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Abstract-A simple computer simulation model suitable for the design of large solar water-heating systems 
has been developed. Compared with existing simplified correlation design methods, the present model 
allows a remarkable expansion of their applicability so as to incorporate any hourly demand profiles, 
solar system design configuration and heat losses from various system components, and remove any 
imposed restrictions referring to the definition range of the large number of design parameters involved. 
This flexibility is offered at no extra cost of complexity, long user experience and familiarity with the use 
of a complex computer code, something which is particularly important, especially for the practising solar 
designer or field engineer. Numerous results are presented referring to the effects of the variation of a 
broad range of main design parameters on system performance. The accuracy of the present model is 
validated against corresponding results from the familiar f-chart design method, the accuracy of which 
has been found to be very good according to comparisons between calculations and measured field data, 
as well as TRNSYS simulation results. Copyright 0 1996 Elsevier Science Ltd. 

1. INTRODUCTION 

Proper large solar system design and typical 
annual thermal performance prediction are both 
issues of major concern for the promotion of 
large solar water-heating system technology in 
the potential market of large residential and 
hotel buildings, as well as in agriculture and the 
process industries. 

Recent effort towards the elimination of user 
risks by means of a certain performance guaran- 
tee by the contractor, known as the “guaranteed 
performance” approach, is based on perfor- 
mance prediction modelling, which is carried 
out either by the simplified f-chart or by similar 
modified software versions. Aiming to relax 
several oversimplified assumptions usually made 
in most of the simplified solar system sizing 
tools, a new simple computer model has been 
developed to satisfy instructive and educational 
needs also. The effects of various system design 
and operational parameters, as well as heat 
losses from various system components and 
incidence angle modifiers for both the beam 
and diffuse radiation, have been investigated. 
Although thermal capacity effects of storage 
tanks have been properly accounted for in the 
calculations, the corresponding effects of solar 
collectors and interconnecting pipelines have 
been ignored. This assumption has an insignifi- 
cant influence on the accuracy of the calculated 
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monthly and yearly results, owing to their 
appreciably smaller thermal capacity. 

First results from an earlier version of the 
current improved model were previously 
reported by Tsilingiris (1993). The current ver- 
sion has been improved to incorporate, among 
other refinements, the separate treatment of 
direct and diffuse radiation through the intro- 
duction of appropriate incidence angle modifiers 
and the possibility of investigating the effect of 
hourly load profile on performance. 

2. SOLAR SYSTEM DESIGN MODELLING 

It is widely recognised that the most accurate 
and complete solar design tool currently avail- 
able is the TRNSYS computer simulation model, 
developed by Klein et al. (1975). After its initial 
release 20 years ago, the numerical code has been 
very much enriched and refined and its validity 
and accuracy has been repeatedly confirmed, so 
it is broadly believed to be the best model 
currently available, mostly useful as an analysis 
and research tool. However, its widespread use 
is ruled out by cost, the relatively long user 
experience and appreciable expertise required to 
exploit the full model capabilities and the rela- 
tively complex meteorological data required. 

Bearing this in mind and aiming at the devel- 
opment of a simple and low cost design tool, 
the simplified f-chart method was developed 
and proposed as early as 1976 (Klein et al., 
1976; Beckman et al., 1977), based on the 
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mathematical correlation of extensive computer 
simulation results by TRNSYS, in which condi- 
tions were varied over an appropriate range of 
system parameters involved. Results obtained 
by the f-chart method have been compared 
extremely well with the results from detailed 
simulations for a variety of geographical loca- 
tions in both the USA and Europe. With the 
exception of a slight underprediction in cloudy 
climates, it was found by Evans et al. (1984) 
that the method predicted solar system perfor- 
mance with better than IfI5% and as low as 
f 2.2% accuracy for space-heating and domestic 
solar water-heating systems, respectively. 

The method offers serious advantages for the 
designer and field engineer, however it has many 
limitations, among which the specific design 
configuration, system size and design parameter 
restrictions, as well as the lack of flexibility to 
cover any hourly load demand profile, are most 
important. 

From the time of its development, it was 
recognised that the complexity gap between 
detailed simulation models like TRNSYS and 
the f-chart correlation method was considerably 
wide and numerous attempts have been made 
to develop simplified methods of intermediate 
complexity level. 

