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Systematic design assessment techniques for solar buildings

By J. K. PacEe, G. G. RopceErs AND C. G. SOUSTER
Department of Building Science, University of Sheffield, Sheffield S10 2TN, U K.

Solar building design involves the systematic study of complex interrelationships
between the interacting temporal patterns of solar energy supply and energy demand
within buildings. Variations in weather exercise a dominant role. Peak energy
demands and solar supply tend to be antiphase. While the temporal matches between
such dynamic inputs and outputs can be improved by the introduction of appro-
priate thermal storage, the building fabric itself acts as a capacitance phase regulator.
It is necessary to be able to model the solar inputs and weather dependent energy
losses dynamically to predict thermal performance.

A team in the Department of Building Science, University of Sheffield, has been
studying how to automate the complex climatological design assessment of passive
and active solar buildings with the use of interactive computer aided design tech-
niques with associated graphics. This paper describes the various approaches developed
for the detailed modelling of the relevant climatic input variables. A report is made
of the techniques developed to generate systematic short wave radiation data for
vertical and inclined surfaces for different types of weather. The analysis is based on
types of day — sunny, average and overcast. Work on the accurate estimation of the
magnitude of the associated weather variables affecting heat transfer in the external
environment is also reported — these studies cover air temperature, wind speed and
long wave radiation exchanges. The outputs of this climatological analysis provide
inputs into detailed thermal analysis programmes developed to predict different
aspects of solar building thermal performance.
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1. INTRODUCTION

A successful solar building must match a highly variable supply of solar energy with a highly
variable pattern of demand for that energy. The accurate prediction of thermal performance is
complex for three reasons. First, the instantaneous flows of solar energy into the collection
system and through the windows change so rapidly. Secondly, the demands for energy for
space heating and cooling are very variable and out of phase. Thirdly, the substantial thermal
capacity of buildings complicates the responses.

Alterations in cloud amount and atmospheric aerosol content produce random short term
solar variations which are superimposed on the basic diurnal rhythms of solar irradiance
resulting from the daily rotation of the Earth on its axis. Spells of cyclonic and anticyclonic
weather impose additional short term patterns. Such variations in turn are superimposed on
the annual rhythms resulting from the movement of the Earth in its elliptical orbit round
the Sun with the polar axis inclined at 23° 27’ to the ecliptic plane.

The precise energy demand at any instant depends on complex interactions between the
thermal properties of the basic fabric, variations in the activities within the conditioned space
and changes in the external climates that impinge on the various external surfaces of the fabric,
each surface of which has a different surface climate. As buildings are normally constructed of
materials of substantial thermal capacity, they have an important ‘+hermal memory’ which
influences subsequent instantaneous energy demands.
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While partially solar heated buildings will use less energy overall than ordinary buildings,
they may still produce, in the absence of adequate thermal storage, big peak energy demands
in cold weather to be met from conventional energy sources when insufficient solar energy is
available. This will add to the simultaneous peak load created elsewhere by the cold weather.
This will influence the economics of solar buildings, because, given adverse peak to average
load ratios, the supply utilities may be forced to increase their charges to meet their overheads
as suppliers of standby power. Systematic climatic analysis is thus a key factor in design. The
complexity of the necessary dynamic thermal analysis makes it essential to adopt sophisticated
climatological computing approaches.

2. CLIMATOLOGICAL SIMULATION COMPARED WITH
METEOROLOGICAL SIMULATION

There are two fundamental choices open for mathematical simulation of the influence of
weather on the thermal performance of solar buildings:

(i) Meteorological simulation, which demands feeding into the analysis a sequential input
of a long series of simultaneously recorded meteorological observations of the relevant weather
variables in precisely the same sequence in which they were observed in real time.

(ii) Climatological simulation based on statistical descriptions of the probabalistic properties
of climate derived from a consistent set of meteorologically observed data. These statistically
derived functions have more compact form than the original set of observed real time data and,
therefore, offer economy in computation at the expense of some loss of information.

In meteorological simulation of solar building performance, hourly observed values of the
solar energy input variables are typically used together with hourly values of the other relevant
meteorological factors affecting heat transfer at the external surfaces, namely air temperature,
wind speed and the incoming long wave radiation. Observed data are not usually available
for vertical and inclined surfaces, and suitable techniques have to be evolved to estimate the
solar radiation and other meteorological impacts on all non-horizontal surfaces from the
observed set of horizontal surface data. The amount of hourly input data available from any
long period of observation is so large that the computing costs in simulation become very
high — 10 years hourly data for five meteorological variables implies a data bank of 438 000
observations for horizontal surfaces alone. As a result, to contain computing costs, recourse is
made to short cuts in dynamic modelling like the selection of a ‘standard design year’ for the
modelling of solar building thermal performance. The selection of a standard design year sounds
simple, but once one considers the detailed problems of converting data from horizontal
surfaces to inclined surfaces, one cannot even be certain one is choosing a representative month
for a particular inclined surface as opposed to a representative month for a horizontal surface,
because different radiation conversion weightings are needed for surfaces of different aspect.
There are also so many basic data to handle in random order that it is difficult to introduce
additional corrections to allow for microclimatic effects like the effect of height on air tempera-.
ture and wind speed or urban heat island effects. These effects vary with weather type.
Furthermore the outputs from such complex meteorological analyses, costly though they are in
computing time, are difficult to interpret in building design terms because performance in
different types of weather is all intertwined. The outputs tend to lack a structured clarity so it
is difficult architecturally to identify and rectify with certainty the precise design shortcomings.

[36]
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Furthermore, standard design years are only available for a very restricted range of stations,
usually only one or two per country. In practice the meteorological variations from place to
place are significantly large; everyone living in the U.K. knows it is much better climatologi-
cally to winter in Cornwall than in the Shetlands. Thus full meteorological simulation, how-
ever attractive it may be in theory, has a number of serious practical drawbacks.

