
F= L]
- o
o]
=
=
Fig. 1.2 -

Colil effectiveness:

The coil and air circulation are sized to meet the building load
with an outside temperature of -29F with 1330F water and an air
flow rate adequate to make up the space heat losses at an air
discharge temperatuxe of 120°F. This corresponds to a finned-
tube coil effectiveness of 80%.
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Data for the Air Solar Heating System

See the schematic diagram of the system. 1.3

Collector

2
Area (mc)

Tilt
Orientation_

Number of glazing

Glass absorptance pr. sheet
Refractive index
Absbrber surface «

Absorber surface ¢

Collector efficiency factor
Back and side losses

Back side temperature

Total heat capacity

Fluid flow rate

Glazing spazing

Madison
50 m2 Hamburg
Copenhagen
20 m2 Tokyo

Santa Maria

Latitude +
Due South

2
0.037
1.526
0.95
0.90

v1) 0.70

-0.42 w/% m’

20 ¢

1.8 k3/% m
44 kg/homg
0.04 m.
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Storage: {pebble bed)

Volume

Shape’

Effective density (including voids)

Specific heat of pebbles

Thermal loss coefficient
m: = storage surface
Axial conductivity (no flow)

Ambient temperature

3,2
.25 m /mC

"71.83 m high with
Square c¢ross section.

1600 kg/m>

.B4 kJ/kg °c

.42 w/°c mg
125 /%

20 °c

Storage is modeled with an "infinite" NTU model 1)

D,H.W. heat exchanger.

Type

U-A =

Fluid flow rate (water)

Preheat tank

Thermal loss

Volume

Shape

Cold water inlet

Hot water use (see figure 1.2)
Ambient temperature

Set point for hot water

Use profile (see water system)
213

cross flow (water mixed,
ailr not mixed)

1000 w/°cC

0.17€4 L/min mg

.42 W/m;ooc
350 L

H/D =1
10°¢

350 L/day
20 %c

Q

50 “C




Ducts

The collector circuit Pipings and the heating circuit pPipings
are divided up into a cold and a hot side,. and the following
data are the same for both sides.

Collector circuit (each side)

Heat loss 0.1 W/OC mg
Heat capacity 5 kJ/OC mg
Ambient temperature 20 °c

Heating ciréuit (each side)

length (mH) ~ 20 m

Heat loss - 0.15 w/°% m,
Hea£ capacity ’ 1.44 kJ/°C Ty
Ambient temperature. 20 °c

House heating unit.

Maximum air flow rate Madison 1364 kg/h
Santa M. 496 kg/h
Denmark 867 kg/h
Hamburg 745 kg/h
Tokyo 621 kg/h

House temperature- 20°C

214




Controls

Collector

Preheat tank

Heating unit

1)

-0 — n°
aton 5¥c, Atoff 0°C between
collector outlet and cold end
of pebles.

_ =0 N — a©
Aton =5 C,Atoff 0°C between

collector outlet and preheat tank.

on Qload >0  ( <20%c)

off Qload < 0.

Thouse

P.J. Hughes, S.A. Klein, D.J. Close,
"Packed Bed Thermal Storage Models for Solar Air

Heating and Cooling Systems" .
ASME Journal of Heat Transfer, May 1976.
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ANNEX 11

YEARLY SOLAR PERFORMANCE AND
MONTHLY SOLAR PERFORMANCE TABLES
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ANNEX 111

ADDRESS LISTS
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AUSTRIA

(Alternate)

BELGIUM

(Alternate}

CANADA

{Alternate)

DENMARK

(Alternate)

EUROPEAN
COMMISSION

IEA SOLAR HEATING AND COOLING PROGRAM

EXECUTIVE COMMITTEE MEMBLRS

Prof. G. Faninger

Austrian Solar and Space Agency
Garnisonyasse 7

A-1090 Vienna

Mr. J. C. Delcroix

Directeur Operationnel

Programme National de R & D Energie

Service de Programmation del la
Politique Scientifique

Rue de 1a Science 8

B-1040 Brussels

Mr. P. Wattiez
{Same address as above)

Mr. Robert Aldwinckle
Natijonal Research Council of Canada

Bldg. M-24-Solar Energy Pro
Montreal Road ¥ Ject
(Ottawa KIA OR6

Dr. F. H. Krenz
(Same address as above)