Among the most important is the develop- 
ment of the SOLCOST program by Colony 
et al. (1976), which models more solar system 
types and is somewhat more diverse than the 
early f-chart program versions. The model simu- 
lates a clear day and a cloudy day and then 
weights the results according to the average 
cloudiness to obtain a monthly estimate of 
system performance. It also allows thermal and 
economic analysis of combined heating and 
cooling systems and offers results which, accord- 
ing to Winn (1980), are within 6% of those 
from f-chart. 

The Relative Areas method, originally pro- 
posed by Barley et al., (1977), is based on 
correlation to results obtained by f-chart and it 
is offered for a quick and reasonably accurate 
calculation of the optimum collector area based 
on life cycle cost analysis. Derived results were 
found, according to Winn (1980), to be within 
10% of those derived with f-chart. 

The Solar Load Ratio (SLR) method was 
originally developed by Balcomb and Hedstorn 
(1976), to predict the monthly solar contribu- 
tion of a solar heating system based on hour- 
to-hour simulations for 25 US locations and for 
five solar collector field sizes for each location. 

The method offers comparable yearly results to 
those of f-chart. 

More recently, another microcomputer model 
was reported by Schreitmuller (1988) that deter- 
mines the holistic characteristics of a solar 
system for some typical days and uses these 
characteristics to determine the solar con- 
tribution to the load. The method was partly 
validated through simulations and field meas- 
urements, while further refinements, like solar 
collector field interconnecting network optimi- 
zation and account of variation of thermophysi- 
cal properties in the heat transfer loop, are on 
the way. 

Guisan et al. (1988) have recently attempted 
to develop a very simple model suitable to predict 
the thermal performance of a solar system 
through hand calculations or a microcomputer. 
The aim of the model is the evaluation of the 
daily thermal output of a solar collector subsys- 
tem, composed of various collector types. Among 
the main assumptions are the constant daily load 
and ambient temperatures, ideal system regula- 
tion, sinusoidal variation of daily solar radiation 
and system temperature equal to ambient at the 
beginning of each day. The microcomputer ver- 
sion of the model includes a solar radiation 
generator routine operated through monthly or 
daily values, and refers to typical solar system 
configurations with storage tank, auxiliary 
heaters etc., while its validation against field 
measurements is claimed to be good. 

The present work aims to describe a new 
computer model, suitable to carry out hourly 
simulation calculations throughout each succes- 
sive month of the year, for the performance 
prediction and the operational behaviour inves- 
tigation of solar water-heating systems, taking 
into consideration various component configu- 
rations and characteristics, control strategies, 
component heat losses and load demand pro- 
files. Several of the f-chart simplified assump- 
tions have been completely relaxed to extend 
remarkably the model applicability through 
user-friendly software code to any system con- 
figuration, design parameter and load profile, 
using very easily introduced meteorological 
data, which are appropriately processed to gen- 
erate the required extensive data for the hourly 
calculations. 

3. THE TYPICAL SYSTEM 
CONFIGURATION AND ASSUMPTIONS 

Although several small, both free convection 
and forced circulation, domestic solar water- 
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heating systems are designed with a single, 
thermally stratified vertical storage tank with 
the solar heat exchanger immersed underneath 
the auxiliary heating coil, there is a general 
design trend for the provision of two separate 
tanks in larger solar water-heating systems. The 
first, usually called the solar tank (ST), is heated 
directly by solar energy as shown in Fig. 1. It is 
connected in series with the second, heated by 
the back-up auxiliary energy and usually called 
the auxiliary tank (AT). Both tanks are usually 
of standardized dimensions, installed horizon- 
tally in such a way that stratification effects are 
almost always minimized and can be com- 
pletely ignored. 

Recent developments indicate that a combina- 
tion of appreciably lower mass flow rates at the 
collector loop of solar heating systems (as low 
as 0.002 I/m2 s) and thermally stratified tanks, 
mounted vertically and manufactured with spe- 
cially designed baffles to eliminate mixing and 
improve stratification, may lead to, typically, 
as high as a 35% performance improvement. 
According to Hollands (1988), this system, 
known as the “low flow system”, has been 
successfully demonstrated and appears to have 
potential for applications particularly in north- 
ern climates, while additional design refine- 
ments, mainly directed towards eliminating 
stagnation temperature conditions, are further 
required for application in sunny climatic 
conditions. 