Climatological simulation also uses dynamic analytical modelling techniques, but instead
of putting into the final simulation all the hourly data for, say, a 10 year period, the observed
data are first processed to produce far more compact statistical descriptions of the hourly
values of the weather variables for different types of weather. This data compaction process
allows the statistical use of long periods of observed data without paying the penalty of excessive
computing costs implied by hour to hour simulation analyses over periods of years. No recourse
has to be made to scientifically dubious selection procedures like the selection of a standard
design year, which usually involves the assembly of monthly data for selected months chosen
from different years to produce a somewhat subjective assessment of what is a typical year.
As the data bank to be handled in climatological simulation is so much smaller than in
meteorological simulation, it becomes feasible to introduce microclimatic modifiers to make
allowances for the important vertical variations in climate in different types of weather.
Standard screen temperature data and standard 10 m wind data can thus be modified to match
the actual scale of and position on the building being simulated; this may be important as
building height typically exceeds the height of the standard meteorological screen by one to
two orders of magnitude.

For these reasons, in the Department of Building Science in Sheffield we have preferred to
develop mathematical models based on climatological series for the thermal assessment of
solar building performance.

3. THE SYSTEMS FRAMEWORK ADOPTED FOR CLIMATOLOGICAL
ANALYSIS OF BUILDINGS

(a) General considerations

In our group we consider all buildings with windows as solar buildings, but some buildings
are clearly more solar than others. Figure 1 is a system diagram for the overall climatological
simulation system developed for building thermal analysis in Sheffield.

Our approach is based on a monthly statistical classification based on the levels of daily
global irradiation observed on a horizontal surface. Essentially, we had available, from the
Meteorological Office data analyses, monthly mean hourly weather data for days of high ir-
radiation (sunny days) and for days of low irradiation (overcast days), and average days with
associated monthly mean hourly values of the other relevant weather variables derived from
all hourly observed data for four stations at Kew, Eskdalemuir, Lerwick and Aberporth for
the 10 year period 1959-68. We have attempted to develop from this basic U.K. radiation
network a prediction system for vertical and inclined surfaces to provide overall national
coverage for the three classes of days. The basic system is modular and is designed to cover
any location in the world, but some locally determined input parameters, like atmospheric
turbidity and precipitable water vapour, are needed to obtain accurate data for specific
locations. Initially we have concentrated on U.K. data, but work has now started, partially
funded from the E.E.C., to extend our radiation studies to cover the whole of northwest Europe.

[37]
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Ficure 1. System diagram showing flow of climatological information through University of Sheffield
Department of Building Science computing system into thermal programs.
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(b) Solar radiation modules

The top part of figure 1 sets out the modules we have developed for climatologically assessing
short wave gains on inclined surfaces for three types of day, clear, average and overcast. The
option exists to insert glazing materials with different transmission properties in the beam for
all three cases. These glazing programs take full account of all angle of incidence and reflexion
effects on glazing transmission and absorption. We can also calculate the effects of inserting
internal shading blinds on sunny days. At a later stage we hope to be able to use random
number statistical data generation techniques to produce hourly dynamic series of radiation
data for slopes from our average day program AvDY to study the effect of rapidly varying
conditions,

Many earlier prediction methods used in solar studies have been based on the adoption of
standard radiation curves, for example, the data of Moon (1940). However, in a more sophisti-
cated modelling approach, proper account has to be taken of the effects of variations in
atmospheric turbidity on available solar radiation. These effects are particularly important when
the Sun is low, which is the case in winter in the U.K.

In order to achieve accurate modelling, a suitable meteorologically validated radiation
transmission model of the atmosphere had first to be selected. This model had to allow accu-
rately for local variations in both atmospheric water content and atmospheric clarity in the
prediction of the clear sky direct irradiances. The turbidity model proposed by Unsworth &
Monteith (1972) was adopted. This transmission model is based on a turbidity coefficient, 7,
which relates the measured direct normal solar irradiance, Gy,, with a stated amount of pre-
cipitable water vapour in the atmosphere to the clean air direct normal irradiance G, with
the same amount of precipitable water vapour by the expression

Gpa = ¢G§, exp (—Tam), (1)

where m is the optical air mass and G, is the irradiance normal to the beam for a standard
clean atmosphere containing the stated precipitable water vapour content and standardized
specific amounts of the normal atmospheric absorbing and scattering gases, ozone, carbon
dioxide, etc. and ¢ is a correction factor to allow for variations in Sun—-Earth distance to adjust
the value of G, to allow for actual solar distance for the date in question. G}, depends on
atmospheric water vapour content and the path length. All our direct beam mathematical
models closely follow the basic theory described by Unsworth (1975). Typical values of 7, for
different types of air mass for different areas of the U.K. are given in table 1.

The turbidity coefficient may vary quite considerably from day to day. In order to obtain
statistically based values of turbidity coefficients for different types of day at different sites in
the U.K. a systematic study was made for the period 1959-68 of the data from four long-
established Meteorological Office stations recording hourly values of the horizontal global
and diffuse radiation and duration of bright sunshine. These stations are at Aberporth, Eskdale-
muir, Lerwick and Kew. For each site and for each month of the year, all the days in that
same month over the 10 year period had already been ranked by the Meteorological Office
in descending order of daily total global solar radiation. Then the data had been split into the
following monthly categories for the 10 years:

(1) the day with the highest daily total in that month in the 10 year period,

(2) the 6 days with the highest daily totals,
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(3) the 12 days with the highest daily totals,
(4) the 28, 30 or 31 days (depending on the month) with the highest daily totals,
(5) the 57, 60 or 62 days (depending on the month) with the highest daily totals.

TaBLE 1. CHARAGTERISTIC VALUES OF THE MONTEITH & UNSWORTH TURBIDITY GOEFFIGIENTS
Ta FOR THE U.K. SHOWING THE INFLUENCE OF AIR MASS TYPE AND LOCATION IN RELATION
TO POLLUTION SOURCES

4 air mass
T type T,
<
—_ northerly island site, minimum polar 0.05
< pollution from land sources average 0.20
— > continental 0.35
@ : rural or coastal site exposed to polar 0.10
(=4 - natural aerosol pollution and average 0.25
QO small amounts of smoke continental 0.40
e O urban site within or close to a polar 0.25
= w large town (say population average 0.40
8 g
o exceeding 100000) continental 0.55
<
93
= 22 ~ -
[
- S
OU L L Sep. -
2%
Oz 18
=<
I
B = SJ
g 14
i
g.. 10 | I 1 | ] | [ 1
8
L]
K|
© 10~ -
|
< | Dec _
6 .
2 W AN SR N (RN NN SO AN BN N
= 0 24 0 8 16 24
i U.T.
> > Ficure 2. Diurnal variations in shade air temperature at Kew for three classes of daily global irradiation; smooth
= curve, days of high radiation, dotted curve, average days; and smooth curve with circles, days of low
g g
[ E irradiation; for the months of March, June, September and December.
O - . : o
Similar categories were available for the days of low global irradiation. For each catego
O g y g gory
= the Meteorological Office has prepared a table for hourly intervals of time of global and diffuse

radiation, sunshine duration, associated screen air temperature and 10 m wind speed based
on the means of the corresponding values of all the days in that particular category for that
station. The Meteorological Office summaries also give the monthly mean values.