Dr. H. 0. Gram

Ministry of Trade & Industry
Slotsholmsgade 12

DK-1216 Copenhagen K

Prof. Vagn Korsgaard

Thermal Insulation Laboratory
Building 118

Technical University of Denmark
DK-2800 Lyngby

Mr. A. Strub
Directorate General for Research,
Science and Education

Commission of the European Communities

200 rue de la Loi
1040 Brussels, Belgium

June 1979

Tel: (0222) 438177
Telex: 76560 assa a

Tel: (02) 511-5985
Telex: 24501

Tel: ({613) 993-2730
Telex: 053-4134

Tel: {613) 993-9224
Telex: 053-4134

Tel: 121197
Teloex: 272373

Tel: (02) 883511
Telex: 37529 OTH

Tel: (02) 735 8040
x4 683

Telex: 21877 COMEU B




(Alternate)

FEOERAL
REPUBLIC QF
GERMANY

(Alternate)

GREECE

(Alternate)

ITALY

(Alternate)

JAPAN

{(Alternate)

NETHERLANDS

D, E. Aranovitch

European Commission

Joint Research Center Euratom
Ispra, Italy

Dipl. Ing. F. J. Friedrich
Kernforschungsanlange JUlich GmbH
Projektleitung Energieforschung
Postfach 1913

0-5170 JUlich

Dr. H. Klein

Ministerium fur Forschung und
Technoiogie

Stresemann Strasse 2

0-53 Bonn-8ad Godesberg

Prof. R. Rigopoulos
Physics Laboratory [}
University of Patras
Patras

Prof. Mario Silvestri, Direttore
Istituto di Fisica Tecnica
Politecnico di Milano

Piazza L. da Vinci 32

20133 Milano

Dott. Ing. Giovanni Simoni
Ministero Industria Commercio e
Artigianato

Via VYeneto, 33

noino Roma

Mr. T. Sunami

“unshine Project Headquarters

Agency of Industrial Science and
Technology - MITI

- 1-3-1, Kasumigaseki

Chiyoda-Ku, Tokyo

Mr. K. Shimo

Japanese Delegation to QECD
7 avenue Foche

75008 Paris

Mr. P, F, Sens

Project Dffice for Energy Research
Netherlands Enerygy Research [oundation

Westerduinweg 3
Petten
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Tel: 78017
Telex: EURATOM 38042

Tel: (02461) 614743
Telex: 833556 kfa d

Tel: (02) 780190

Tel: (D61) 991712
Telex:

Tel: (02) 780180
Telex:

Tel: 47052423

Telex:

Tel: (D3} 434-5647
Telex: 22916 EIDMITI J

Tel: 766-0222
Telex:

Tel: {2246) 6262
Telex: 57211




{Alternate)

NEW ZEALAND

{Alternate)

SPAIN

{Alternate)

SWEDEN

(Alternate)

SWITZERLAND

(Al ternate)

UNITED KINDGOM (1)

{3)

Mr, K. Joon
(Same address as above)

Mr. R. W. Foster

Scientific Advisor

New Zealand High Commissian
New Zealand House
Haymarket

London SW1Y 4TQ

Mr. R. Benzie

New Zealand Deleqgation to OECO
7 rue Leonardo de Vinci

75116 Paris

Or. A. Mufloz Torralbo

Centro de Estudios de la Energia
Agustin de Foxa 29

Madrid 16

Mr. E. De Mora Fioil
Spanish Delegation to ORCD
42 rue de Lubeck

75016 Paris

Mr. A. Boysen (VICE-CHAIRMAN)
Research Secretary

Swedish Council for Building Research
St. Gdransgatan 66

5-11230 Stockholm

Mr. G. Schriber

Office de 1'Ecanomie Cnergetique
Kapellenstrasse 14

CH-3001 Berne

Mr. Eichmann
(Same address as above)

Mr. David Curtis

Faber Computer Operations Ltd.
Mariborough House

18 Upper Marlborough Road

St. Albans, Herts

Prof. B. J. Brinkworth
University College
Newport Road

Cardiff CF2 1TA

Wales
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Tel:
Telex:

Tel:
Telex:

Tel:
Telex:

Tel:
Telex:

Tel:
Telex:

Tetl:
Telex:

Tel:

Telex:

Tel:
Telex-

(01) 930-8422
24368

553-6650

7331608
42885

727-2180

{08) 540640

(031) 615616
33065

(D) 727-61222
889072

{222) 4421
49635



(Alternate)

{4 & 5)

{Alternate)

UNITED STATES

(Alternate}

TASK I

TASK T1

TASK III

Mr. W. B. Gillett
(Same address as above}

Mr. A. C. Hardacre

Energy Technology Support Unit (ETSU)
Building 10

AERE

Harwell

Didcot, Oxfordshire 0X11 ORA

Dr. G. Long
(Same address as above)