At its present state, the proposed model does 
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Fig. 1. The series connection of the solar preheating system 
tank ST with the afterheating tank AT in the investigated 
system design. SCF, the solar collector field; C, the control- 
ler; DN, the distribution network; CWM, cold water mains 

supply line. 

not cover such low flow systems. Collector 
testing results according to the currently valid 
standard testing procedures (corresponding to 
higher mass flow rates typically between 0.01 
and 0.02 l/m2 s) may be vastly different from 
those corresponding to low flow conditions. As 
soon as low flow collector testing data are 
available, they can be combined with a ther- 
mally stratified solar tank model to cover such 
systems, something which will be the aim of a 
further model refinement. 

The cold water mains supply line (CWM) is 
connected to the ST (or to a bank of STs in 
even larger systems) and the hot water distribu- 
tion network (DN) is connected to the AT. In 
closed-circuit systems, solar heat is transferred 
to the solar tank by circulation of antifreeze 
solution through an immersed coil, mantel or 
an external heat exchanger through the closed 
circuit pump Pl. In open circuit systems the 
same pump Pl circulates the water directly to 
the collector field. 

Pump P3 allows continuous hot water circu- 
lation in the “external” distribution hot water 
network. In addition to this, the “internal” 
circulation pump P2 is activated by an appro- 
priate control device and transfers hot water to 
AT for immediate consumption, as soon as ST 
becomes higher than the AT temperature. 

Both tanks are considered isothermal and a 
sufficient heat exchange rate in the solar collec- 
tor closed-circuit loop ensures that the inlet 
collector field temperature is very close to ST 
temperature. Heat conduction losses from the 
distribution network and from the peripheral 
walls of both tanks are appropriately accounted 
for in the model, while the tank interconnection 
flow is assumed to be isothermal. 

The default hourly hot water load profile 
throughout the day is assumed to be similar to 
Mutch (1974). However, owing to the fact that 
this assumption could only be adequately justi- 
fied for most two daily peak domestic and 
sanitary water loads, it cannot cover the major- 
ity of other typical applications like industrial 
processes, greenhouse heating and any other 
single daily peak loads. Buckles and Klein 
(1980) have earlier simulated small domestic 
solar water-heating systems through TRNSYS 
to investigate the effect of collector area, tank 
size and insulation, tempering valves, as well as 
various hot water hourly load distribution pro- 
files in the performance of single or double tank 
solar systems. The present model offers the 
possibility of investigating the effect of the daily 
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demand load profile and of incorporating, in 
addition to this, any other user specified daily 
load profile. 

4. THEORETICAL ANALYSIS 

4.1. The model description 
The heat balance in the solar tank ST is given 

by the following expression: 

where the left-hand side term corresponds to 
the sensible-heat storage in the solar tank and 
the four terms on the right-hand side of the 
above expression represent the rate of the net 
solar energy gain, the heating rate of the water 
outflow, the heating gain owing to the internal 
loop recirculation flow and the tank heat losses, 
respectively. 

The net solar heat gain is given by: 

where (&IF,) is the collector-heat exchanger 
factor which represents the penalty in solar 
collector gain owing to the introduction of the 
heat exchanger at the closed-circuit loop. Solar 
energy absorption S is given by: 

s =(m), &J&b + z&j ( 1 + cos j? 
2 

+ (1, + L&Kg 
1 -cosp 

2 ) 

where the incidence angle modifier for the direct 
component of solar radiation is given by: 

K~=1+b~(l/cose,~-1) (4) 

eeeb, the incidence angle of the beam solar radia- 
tion, and the numerical constant b0 = -0.1 is 
for single glazed collectors. For the sky and 
ground diffuse radiation, this coefficient is given 
as a function of the diffuse radiation equivalent 
sky and ground incidence angles: 

Kd=1+bo(l/cos8,,-1) (5) 

K, = 1 + b,( l/cos 8,, - 1) (6) 