All these data have been systematically analysed to derive appropriate mean values of the
turbidity coefficient 7, for each class of radiation day using typical monthly levels of precipi-
table water vapour over the U.K. The detailed values of 7, obtained for different classes of

[ 40 ]
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radiation day have been published by Souster ¢t al. (1979) together with some mapped data
for the U.K.
(¢) Programs for generating the heat loss weather variables

The bottom half of figure 1 sets out the range of programs developed for predicting simul-
taneous hourly values of wind speed at 10 m, dry bulb screen air temperature and the incoming
long wave radiation on the required slope which are needed to estimate heat losses. These
variables are not statistically independent of the short wave radiation inputs. The data gener-
ated by the programs indicated in the bottom half of figure 1 had to be based on data sorted to
be correctly associated in phase and magnitude with the solar radiation data for different
classes of radiation day above. Figure 2 shows the monthly mean diurnal temperature cycles
for three classes of radiation day for four months for Kew.

Corresponding data for Aberporth, Eskdalemuir and Lerwick were available.

We have found it possible to collapse the associated U.K. climatological data for the four
sites into reasonably simple predictive formulae for each type of day by using Fourier analysis
and thus avoiding the use of extensive data banks based on specific stations (Page et al. 1979).
Our programs generate appropriate climatological data for each specific place from monthly
temperature, mean monthly wind speed and mean monthly sunshine hours by using basic
equations held in the computer. At a later stage we hope to incorporate microclimatic modifiers
to allow for observed effects like the effects of height on wind speed and temperature, and
urban heat islands.

The long wave radiation models developed for slopes have been based on the detailed work
of Unsworth & Monteith (1975) and Unsworth (1975).

4. COMPUTER AIDED DESIGN AND ARCHITECTURE: DESIGN PHILOSOPHY
FOR COMPUTING

Our system has simultaneously been developed with the user very much in mind. For a start
we believe it is important that a building designer should retain choice and that any good
design system should be of a branching nature, so the designer can explore the potential against
the constraints, which are often very formidable. For example, the site constraints may make it
impossible to make a solar house face precisely south. We also believe that architectural de-
signers are unlikely ever to become efficient programmers. We do not like a situation where the
programmer always has to intervene between the architect and the exploration of his problem.
We have, therefore, developed our system to be interactive by using simple conversational
programs open to direct use by architects regardless of their basic computing skills. The
complexities lie within the programs and not in their use. Emphasis has also been placed on the
use of well formulated outputs which always include the input data. The teletype print-out or
visual display unit output thus provides an immediately intelligible communication document
requiring no further processing to form an effective communication tool in its own right.
This bypasses the need for follow-up typing pools with all the consequent delays and risks of
numerical typing errors. The automation of the prediction of performance must be worked right
through to meet the overall communication requirement. Accurate communication is one of
the most fundamental problems of design of buildings in practice as large teams of designers
and design regulators (Town Hall by-law officials, etc.) are always involved.

[41]
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5. THE PREDICTION OF HORIZONTAL SURFACE IRRADIANCES ON GLOUDLESS
DAYS: PROGRAM SUN1

Our program sun1 enables the user to estimate the direct (Gy,), diffuse sky (Gg4,) and global
irradiances (Gy) on a horizontal surface from the turbidity for any date and place in the world
for a given precipitable water vapour content. The direct beam irradiance Gy, is estimated by
using equation 1. Then, for a horizontal surface,

th = Gbn (o0 1) i = Gbn Sin [2 %% i (2)

where ¢ is the angle of incidence and « is the solar altitude. The diffuse irradiance is also
dependent on turbidity and solar altitude, increasing with increasing turbidity in contrast to
Gyn- We had, therefore, to develop a suitable diffuse sky irradiance model linked to the Monteith
& Unsworth turbidity system. The diffuse radiation model incorporated in our program

0.8 ' i l L I T , L) ' ) ] L] ' 1] w l ¥ I v ‘ 1 ' L] l 1] ' ¥ l LE
(a) (8)
0.6} -
Y
04} .
0.2F v .
v

Q; obt o 1 5t & o+ 4o boy1g
g 0.8 v T ‘ ) § ' L] l A I L] 1 A r L]

10 30 50 70 10 30 50 70
solar altitude/deg

Ficure 3. Dependence of the cloudless day ratio of the diffuse irradiance on a horizontal surface G, to the global
irradiance G, on solar altitude for 7, = 0.1(a), 0.2 (b), 0.3 (c) and 0.4 (d) as predicted by sun1 and as observed
by various authors: v, Valko; B, McCartney & Unsworth; &, Parmelee, Blackwell; ®, sun1.
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sUN1 was initially developed from Parmelee’s (1954) data for Ohio, obtained on days which,
although cloudless, differed considerably in atmospheric clarity. His horizontal surface obser-
vations show that, for fixed solar altitude, a linear relation exists between the diffuse horizontal
surface irradiance Gg, and the direct horizontal surface irradiance Gy, of the form

Gan = a9+ay Gy, (3)

where a, and a, are constants which depend on the solar altitude. When the predictions of
a computer program based on equation 3, which included the conversion of the Parmelee
clarity values to corresponding values of 7,, were compared systematically with measured
European data obtained by Blackwell (1954), Dogniaux (1954), McCartney (1978), Valko
(1975) and M. H. Unsworth & H. A. McCartney (1975, personal communication), certain
minor inconsistencies in the original Parmelee data were revealed. This led to a detailed
reconsideration of all the observational data. As a result of this review, an improved diffuse
radiation model was developed for program sun1. The turbidity range was also extended by
using some extrapolation from the original Parmelee data together with theoretical studies
of the Rayleigh sky to cover a wider range of turbidities ranging from a perfect Rayleigh sky
with 7, = 0 to a very turbid atmosphere with 7, = 0.6. Full details of this analysis have been
given by Rodgers et al. (1978). Figure 3 illustrates the variation of the ratio of the clear day
horizontal diffuse irradiance Gy, to the global irradiance Gy with solar altitude for different
turbidities as predicted by our revised diffuse sky model. Observed values of this ratio obtained
by various workers are given for comparison. The agreement is extremely good. The new
equations were incorporated into our cloudless day horizontal surface mathematical model
for clear days sunl.