Dr. F. H. Morse (CHAIRMAN)

U.5, Department of Energy

Conservation and Solar
Applications

20 Massachusetts Ave., N.W.

Washington, D.C. 20585

OPERATING AGENTS

Mr. 0. Jorgensen

Thermal Insulation Laboratory
Building 118

Technical University of Denmark
DK-2800 Lyngby

Denmark

Mr. T. Sunami

Sunshine Project Headquarters

Agency of Industrial Science and
Technology - MITI

1-3-1, Kasumigaseki

Chiyoda-Ku, Tokyo

Japan

Dr. H. Talarek
Kernforschungsanlange JHlich GmbH
IKP - Solar Energy Branch
Postfach 1913

D-5170 JUlich

Federal Republic of Germany

2665

Tel:

TeTex:

Tel:

Telex:

Tel:

Telex:

Tel:

Telex:

Tel:

Telex:

0235-24141 x2599
83135

(202) 376-9630

TWX 71D 822 924

(02) 883511

37529 .DTH

{03) 434-5647

22916 EJDMITI J

(02461} 614540

833556 KFA D




TASK 1V

TASK V

Mr. M. Riches

U.S. Department of Energy
Office of Energy Research - SPS

400 First Street, N.W.

Washington, D.C. 20585

Or. L. Dahlgren

Swedish Meteorological and Hydrological

Institute

Fack S-6D1 D1 Norrkoping

Sweden

IEA SECRETARIAT

Mr, L. Boxer

International Energy Agency

2 rue Andre Pascal
F-75755 Paris Cedex 16
France

Dr. G. Rubinstein

(Same address as L. Boxer)
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Tel: ({202) 376-9364
Telex:

Tel: 001/ 10 80 00
Telex: 6440 smhi s

Tel: 524-82-00
Telex: 630190F

Tel: 524-9468
Telex: 63D190F




BELGIUM

DENMARK

GERMANY

ITALY

JAPAN

NETHERLANDS

June 1979

National Contact Persons for TASK 1

Prof. André Pilatte

Faculté& Polytechnique de Mons
Boulevard Dolez 31

B-7000 Mons

Tel: (065) 338191

T1x:

M.sc.physics ©. Jergensen
Thermal Insulation Laboratory
Technical University of Denmark
Building 118

DK-2800 Lyngby

Tel: (02) 883511

Tlx: 37529DTHDIADK

Dr. F.A. Peuser
Projektleitung Energieforschung
Kernforschungsanliage Jiilich CmbH
Postfach 1913
D-5170 Jilich
Tel: (02461) 61421
Tlx: 0833556 kfa d

FRIEDRICH PLE

Professor Aldo Fanchiotti
C.N.R.

Progetto Finalizzato Energetica
V. Morgagni 30/E

Roma

Tel: (06} B844.0025

Tlx:

Mr. Taira Sunami

Senior Officer for Solar Energy Development Program
Agency of Industrial Science and Technology

MITI

3-1 Kasumigaseki, Chiyoda-Ku

Tokyo

Tel: 03-501-1511 ex. 4658

Tlx: EIDMITI J22916

Prof. Ir. C.W.J. van Koppen
Eindhoven University of Technology
P.O. Box 513

Eindhowven

Tel:

Tlx:
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NEW ZEALAND

SPAIN

SWEDEN

SWITZERLAND

U.S.A.

UNITED KINGDOM

EEC

Dr. R.F. Benseman

Physics and Engineering Laboratory

Dept. of Scientific and Industrial Research
Frivate Bag

Lower Hutt

Tel: 66 919 (Wellington)

Tlx: 3814 PHYSICS NZ

Mr. Eduarde G. Mezguida
Instituto Nacional de T&cnica Aeroespacial
Torrejon de Ardoz

E-Madrid
Tel: 6750700, ex. 479
Tlx:

Prof., Ingemar H&glund

The Royal Institute of Technology
Division of Building Technology
5-10044 Stockholm 70

Tel: 08/236320

Tlx:

Dr. Phys. André& Faist

Ecole Polytechnigque Fédé&rale
de Lausanne

33 av. de Cour

CH-1007 Lausanne

Tel: 021/264621

Tix:

Mr. J. Hedstrom

Los Alames Scientific Laboratory
Mail Stop 571

Los Alamos

New Mexico 87545

Tel: (505) 667-6441

T1x:

Mr. Pavid Curtis

Faber Computer Operations Ltd.
Marlborough House

18 Upper Marlborough Road

S5t. Albans

Herts ALL 30T

Tel: (0) 727-61222

Tlx: 889072

Mr. E. Aranovitch

Joint Research Center

I - 21020 ISPRA (vVarese}
Tel:

Tlx:
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BELGIUM

DENMARK

GERMANY

ITALY

JAPAN

Researchers Responsible for TASK 1

Professor A. Pilatte

Faculté& Polytechnigue de Mons
Boulevard Dolez 31

B—-7000 Mons

Tel: (065) 338191, ext., 339

" Tlx:

M.sc.physics 0. Jgrgensen
Thermal Insulation Laboratory
Technical University of Denmark
Building 118

DK-2800 Lyngby

Tel: (02) 883511

Tlx: 37529DFHDIADK

Dr. Richard Bruno

Deutsche Philips GmbH
Forschungslaboratorium Aachen
Postfach 1% 80

D-5100 Aachen

Tel: 0241/62071

Tlx: 832761

Dr. M. Meliss

Programmgruppe Systemforschung
und Technologische Entwicklung
der Kernforschungsanlage

Jiilich GmbH

Postfach 1913

D-5170 Jiilich 1

Tel:

T1x:

Mr. Federico Butera
Istituto di Fisica Tecnica
Universita de Palermo
Viale delle Scienze
Palermo

Tel:

Tlx:

Mr. Tatsuc Inooka (Mech.Engr.)
Nikken Sekkei Ltd.

38 Yokobori Nichome

Higashiku

Osaka 541

Tel: 06 (203) 2361

Tlx:

Cable: NKSEKKEI OSAKA

June 1979




JAPAN (cont.}

NETHERLANDS

NEW ZEALAND

SPAIN

SWEDEN

SWITZERLAND

Dr. Tetsuo Noguchi, Chief

Sulalr Research Laboratory, Girin
1, Hirate-machi, Kita-ku

Hagoya 462

Tel: 052-311-2111, ext., 255

Tlx:

Mr. Eduardoc G. Mezquida

Instituto Nacional de T&cnica Aerocespacial
Torrejon de Ardoz

E-Madrid

mals 6750700, ex. 479

Tlx:

Mr. Per Isakson

The Royal Institute of Technology
Division of Building Technology
5-10044 Stcckholm 70

Tel: 08/236320

Tlx:

Mr, Egil Ofverholm

Swedish Council for Building Reasearch
Sankt Gdransgatan 66

5-112 30 Stcckholm

Tel: 08-540640

Mr, G.-R. Perrin

Département de Physigque

Ecnle Polytechnique Fé&derale de Lausanne
P.0O.Box 1024

CH~1001 Lausanne

Tel: {021) 473431

Tlx: 24478
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UNITED KINGDOM Mr. Peter Andersaon
Faber Computer Cperations Ltd.
Marlborough House
18 Upper Marlborough Road
St. Albans
Herts ALl 30T
Tel: (0) 727-61222
Tlx: BB9072

UNITED STATES Mr, Tom Freeman
Altas Corporation
500 Chestnut Sst.
Santa Cruz
Ca. 95060
Tel: (408) 425-1211

Mr. E.R. Streed, Mech. Engr
Thermal Section

National Bureau of Standards
Bldg. 225, Rcom B 104
Washington, D.C. 20545

Tel: (301) 921-3505

Tlx:

EUROPEAN
COMMUNITIES
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Within the IEA program to develop and test solar heating
and cooling systems a comparison of simulation methods

. for predicting the performance of sclar heating systems

has been coordinated. The methods which were developed
within IEA—cdﬁntries participating in’ this work are
presented and compared in this report. The methods have
been .used to predict the performance of both a liquid and

an air based system. Hourly simulations have been carried

out on weather data from three different locations in the

world. In this report the predictions are compared on an
hourly, a monthly and a yearly basis and show good agreement,
Possible reasons for differences are sought, and a series of
collector efficiency curves calculated by the different pro-
grams is therefore iqpluded in the report. The report opens
with a chapter on the general aspects of solar systems

modelling.

This report is part of the work of the

IEA Program to Develop and Test
Solar Heating and Cocling Systems
Task I: Investigation of the Performance
of Solar Heating and Cooling Systems
Subtask A: Modelling and Simulation

Document no.

1 Distribution: Unrestricted
additional Copies can be ordered from:
Thermal Insulation Laboratory
Technical University of Denmark

Bldg. 118
DK-~2800 Lyngby, Denmark

Price: 60 Dkr.