The equivalent sky and ground incidence angles 
for diffuse radiation are given as a function of 
the collector field tilt angle, and calculated 
according to Duffie and Beckman (1980): 

8 ed = 59.68 - 0.13888 + 0.001497p2 (7) 

The water heating rate is given by: 

dQw - = ,oi’c(T, - TG) 
dr 

where P is the volumetric flow rate of water. 
The heating rate owing to the “internal” recircu- 
lation flow is: 

QRF = P&,c(T, - T,) (10) 

where & is the volumetric recirculation flow 
rate given by 

vRRF = min(V,, VJAT (11) 

AT is the selected time step during the integ- 
ration throughout the period of calculation, and 
the solar tank heat losses are given by: 

Qs=&WTs-G) (12) 

where A, is the solar tank heat transfer area, 
given as a function of its volume capacity. 

The heat balance in the auxiliary tank is given 
by: 

where the four terms on the right-hand side of 
the heat balance correspond to the auxiliary 
input heating rate, heat losses from auxiliary 
tank, heating rate owing to internal recirculation 
and load. The auxiliary heating power is so 
selected as to satisfy the hourly maximum daily 
hot water demand load: 

QA = 2 max( $‘)pc(T,, - TG) (14) 

Auxiliary heater capacity is determined by the 
hourly peak hot water demand, max(v) and the 
supply temperature and ,I is a safety margin 
numerical constant taken to be I = 1.3. 

As soon as the AT temperature becomes lower 
than the predetermined hot water supply 
temperature, the thermostatically controlled 
auxiliary heater goes on to top up the supply 
temperature to the desired level. 

The heat loss from the auxiliary tank is given 
by: 

QA = AA u,(T, - TR) (15) 
where AA is the auxiliary tank heat transfer area. 

The final load term is expressed as a contribu- 
tion of two load components, the heating water 
and the distribution network load component, 
respectively: 

dQ,,/dr = dQ,,/dr + dL,,/dr (16) 

where 

ecr = 90 - 0.57888 + 0.002693~2 (8) dQ,,/dr = pi/c(T, - T$!) (17) 
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and 

dQ,,/dt =bWk TR) (18) 

4.2. The meteorological data input 
The aim of computer simulation calculations 

is the thermal performance and operational 
behaviour prediction of a solar system under 
the influence of typical climatological conditions 
for the specific geographical site. Owing to the 
stochastic nature of these data, the reliability of 
the calculated results depends on how accurately 
they reproduce the typical local climate. It is 
clear that unusual measurements corresponding 
to scarce weather phenomena would be possible 
in a set of short-term measurements, and in this 
case their effect could strongly affect the accu- 
racy of the calculated typical system perfor- 
mance and thermal behaviour. However their 
influence will be gradually smoothed out as 
soon as the time series of the available data 
becomes longer. 

The selection of the appropriate meteorologi- 
cal data input for the investigation of the system 
response under the influence of these time- 
dependent forcing functions to the mathematical 
models of all system components, is a very 
crucial factor for the prediction of typical system 
behaviour. 

Usually owing to the lack of long-term meas- 
urements, various investigators have been led 
to select a particular year, which appears to be 
typical, from a few years of data. In an attempt 
to use typical weather in his simulations, Klein 
et al. (1975), have selected each typical month 
of his typical year on the basis that the selected 
month had the same mean radiation as the 
mean of that month calculated from 10 years of 
data. Relevant work has been carried out by 
Benseman and Cook (1969) and Petrie and 
McClintock (1978). Extensive test reference- 
years data in a computerized form correspond- 
ing to a few European locations have been also 
reported by Lund (1985). 

Current work is based on a statistical treat- 
ment of a rather long sample of some 25 years 
of solar radiation data from the National 
Observatory of Athens and on over 20 years of 
ambient temperature data from the National 
Meteorological Service corresponding to the 
Athens area, by Kouremenos and Antonopoulos 
(1985) and Kouremenos et al. (1985). Hourly 
solar insolation measurements carried out over 
the period 1961-1980 were integrated over all 
hours of the day to derive the daily values of 

the average total solar radiation incident at a 
horizontal surface and were fitted by simple 
harmonic functions for the direct calculation of 
the daily average solar radiation at the hori- 
zontal surface. The accuracy of this mathemati- 
cal fit for the given site is expected to be a 
function of the number of the harmonic terms. 
It was found by Kouremenos and Antonopoulos 
(1985) that, for the particular geographical 
location, very good accuracy (within 5%) can 
be obtained with a single harmonic term. 