The two irradiance components are then added together to obtain the global irradiance.
Program sun1 outputs irradiances hour by hour. Numerical integration also provides daily
totals of the direct beam horizontal surface irradiation, diffuse horizontal surface irradiation
and global irradiation for the chosen date, latitude, turbidity and precipitable water vapour
content.

6. THE PREDICTION OF THE IRRADIANCE ON SLOPES ON CLOUDLESS
DAYS: PROGRAM SUNJ

We then developed from this new horizontal surface model another mathematical model
sun3 for the prediction of the radiation falling on surfaces of any slope and orientation under
clear sky conditions. The direct beam radiation on slopes is simply handled trignometrically
by using the values of G4, predicted from the turbidity model. Our diffuse sky irradiance
model is based on a non-isotropic sky. An isotropic sky will give a diffuse irradiance G454 on a
slope £ equal to }(1+ cos B)G4, where g is the slope angle. If § = 90°, then Ggg = 0.5G4y.
The radiance of the clear sky, however, is not uniform. Our new model was originally developed
from Parmelee’s (1954) observed vertical surface diffuse irradiance data in Cleveland, U.S.A.,
in conjunction with his horizontal surface data. However, the original data again had to be
re-analysed so that the model could both reproduce results that agreed with Parmelee’s original
measurements on vertical surfaces, but also predict reasonably accurately sky irradiances on
sloping surfaces observed by other workers elsewhere in the world, for example by Kondratyev
& Fedorova (1976) in the U.S.S.R. and Valko (1975) in Switzerland. The model incorporated
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in our program suN3 covers the same range of turbidities as our horizontal surface model and
agrees with that model for horizontal surfaces. The anisotropy of the diffuse sky radiation was
taken into account by separating the total diffuse sky irradiance into two components, a circum-
solar diffuse component augmenting the direct beam and associated in direction with it and an
isotropic diffuse component. Justification for splitting up the diffuse radiation in this way was
first given by Loudon (1967). Loudon’s approach, however, assumed the two diffuse com-
ponents were independent of turbidity whereas our studies have shown the magnitude of the
two components are definitely strongly dependent on turbidity.

1.6 1 i 1 Ll 1 1 1 ! 1 ) 1 T T T T

slope, £

F1Gure 4. A comparison of the observed ratios of G;3/G, reported by Kondratyev & Fedorova (1976) with those
predicted by program sun3 for solar altitudes of 15° (a), 48° (b) and 68° (¢) and wall-solar azimuths of 0°, 90°
and 180°. , Values observed; — — —, values predicted by sun3.

The ground reflected component is simply calculated from the global irradiance and albedo,
an input variable, for the slope in question assuming uniform ground radiance.

We have compared our predicted sky diffuse irradiance on slopes with the measured values
of various workers and found satisfactory agreement. Figure 4 shows a comparison of the pre-
dicted ratio of the diffuse sky irradiance on a surface of slope f, G, to the simultaneous
horizontal surface diffuse irradiance Gy, for different wall-solar azimuth angles and solar
altitudes as predicted by the model in sun3 compared with the reported observed U.S.S.R.
data of Kondratyev & Federova (1976). Full details of the model developed and incorporated
in sun3 and the various checkouts with observed data have been assembled by Souster et al.
(1978). The program also enables daily values of clear day irradiation on slopes to be found by
numerical integration. Graphical outputs can also be provided by the programs.

7. CLOUDLESS DAY RESULTS FROM SUN3 FOR LATITUDE 55°N

The significance of modelling turbidity and non-isotropic sky radiance in solar studies can
perhaps be made clearer by presenting graphically some results derived from our clear day
program sun3. A latitude of 55° N has been chosen as representative of a high latitude solar
house location. Figure 5a shows the monthly variations of the clear day direct beam daily total
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irradiation on a horizontal surface Hy, and figure 55 shows the corresponding variations in
clear day diffuse daily irradiation on horizontal surfaces Hyg, for different values of 7,. A
logarithmic plot has been used as the summer—winter range is so wide. The large effect of high
turbidity on the direct irradiation in winter is evident. Neglect of turbidity differences ob-
viously leads to large errors. The increase of diffuse daily irradiation with increased turbidity
is shown in figure 5b. Standard diffuse irradiance curves are not satisfactory for accurate
prediction.
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FiGURE 5 (a). Daily direct beam horizontal surface irradiation H,, for different values of 7, ; cloudless days, latitude
55° N. Note sharp decrease with increasing turbidity in winter. (b) Daily diffuse irradiation from the sky on
a horizontal surface Hy, for different values of 7,; cloudless days, latitude 55° N. Note increase of Hy, with
turbidity.

The direct daily irradiation on clear days on slopes Hy, can be obtained by multiplying the
horizontal direct irradiation Hy, from figure 5a by the appropriate slope multiplier derived
from daily predicted totals of slope irradiation derived using our program sun3. Systematic
tables of these daily multipliers for different values of the turbidity have been prepared for
a number of orientations and slopes for latitudes 30-60° N at 5° intervals of latitude. These
will be published shortly. Figure 6 shows the slope multipliers for daily direct beam irradiation
for cloudless days on certain selected surfaces at latitude 55° N for a value of 7, = 0.2 plotted
against solar declination.

The big fall in this ratio from winter to summer for south vertical surfaces is evident. The
crossing of the vertical south multiplier curve by the southeast-southwest and the east-west
vertical curves shows that on clear days in summer, more direct energy is received on these
surfaces than on vertical south surfaces. The corresponding data for the clear sky diffuse
radiation with 7, = 0.2 are given in figure 7.

Our model shows that in the middle of the winter the daily south-facing diffuse slope—
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diffuse horizontal surface irradiation ratio Hy/ Hy, exceeds, by a factor of nearly three, the
values predicted from the isotropic approximation. As the year progresses, and the Sun’s
declination increases towards its maximum on 21 June, the values fall back towards the
isotropic approximation. The ratio Hyy/ Hy, on north-facing slopes is always less than the
isotropic approximation value. The vertical east-west values lie, as might be expected, in
between.