Monthly average solar radiation figures 
derived from those measurements have also 
been found to be in good agreement with rele- 
vant data from relative investigations by Lalas 
et al. (1982), for the same geographical region. 

Calculation of the long-term daily average 
temperatures is possible by the integration of 
the corresponding long-term hourly measure- 
ments. However, owing to the lack of such 
long-term detailed hourly data, it was found 
(Kouremenos et al., 1985) that good approxima- 
tion of the daily average temperature figures for 
the given geographical site can be derived by 
simply averaging the available measured daily 
maximum and minimum temperatures for the 
period of the years 1950-1975. The calculated 
results were employed to derive long-term daily 
range, maximum and average temperatures for 
each day of the year and were fitted with a good 
accuracy by harmonic functions. The so-derived 
daily data were employed for the calculation of 
hourly average ambient temperature through- 
out the day, according to the model proposed 
by ASHRAE (1981). 

The time scale of the employed data is con- 
sidered adequately long to smooth out appro- 
priately any unusual climatic extremes and 
meteorological events. All these hourly solar 
radiation and ambient temperature data are 
derived and stored for the daily sequence of 
calculations throughout each month of the year. 

It appears as though the same procedure can 
also be easily adapted for other geographical 
locations of interest, as soon as there is access 
to long-term daily measurements of solar radia- 
tion and ambient temperature for the particular 
location. 

4.3. The computer model 
As soon as eqns (l)-( 18) were translated to 

their finite-difference form, user-friendly com- 
puter software code was developed to carry out 
sequential calculations through an appropriate 
time step AT, for the entire time domain of each 
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month of the year. For simplicity and in order 
to maintain a reasonably short monthly integ- 
ration time, it was found convenient to select 
hourly time steps throughout integration. 
Various additional system design variables are 
then introduced, such as collector testing param- 
eters FR*(cx), and FR* UL, tank capacities, loss 
coefficients, specific hourly demand profiles, etc. 
The extensive hourly solar radiation data 
required for the calculations are then generated 
by the computer model from corresponding 
long-term daily average data. These are intro- 
duced very easily in the form of a simple har- 
monic mathematical fit, corresponding to long- 
term daily average total solar radiation data 
incident at a horizontal surface and they are 
split subsequently into daily direct and diffuse 
components, according to the Liu and Jordan 
(1960) procedure. Then the hourly total, 
direct and diffuse components are calculated 
according to relevant standard procedures, as 
described by Duffie and Beckman (1980). 
Hourly values of incidence and zenith angles 
for the beam solar radiation are then calculated 
for the evaluation of the beam solar radiation 
at any tilt and azimuth angle of the collector 
field. 

The simulation begins as soon as initial tem- 
peratures Ts and TL at the beginning of each 
month (first hour of the first day of the month) 
are defined, the computer model calculates and 
stores the hourly load demand and the solar 
heat gain. 

The monthly heating load and solar contribu- 
tion are calculated, respectively, by: 

QLM = i : (dQ,o/W (19) 
j=l k=l i.k 

N 24 

Q~M= c 1 @Q,/W 
I 

(20) 
j=l k=l j,k 

where N is the number of days of the particu- 
lar month. 

The calculated monthly and yearly solar frac- 
tion is given by the following two expressions, 
respectively: 

MSF = Q~MIQLM (21) 

f, j$ k;l @Q&W / 
YSF= 12 

N 24 kJm (22) 

k.j,m 

5. RESULTS AND DISCUSSION 

In Fig. 2 the yearly solar fraction is plotted 
as a function of collector field area. Both solid 
lines correspond to a system of a fixed solar 
storage tank capacity to collector field area 
ratio, equal to ( vs/_4,) = 50 l/m’. It is shown that 
for the specific system of about 90 m2 a yearly 
solar fraction of about 40% is possible. Both 
solid lines are also offered for comparative inves- 
tigation of the effect of the internal recirculation 
flow through pump P2 on yearly performance. 
It is shown that the system design without the 
internal recirculation flow loop (RF = 0) leads 
to a lower yearly performance. The calculated 
higher yearly solar fraction corresponding to 
the particular system, which includes the combi- 
nation of P2 pump and associated controller, 
leads to a higher solar fraction. 

Distribution network losses corresponding to 
an average pipe network length of 350 m are 
assumed throughout and the broken line 
corresponds to operation with fixed solar tank 
capacity of 3000 1 and internal recirculation flow 
(RF = 1). 

It is also shown that operation with a fixed 
solar tank capacity of 3000 1 and RF = 1 leads 
to a very slightly higher than constant ratio 
performance for small collector field areas. At 
larger collector field areas and for storage- 
capacity-to-collector-area ratios lower than 
50 l/m’, there is a comparatively slight decrease 
of performance, although the operational modes 
corresponding to constant volume-to-area ratio 
and constant volume of 3000 1 lead to compara- 
ble yearly performances. 
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Fig. 2. Yearly solar fraction as a function of solar collector 
area. Solid lines correspond to a system design with recircu- 
lation flow through pump P2 (RF= 1) and without this 
flow (RF = 0). Broken line corresponds to constant solar 

tank capacity and RF = 1. 
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The effect of collector field tilt angle on the 
yearly solar fraction for a fixed solar collector 
field area of A, = 70 m2 is shown in Fig. 3. 
Plotted results correspond to a fixed solar-tank- 
capacity-to-collector-area ratio of 50 l/m2, RF = 
1 and an average distribution network length 
of 350 m. It is shown that although the yearly 
performance is only slightly affected by this 
parameter for values up to 45” it declines sig- 
nificantly at higher values of the tilt angle. 

The effect of the solar tank capacity on yearly 
solar fraction is shown in Fig. 4 for a fixed solar 
collector area of 70 m2, RF = 1 and L = 350 m. 
Both storage-tank heat-transfer area and ther- 
mal insulation effectiveness have been employed 
for the evaluation of tank heat losses. Storage- 
tank heat-transfer area has been assumed to be 
a function of storage capacity according to the 
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Fig. 3. Yearly solar fraction as a function of collector 
field tilt angle for a fixed collector area system of 70 m2, 
RF = 1 and storage-capacity-to-collector-area-ratio equal to 

50 l/m’. 

typical numerical figures shown in the legend 
contained in Fig. 4. Linear interpolation has 
been employed for sizes not included within the 
whole investigated capacity range. 

It can be seen that the increasing effect of 
storage capacity on the yearly performance for 
about the first 3000 1 is very strong. For higher 
capacities there is a further, although slower, 
yearly solar fraction increase, with a maximum 
nearly at 5000 1. Although an even far slower 
performance increase would be expected for 
even larger storage tanks, the opposite effect is 
observed for capacities up to 15,000 1. This is 
attributed to the effect of excessive heat losses 
from the peripheral wall of the storage tanks on 
performance as soon as they become very large. 
Heat losses are proportional to the heat-transfer 
area and their negative effect on yearly solar 
fraction is comparatively stronger than the cor- 
responding performance contribution owing to 
storage-tank capacity increase. 

Owing to the need to provide hot water 
throughout the day in most large commercial 
and residential buildings, continuous hot-water 
circulation flow through long distribution net- 
works is usually necessary. Distribution heat 
losses then usually represent a significant frac- 
tion of the combined water heating and distribu- 
tion loss load, the relative significance of which, 
as compared to water-heating load on yearly 
performance, is shown in Fig. 5. In this plot the 
comparative yearly solar fraction is shown as a 
function of collector field area for two solar 
systems with identical water-heating load, 
although with a completely different distribution 
network load. The first corresponds to a system 
design without a distribution network L = 0, 

/ 
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Fig. 4. The effect of solar heat storage capacity to yearly 
solar fraction for a fixed collector field area of 70 m* and 

RF=l. 
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SOLAR COLLECTOR FIELD AREA (SQM.) 