The effect of turbidity on the ratio for the direct beam is shown in figure 8.

2.0 T 1 Ll 1 L

1.5

1.0

0.8

0.6

0.4

slope multiplier for direct beam irradiation, H,,/H,,
diffuse multiplier for vertical slopes, Hy,/Hy,

1 A 1 1 1 ‘ J J 1 A 1
-23°27'—20° 0° 20° 23°27' ~23°27" —20° 0° 20° 23°27'
declination declination
FIGURE 6 Ficure 7

F1GURE 6. Variation of the values of the slope multiplier for daily direct beam irradiation on (i) vertical south,
(ii) east—west, (iii) southeast-southwest surfaces and (iv) a south-facing surface with tilt = latitude, with
solar declination 7, = 0.2; cloudless days, latitude 55° N.

F1GURE 7. Variation of the diffuse multiplier for vertical slopes Hy,/H,, with solar declination for (i) vertical
south, (ii) southeast-southwest, (iii) east~west and (iv) north-facing surfaces; latitude 55° N, cloudless days,
7, = 0.2. Note comparison with isotropic value of 0.5 (—~-) and overcast sky value of 0.412 (— — —).

The turbidity has very little effect on the direct radiation slope multiplier for south-facing
slopes because the peak irradiance on the south slope coincides in time with the peak on the
horizontal surface, so that turbidity tends to affect both components equally. The proportional
influence of turbidity on the corresponding multiplier for an east and vertical surface is,
however, considerable, and for vertical northeast/northwest surfaces even larger. On these
orientations on cloudless days, the low Sun makes the greater contribution to the daily slope
irradiation and, as the air mass is then large, the effects of turbidity are much greater. The
effects of turbidity on the diffuse ratio Hy,/Hy, are rather less marked and so are not discussed

in detail here.
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Ficure 8. The effect of variations in turbidity on the slope multiplier H,,/H,, for direct irradiation for different
vertical surfaces at different times of year; latitude 55° N, cloudless days.

8. SOLAR HEAT GAINS THROUGH GLAZING ON CLEAR DAYS

The clear sky solar radiation programs have been used as the basis of programs to deter-
mine solar heat gains through glazing materials whose transmittance varies with angle of
incidence.

The program crLas determines the short wave radiation gains through one or two sheets of
glass in a surface of any slope and orientation. The ability of the glass to transmit short wave
radiation is specified in terms of the KL value (which is the product of the absorption coefficient
K and the glass thickness L) and its refractive index. The transmittance is a function of angle
of incidence. The sun3 model enabled the transmittance calculations for the non-isotropic
short wave diffuse radiation to be compactly handled by splitting the incident diffuse irradiance
into the circumsolar diffuse component assumed to come from a bright patch of sky in the
vicinity of the Sun and the isotropic background diffuse component. The circumsolar com-
ponent then augments the direct beam. When vertical glazing is specified, the program also
works out the heat gains due to the proportion of the energy absorbed in the glass, which is
released inwards by convection and by long wave radiation, based on the standard procedures
reported in the Institution of Heating and Ventilating Engineers Guide (1970). Field research

[ 47 ]
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is being carried out in the Department with the aim of refining these procedures to take
account of the effect of the local climate on the detailed convective and long wave radiative
heat exchanges from building surfaces.

Our program soLwIN provides information on the solar heat gain through vertical windows
on clear days. The program operates in a similar way to cLAs but in this case the properties
of the window system are specified in terms of long wave and short wave shading coefficients
quoted by the British glass manufacturer, Pilkington Brothers Ltd (1974) for their range of
glasses and for various combinations of glasses and blinds. The program allows glazing to be
inserted in one wall or into several walls with different orientations and the program provides
information, at hourly intervals between sunrise and sunset, on the position of the Sun and on
the solar gain due to the short wave transmitted radiation, the incident solar gain due to the
energy absorbed in the glass which is released into the building and finally the total solar gain.
These instantaneous solar gains are integrated over the day to produce the corresponding
daily totals.

9. MODELS FOR DAYS OF LOW IRRADIATION AND OVERGAST DAYS

Observed data from the Meteorological Office for days of low irradiation and for overcast
days has also been systematically processed for the four main U.K. radiation stations. It was
found that the observed horizontal surface irradiance ,Gg, on such days could be related to
the solar altitude a by the relatively simple formula

oGan = 244 sina, (4)

TABLE 2. IRRADIANCE PREDICTION FOR DAYS OF LOW IRRADIATION AND
OVERCAST DAYS

(Derived values of £” for U.K. stations for use in equation (4), G, = 2+£’ sin g, for all overcast days, for 10 %
minimum radiation design days and 5 9, minimum radiation design days on days of low irradiation.)

month
i A ~  annual
station Jan. Apr. July Oct. means
Kew
(suburb of London)
all overcast} 230 (17) 170 (5) 260 (4) 230 (11) 281 (103)
10 9% min 95 160 263 155
59, min 64 116 213 118
Aberporth
(coastal Wales)
all overcast 250 (16) 330 (5) 250 (6) 270 (8) 260 (99)
10 9%, min 152 256 298 186
59, min 120 191 230 139
Eskdalemuir
(lowland Scotland)
all overcast 180 (22) 230 (6) 240 (8) 220 (12) 218 (139)
10 9, min 97 160 197 113
59, min 64 109 157 82
Lerwick
(Shetlands)
all overcast 200 (24) 280 (9) 270 (9) 240 (12) 235 (154)
10 9, min 101 194 225 108
59, min 55 141 169 69

1 The mean number of overcast days is given in parentheses.
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where £’ is a constant for a particular month which varied according to class of radiation day
and location. Table 2 gives typical values of £’ found for the U.K.