Fig. 5. The effect of distribution heat loss load component 
on yearly solar fraction for a fixed solar-tank-capacity-to- 

collector-area ratio of 50 l/m2 and RF = 1. 
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while the second corresponds to a typical distri- 
bution network of 350 m long. The significance 
of proper thermal insulation and the reduction 
or complete elimination of heat losses is shown, 
since complete elimination of the distribution 
network leads to typically about a 30% increase 
of yearly solar fraction for the whole investi- 
gated range of solar collector areas. 

The comparative effect of the hourly hot- 
water demand profile on the yearly solar 
fraction is shown in Fig. 6. To allow direct 
comparisons that are solely due to the effect of 
completely different water consumption profiles, 
the additional distribution heat-loss load com- 
ponent is ignored‘(l= 0) and three more nor- 
malized hourly water-consumption profiles have 
been introduced into the computer model, as 
shown in Fig. 7. The duration of all three profiles 
is 4 h daily, with the evening peak between 6 pm 
and 9 pm, the midday peak between 12 am and 
3 pm and the morning peak between 6 am and 
9 am, corresponding to profiles l-3 of Fig. 7, 
respectively. In the same plot, the familiar twin 
peak hourly demand is also shown by line 4. 

The solid lines shown in Fig. 6 correspond to 
the three peak demand profiles, while the broken 
line corresponds to the normalized Much pro- 
file, as shown in Fig. 7. It can be seen that the 
midday peak profile leads to about 15% higher 
than both evening and morning peak yearly 
solar fractions, owing to the good coincidence 
of maximum solar radiation with the load 
demand, especially at larger collector field areas. 
It leads also to appreciably higher yearly solar 
fraction than the corresponding Much profile 
performance. Yearly solar fraction correspond- 

Fig. 6. The effect of hourly hot water demand profile on a 
yearly performance as a function of solar collector area for 
constant solar-tank-heat-storage-capacity-to-collector-area 
equal to 50 l/m’, RF = 1 and no distribution loss load com- 

ponent, L = 0. 

0 r 
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1 6 12 18 24 

Hour of the day 

Fig. 7. The form of the four normalized water consumption 
profiles throughout the presented results of calculations. 
Profiles l-3 correspond to the evening, midday and morning 
peak demand, respectively, while profile 4 corresponds to 
the domestic daily consumption profile according to Mutch. 

ing to the Mutch (1974) and evening profiles 
shows a comparable solar fraction, especially at 
collector field areas between about 30 and 70 m2. 
Morning peak profile leads to even lower perfor- 
mance owing to the excessive storage losses 
throughout most of the day, due to the apprecia- 
ble time lag between peak solar radiation and 
load demand. 

6. COMPARISON WITH SIMPLIFIED 
ANALYSES 

The f-chart procedure is believed to be the 
most popular and widespread simplified solar 
system design method. Although comparisons 
between yearly solar fractions calculated by 
f-chart and accurate computer simulations by 
TRNSYS have shown excellent agreement, they 
have been found to be not as good for monthly 
solar fractions and therefore f-chart use has 
been recommended only for the estimation of 
annual performance by Duffie and Beckman 
(1980). Its accuracy has been found to be the 
matter of long, sometimes conflicting debates 
over the last 20 years. Its validity has earlier 
been found to be under question several times, 
owing to the inherent simplifications and the 
limited database for comparisons with measured 
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data. Reports have also sporadically appeared 
in the literature regarding the degree of user 
confidence, especially for applications over a 
wide range of climatic conditions (Duffie et al., 
1977). 

For several years only a limited database of 
measured performance has been available to 
allow for general comparisons between mea- 
sured and predicted performance. However, as 
the time went by, more and more comparative 
reports have appeared in the scientific literature, 
supporting a growing degree of confidence in 
this simplified method, which, according to 
Duffie and Mitchell (1983), has been found to 
offer agreement between measurements and pre- 
dictions up to within f3%. This degree of 
confidence, which is good for a simplified design 
method, is now widely accepted (Evans et al., 
1984). The method is now accepted as being 
applicable over a wide range of climatic condi- 
tions and for this reason a comparison between 
the results given by f-chart and by the proposed 
design method would be of considerable interest. 