Our overcast sky computer model ocpy allows the user to input values of £ and the ground
albedo appropriate to the locality for any chosen date, and also to choose the surface tilt. As
there is no direct irradiation, the surface orientation is not a significant variable. The program
outputs hourly values of the irradiance on the slope from the sky and ground and provides
daily totals by using numerical integration. The irradiance on vertical and inclined surfaces is
calculated with the use of the Moon & Spencer (1942) sky radiance model,

N'(6) = {(1+}’ cos 6)/(1+b")} N'(0), (5)

T
I

overcast day slope ratio, G44/Ga

0.2

1 ] 1 ! 1 1 1

0 20 40 60 80
slope angle, §

F1GURE 9. A comparison of the ratios of G,4/Gy, for &’ = 1.4 and b’ = 2.0 for overcast skies. The ratios for the
isotropic sky distribution are also included. ———, Isotropic; —®—e—, Steven’s formula; — X —x—,
Moon & Spencer.

where N’(0) is the overcast sky radiance at angle 6 from the zenith, N’(0) is the zenith
radiance and 4’ is a constant, equal to 2 for the standard C.I.E. Moon & Spencer luminance
distribution. The value of 4’ = 1.4 found by Steven (1977) from detailed sky radiance
measurements at Sutton Bonington, U.K., has been adopted in our model to predict the
overcast sky radiance distribution. The overcast day irradiance on slope s with inclination
B, ¢Gge can then be obtained analytically from the standard overcast sky radiance formula by
using the expression

oGas/oGon = B(1+c08 B) + ~Z5 (sin f—f cos f~m(1 = cosp ). (®)

Figure 9 shows the difference between the isotropic approximation and the Moon & Spencer
approximation for different slopes with the use of values of ¥’ = 2 and ' = 1.4.

The difference between the conversion factor based on the value of ' = 1.4 found by Steven
at Nottingham and the more widely used factor obtained of 4" = 2.0 adopted in the standard
C.LI.E. model based on luminance studies is small. The predicted conversion factor to convert
a horizontal sky diffuse irradiance surface to a vertical surface sky irradiances on overcast days
is 0.412, compared with the uniform sky radiance value of 0.50.
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10. PROGRAM AVDY FOR THE PREDICTION OF THE MONTHLY MEAN
VALUES OF SLOPE IRRADIANCE

(a) General considerations

The detailed design of solar systems obviously demands the ability to predict average values
of the solar radiation received on slopes as clear days are relatively rare. Page (1962) developed
a method for obtaining approximate daily values of the mean monthly irradiation on slopes
from monthly mean sunshine values, but, with inadequate computing resources to handle the
problems, was forced to assume the isotropic sky approximation, and adopt a standard radi-
ation curve. However, hourly values of the monthly mean irradiance on slopes are more useful
than daily values of the irradiation. The successful development of the sun3 and ocpy pro-
grams gave us hope that we could also deal with the complex prediction problems for average
days with reasonable accuracy. In order that our programs could be widely used, we decided
to use the mean monthly sunshine hours as the key solar data generator. It proved possible to
develop a non-isotropic variable turbidity modelling technique which has checked out well
with the few actual observations on slopes available for the U.K. Program AvDpY essentially
splits the modelling into three parts, modelling of the mean direct beam irradiance, modelling
of the mean diffuse irradiance from the sky, and modelling of the mean ground reflected
~ irradiance. Our main aim has been to produce an accurate model for the U.K., but the model
also looks appropriate for northwest Europe as well.

(b) Modelling average direct irradiance on horizontal surfaces

The modelling of the direct beam in AvDY has been based on a study of hourly values of the
average horizontal direct beam irradiance Gy, at Kew. This parameter is not measured
directly but may be derived by subtraction of the diffuse irradiance Gy, from the global
irradiance G,. Because each hourly value of Gy, is obtained by averaging over the whole hour,
when, in fact, bright sunshine is on average recorded for only a fraction f, say, of that hour, the
actual value of the instantaneous direct beam horizontal surface irradiance during the fraction
£ of that hour during which the sun is actually shining may be estimated to be G,;/f. This
adjusted hourly irradiance figure allows a monthly mean hourly turbidity 7, to be estimated
for each hour of each month from the data using the Unsworth & Monteith formula which
may be rearranged as follows to take account of the hourly sunshine fraction f

1 G 1
= 7 o) )
where m is the optical air mass,  is the solar altitude, G}, is the theoretical clean air direct
normal irradiance for the given precipitable water content and ¢ is the correction for mean
solar distance as explained earlier. Detailed summaries of hourly mean values of 7, found in
this way for four U.K. stations (Kew, Lerwick, Aberporth and Eskdalemuir) have been
published by Page et al. (1979).

There are, however, difficulties in applying this model in this form to other sites. A model
based on this particular approach requires the availability of hourly sunshine data. However,
apart from major observatories such hourly sunshine data is simply not available. Invariably,
only data on the mean monthly daily total of hours of recorded bright sunshine 7 are available.
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We therefore decided it was more practicable for solar energy modelling purposes to use daily
sunshine values in our model Avby. We assume, in the direct beam part of program AvDY, that
the monthly mean observed daily sunshine # must occur during the period of day during which
the predicted direct solar beam irradiance, Gy, is great enough to burn the sunshine card, i.e.
when G, > 200 W m~2, assuming a standard reference turbidity of 0.2. A monthly average
daily fraction of sunshine f’, covering the whole day can then be calculated by dividing the
mean observed sunshine, %, by the maximum possible number of hours of card burning bright
sunshine, 7, in that month, which can be easily determined from our programs. The monthly

0.6

0.4

pseudo-turbidity, 7,

U.T.
F1cure 10. Variation of pseudo-turbidity with time of day; Kew, England (1965-75).

mean daily value, f’, thus obtained can then be used in equation (7) as a constant throughout
the day in place of the hourly varying values of f. The hourly values of the turbidity thus
obtained are not true turbidities because they cannot incorporate any hour by hour differences
of the mean monthly hourly sunshine fraction f from the daily mean sunshine fraction f'.
Thus, asymmetries in daily sunshine appear in this analysis in combination with the actual
hourly variations in basic turbidity. We have labelled these derived hourly turbidities as
‘pseudo-turbidities’ 7'4.

Using the observed sunshine fractions f’ at Kew, the variations in the mean ‘pseudo turbidity’
were determined hour by hour for each month of the year. The hourly values of the ‘pseudo
turbidities’ for four selected months obtained in this way for Kew, U.K. are illustrated in
figure 10.

The general increase in pseudo-turbidity from winter to summer can be noted together with
different patterns of diurnal variation at different seasons. The winter-summer variations are
very much linked with air mass characteristics, a point which has already emerged in table 1.

The observed monthly pseudo-turbidity curves for Kew were then fitted by an appropriate
cosine function, the arguments of which varied with month and were stored internally as data
in our program Avpy. With such a model it becomes a simple matter to compute mean hourly
values of Gy, and Gy from monthly mean sunshine data for Kew. The mean monthly hourly
values of Gpn obtained from these pseudo-turbidities could then be numerically integrated
over the day for each month to give the monthly mean daily direct irradiation received.
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The derived daily totals of mean monthly daily direct beam horizontal irradiation H,,
obtained from our model for Kew for the period 1959-68 agreed to within 19, with the Hyy
values directly obtained from the daily totals of H, and Hy, at Kew. However, more recent
observed monthly mean daily irradiation data covering the period 1965-75 (excluding 1973
for which no observations are available) indicated that the mean pseudo-turbidity at Kew had
increased slightly during the summer. The pseudo-turbidity curves were adjusted to maintain
the maximum error between the new observed and predicted values of Hy, at Kew to below
19, for the 1965-75 means. This model incorporates the basic asymmetries of average solar
radiation between morning and afternoon at Kew which differ from month to month. Making
the assumption that the patterns are the same at other stations in northwest Europe, it is then
possible to use the direct beam model in AvDY to derive pseudo-turbidities for other stations.

monthly mean peak pseudo-turbidity coefficient, 7,

Ficure 11. Monthly variations in mean daily maximum pseudo-turbidity for Kew, Eskdalemuir, Lerwick and
Aberporth 1959-68 for average days with additional data for Hamburg and Odeillo. Key: @, Kew; @,
Eskdalemuir; A, Aberporth; v, Lerwick; x, Hamburg, ©, Odeillo.

Figure 11 shows preliminary data on typical month to month variations in the mean monthly
maximum pseudo-turbidities found for several N. European sites. The highest pseudo-turbidities
are associated with urban situations, Kew and Hamburg. One high level French mountain
station, Odeillo, is included. The low turbidities associated with this particular site are evident.
At Odeillo some turbidity increase from winter to summer is present, but is more subdued than
at Kew. The remote western seaside sites have substantially lower pseudo-turbidities than urban
sites. The clearest conditions at sea level are found at Valentia in the far west of Ireland, which is
a considerable distance from the main continental sources of pollution and where the prevailing
air masses come off the clean Atalantic Ocean. Published data in a different turbidity system
for the U.S.A. by Bilton et al. (1967, 1974) bring out very much the same annual pattern of
variation month by month.

Once the hourly pseudo-turbidities differences from Kew are known, it is a simple matter to
use AvDY, which makes provision for insertion of such pseudo-turbidity differences, to predict the
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hourly direct beam irradiance values on slopes, and hence the daily totals of direct irradiation
for any location in the U.K. We have now prepared U.K. maps showing variations in pseudo-
turbidity from Kew values (Page et al. 1979).

A T
(a)
= 20F Q global 4 2F -
%‘i‘s
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Ficure 12. Predicted and observed annual values of the monthly mean daily global irradiation H, and the
monthly mean daily diffuse horizontal surface irradiation Hy, at Kew, 1965-75 for (2) June and (6) December.
Note small annual variation in diffuse irradiation. x , Observed; ®, predicted from sunshine hours.

(¢) The estimation of mean monthly hourly diffuse sky irradiances
on horizontal surfaces

The observed Kew data were also used to construct a monthly mean diffuse model for use
within the program AvDY, using mean monthly hourly diffuse irradiance data for horizontal
surfaces for the period 1959-68. The average sky diffuse horizontal ‘irradiance for a given
solar altitude is normally greater than either the clear sky or the overcast sky diffuse horizontal
surface irradiance. It was found that, when the mean monthly hourly horizontal diffuse
irradiances for a number of stations in northwest Europe were plotted hour by hour against
solar altitude over the whole year, the observed data for each station could be closely fitted by the
following straight line formula: 6dh - d+ba, (8)
where « is the solar altitude in degrees and a’, " are climatologically determined constants. It
was found that, for Kew, Gy, = 2.18+4.531ac. When this equation was used to predict by
numerical integration the monthly mean daily diffuse horizontal irradiation for Kew for the
period 1959-68, the predicted sky irradiation values agreed with the observed values to within
5 9%. However, using the corresponding observed values for the later period 1965-75 (excluding
1973, for which observations were not available) the predicted values were too low, particu-
larly in winter when the error was approximately 119,. A comparison of the observed values
of the monthly mean daily diffuse irradiations over the two periods showed that, on average,
the mean monthly diffuse irradiation for the later period was some 69, higher than for
the period 1959-68. Interestingly, therefore, the successful smoke abatement programmes in the
London region seem to have influenced the diffuse irradiance levels upwards rather than the
direct irradiance levels. To give an up to date model, the coefficients of equation (8) were
adjusted upwards before incorporation in AVDY so as to make predicted monthly values of the
mean daily total diffuse irradiation for Kew match the observed values for the period 1965-75.

Equation (8) thus became Gy = 2+4.800, : (9)
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which is the basic diffuse radiation model currently stored in our program AvDY, but it is
adjusted subsequently to allow for actual observed sunshine in a particular month.

Having produced a long term hourly diffuse radiation model that agreed reasonably well
with the most recent observed long term average diffuse horizontal surface irradiation data,
on the preliminary assumption that there were no actual variations from year to year (which
is only approximately true), the next step was to modify the original long term average model
to make the predicted monthly mean diffuse daily total horizontal surface irradiation sensitive
to actual observed sunshine hours year by year, which, as study of actual observations revealed,

10

irradiation/(MJ m~2)
'S O"J °‘°

(S
1

monthly mean daily vertical surface

T FMAMJI J ASOND
month

Ficure 13. Comparison of measured and observed monthly mean daily irradiation on vertical north, south,
east and west slopes at Bracknell; period 1966-73. (a¢) ®, predicted east; @, predicted west; (b) o,
predicted.

was in fact the case. Such variations, however, are modest. The correction method was based
on the use of Angstrom type regression equations. Page (1962) had shown the mean monthly
global A, and diffuse horizontal surface irradiation Hyy, could be predicted from monthly
mean sunshine hours by using the following two formulae:

Hy/Hy, = a+b7/N, (10)
and Hy/H, = c+d H,/Hy, (11)

where H, is the monthly mean value of the horizontal surface extraterrestrial irradiation, % is
the monthly hours of bright sunshine, N, is the possible number of sunshine hours (daylength)
and a, b, ¢ and d are locally determined regression constants. The two equations may be com-
bined to give a quadratic function in %/ N,. The observed Kew data were fitted to a quadratic
function and the following relation found:

Hy, /Hy, = 0.15340.289 7/ N,—0.244 (7] N,)2. (12)

This was incorporated as a modifier to allow for year to year variations in mean monthly
sunshine hours. '

Equation (12) could be then used to calculate the mean monthly daily diffuse irradiation on
a horizontal surface as a function of monthly sunshine hours year by year. Figure 12 shows the
observed and predicted values of the monthly mean global and diffuse horizontal surface
irradiations at Kew for two months, June and December, for the period 1965-75 showing
the high prediction accuracy achievable with this method.
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We have carried out similar studies of diffuse radiation for a number of other European
centres, and have found similar relationships but the slope constant 4’ in equation (8) varies
slightly from station to station. Currently, different techniques for correction for shading rings
are being used that are producing difficulties in comparison. Our model aAvpy, however, allows
for the incorporation of a diffuse multiplier to allow for any local variations.

(d) Average diffuse sky and ground reflected irradiance on slopes

The precise methods used in AvDy for the prediction of the diffuse irradiance on slopes are
complex. They have been described in detail by Page (1978). The techniques essentially are
based on a combination of the two separate diffuse sky estimation techniques implicit in
sun3 and ovpy. The daily sunshine fraction f’ is used to split the predicted horizontal surface
diffuse irradiance into two proportional parts. One part is modelled as a clear blue sky, and
the other part is modelled as an overcast sky. The two separated slope components are then
added together to get the predicted mean monthly hourly values of the sky diffuse irradiance
on the slope. Comparison with observations showed that some modest pragmatic modifications,
of the order of 109,, were necessary when the Sun was perpendicular to the surface. Agree-
ment between observation and prediction was otherwise excellent. This modification was
incorporated into the program. The contribution from the ground is, at present, modelled
isotropically, but later on, improvement will be incorporated to allow for increase in the ground
albedo for direct radiation with increase of angle of solar incidence.

(e)\Checking of program AVDY outputs against mean monthly hourly observations

The program AvDpy derived from Kew has been checked against measured mean monthly
daily irradiation and also mean monthly hourly irradiances on both horizontal and vertical
surfaces independently measured at Bracknell, where observations have been made since 1966
on vertical surfaces facing north, south, east or west. The period 1966—73 was used for the
comparison. Figures 134, b show the predicted and observed mean monthly daily irradiation
on surfaces facing north, south, east or west. Our studies are now being extended to cover all
available observations from the E.E.C. area, and the initial studies are promising.

11, THE PREDICTION OF LONG WAVE EXCHANGES

Our computer program LwR1 calculates the net long wave radiation exchange between the
incoming atmospheric long wave radiation and an inclined surface of any tilt. It is based on
the experimental work of Unsworth & Monteith (19755) and the theoretical work of Unsworth
(19756). They found the incoming atmospheric long wave radiation from clear skies on a
horizontal surface was well correlated with the fourth power of the screen-height air tempera-
ture. *

For inclined surfaces, Unsworth (19754) divided the incoming flux into two parts, one part
being a flux from an isotropic source of radiation and the other a flux that describes the degree of
anisotropy. The isotropic distribution is readily found from the flux incident on an unobstructed
horizontal surface. For the anisotropic flux Unsworth used the work of Kondratyev (1969),
who developed an integral to describe the apparent emittance of the sky as seen by an inclined
surface. Unsworth numerically evaluated this integral and produced a curve of its magnitude
against the inclination of the surface. This curve has been fitted to a sine function to enable it
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to be used in our program Lwr1. The effect of cloud cover on the incoming atmospheric long
wave radiation was, following Unsworth & Monteith, treated as a linear modification to the
clear sky condition.

The user can insert any cloud cover amount he chooses, and can also choose the ground
surface temperature independently of the air temperature and can alter the ground emittance.

12, PROGRAMS FOR THE ESTIMATION OF HOURLY WIND SPEED AND
TEMPERATURE FOR DIFFERENT CLASSES OF RADIATION DAY

The data for temperature and wind for the 109, maximum days, the 109, minimum days
and the average days for Kew, Eskdalemuir, Lerwick and Aberporth, have been systematically
analysed by using Fourier series to fit the observed diurnal data. The Fourier coefficients for
the fundamental, first harmonic and second harmonic were shown to be related to the mean
monthly wind speed, mean monthly sunshine hours and mean monthly temperature, thus it
proved possible to collapse all the data for the four stations into sets of relatively simple
equations to generate hourly data for different classes of radiation day from monthly mean data.
These studies form the basis for our new programs, METs, META and METO. These subscripts
have been chosen to indicate sunny S, average A and overcast O. The detailed procedure for
collapsing the U.K. data has been reported by Page et al. (1979). These programs incorporate
as a subroutine the program Lwrl1 for long wave radiation already described. This completes
the basic program structure needed for climatological simulation of solar thermal systems
performance. The final improvement will be the incorporation of the microclimatic modifier
modules, MODS, MODA and MODO.

13. CONCLUSIONS

The systematic studies completed in the Department of Building Science in Sheffield will
enable a wide range of solar building and other solar energy climatological problems to be
tackled in a more accurate and sophisticated way than at present. While we have primarily had
buildings in mind in developing the system, it could prove of value in other scientific fields
like horticulture, applied agriculture, and also in general engineering design. The system has
been demonstrated to be climatologically accurate when compared with actual U.K. meteoro-
logical observations, and we now hope to apply the system extensively to detailed solar energy
studies across the whole country and are involved in active discussion on its use in one or two
specific U.K. solar projects.

The research projects described in this paper have been supported in part by research grants
from the Science Research Council. These grants have supported one of the authors, Mr C. G.
Souster, as a research assistant and a computer programmer, Miss J. L. Thompson, who has
been responsible for writing the majority of our programs. Further funds in support of comput-
ing projects have been granted by the Building Research Establishment and the European
Economic Community under their solar program. We are particularly grateful to the Meteoro-
logical Office at Bracknell both for providing us with measured data and also for many useful
discussions.
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