The present model has been used to calculate 
the monthly and yearly solar fractions of a 
particular solar system with a collector area of 
10, 30, 50, 70 and 80 m’, serving a heating load 
of 6000 l/day with a demand profile correspond- 
ing to Mutch, storage capacity to collector area 
of 50 l/m2 and negligible distribution heat losses, 
L = 0. Monthly average values of the meteoro- 
logical data input in the present computer model 
are employed as input data for the latest ver- 
sion 5 of the f-chart software, which has been 
made available by its original developers, the 
f-Chart Software company. 

Although monthly solar fraction comparisons 
between f-chart and the present model should 
be made without much confidence, there is fairly 
good agreement between most monthly results, 
although the scatter around the unity slope line 
is rather wide, as shown in Fig. 8. It is shown 
that the majority of monthly derived results 
compare very well, although appreciable devia- 
tions are observed for certain months of the 
year. More specifically, up to 25% higher 
monthly solar fraction is predicted by the pre- 
sent model for July and September and the 
model underestimates considerably the perfor- 
mance for October. The comparative prediction 
between yearly solar fractions is shown in the 
same plot, corresponding to the large crossed- 
circle data points. The yearly solar fraction data 
points, according to the present model, are 
compared with the f-chart results, there is a 

Fig. 8. Comparative presentation of results from the present 
dynamic model and f-chart correlation model calculations. 
Large crossed-circle point data correspond to derived yearly 
results. Small data- points correspond to the following 
months: 0 January, 0 February, a March, 0 April, 
H May, A June, -0 July, U August, 0 September, 

+K October, x November, + December. 

little scatter around the unity slope line, indicat- 
ing very good agreement between results from 
the present model and f-chart method. 

7. CONCLUSIONS 

A computer model suitable for solar system 
performance predictions and operational behav- 
iour investigations has been developed. The 
model, which can readily be used in a conven- 
tional microcomputer, is a powerful solar system 
design tool and is suitable to carry out extensive 
hourly calculations for each month of the year, 
based on easily introduced and broadly accessi- 
ble meteorological data. The use of the present 
model allows relaxation of many of the simplify- 
ing assumptions and restrictions imposed by the 
use of the simplified f-chart design method, as 
based on the correlation of results by the more 
powerful and highly advanced computer simula- 
tion code TRNSYS. The background theoretical 
analysis has been presented along with typical 
derived results, referring to the effect of the main 
system parameter variation on the load fraction 
supplied by solar energy. Comparative presenta- 
tion of the derived results shows very good 
agreement between the present model and the 
f-chart correlation method. 

NOMENCLATURE 
A surface (m2) 
h, numerical constant 
c specific heat capacity (J/kg C) 

Fs collector heat removal factor 
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(FK/F,) collector-heat exchanger factor Beckman W. A., Klein S. A. and Dutlie J. A. (1977) Solar 
h average unit length heat loss coefficient (w/m C) Heating Design by the f-chart Method. Wiley Interscience, 

New York. - _ j numb& of day of the month, 1 I j 2 N 
k number of hour of the day, i < k c: 24 

K incidence angle modifier 
L length (m) 
m number of month of the year. 15 m I 12 

MSF monthly solar fraction 
N number of days per month 
Q energy (J) 
Q energy rate (w) 
r reflectivity 

R geometric factor 
T temperature (“C) 
S solar energy absorption rate (W/m’) 
U heat loss coefficient (W/m2 “C) 
V volume (m3) 
P volume flow rate (m3/s) 

Greek letters 
fl collector field tilt angle (“) 

AT time step (s) 
0 incidence angle (“) 
1 numerical constant 
p density ( kg/m3) 

(ra) transmittance-absorbance product 
r time (s) 

Subscripts 
a ambient 
A auxiliary tank 
b beam 
c collector 
d diffuse 

ds distribution 
eb equivalent beam 
ed equivalent diffuse 
eg equivalent ground 

g ground 
G groundwater 

i inlet 
L loss 

LI load component due to distribution losses 
LM monthly load 
Lw load component due to water heating 
LO sum of load components 

n normal 
R boiler room 

RF recirculation flow 
S solar tank 

th thermostat 
u useful 

uM monthly useful 
w water 

ws water supply 
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