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Abstract  

The PASSYS project was formed in 1986 by the Commission of the European Communities with the aim of increasing 
confidence in passive solar heating systems. One of the ways chosen to do this was the approval/development of a European 
validation methodology for building energy simulation programs. The article summarizes the findings from the work of the 
Model Validation and Development Subgroup within PASSYS. A detailed description of the work may be found in the 
following two references: S.O. Jensen (ed.), The PASSYS project phase 1, Subgroup model validation and development, Final 
report, 1986-1989, EUR 13034 EN, Commission of the European Communities, Directorate General XII for Science, Research 
and Development, Brussels, Belgium, 1990; and S.O. Jensen (ed.), Validation of building energy simulation programs, Vols. 
1 and 2, Research report PASSYS subgroup model validation and development, EUR 15115 EN, Commission of the European 
Communities, Directorate General XII for Science, Research and Development, Brussels, Belgium, 1994. 

Keywords: Energy simulation programs; Validation methodologies 

1. Validation methodology 

The current technological explosion in faster, more 
powerful computers and higher level programming lan- 
guages allows the simulation of extremely complex real 
world systems which until recently were thought to be 
impossible to model. However, with the development 
of more complex simulation codes, the need for pro- 
cedures for validating the programs becomes more 
important in order to ensure that decisions are not 
based on inaccurate or even incorrect information ob- 
tained from simulations. 

This was one of the reasons why the Commission 
of the European Communities added model validation 
and development to the PASSYS project, formed in 
1986. One of the main objectives of the project was 
to increase confidence in environmental building per- 
formance simulation and especially in passive solar 
systems simulation. Being aware of the fast evolution 
of simulation programs, the PASSYS Model Validation 
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and Development Subgroup decided to develop a val- 
idation methodology, rather than try to validate specific 
- and often rapidly evolving - computer programs. 

The aim of the PASSYS project was to increase 
confidence in simulation of passive solar systems. The 
main effort has thus been put on the validation of the 
building part of simulation programs and only briefly 
on the plant part. The plant part of any simulation 
program of course needs just as comprehensive a val- 
idation, as described in this article for the building 
part. 

Validation is a complex process which can be defined 
as follows: a rigorous testing of a program comprising 
its theoretical basis, software implementation and user 
interface under a range of conditions typical for the 
expected use of the program. 

In practice it is not possible to perform a complete 
validation of a program - there are, especially for 
building energy simulation programs, too many inter- 
linked factors and too many possible applications to 
test all combinations. It is, however, possible to increase 
the confidence in a simulation program by applying a 
well documented and comprehensive validation meth- 
odology combining several validation techniques. 

Based on previously performed studies [1,2] (the 
study of Judkoff et al. [1] has been exemplified in the 



134 S.O. Jensen / Energy and Buildings 22 (1995) 133-144 

present journal [3]), a methodology for validation of 
building energy simulation programs has been approved, 
further developed, refined and broadened. One main 
conclusion of the work is that a validation methodology 
should be comprehensive, i.e., it should include both 
non-empirical as well as empirical validation techniques, 
which are to be applied both at the level of single 
processes as well as at the level of whole models. A 
comprehensive validation methodology should consist 
of a literature review, code checking, analytical veri- 
fication, intermodel comparison, sensitivity studies and 
empirical validation. The PASSYS model validation 
methodology, shown graphically in Fig. 1, comprises 
the following steps: 
• A critical evaluation of the theory used in the sim- 
ulation program to model the different heat transfer 
processes, including an investigation of possible alter- 
natives. 
• A check of the corresponding source code segments 
separately, and jointly when possible. 
• Application of the analytical (for single processes) 
and intermodel comparison (for single processes and 

whole model) elements of the methodology when pos- 
sible. 
• Use of sensitivity analysis for internal consistency 
and quality assurance checks (for single processes and 
whole model), and for investigating the overall uncer- 
tainty of the program/model prediction due to uncer- 
tainty in the input parameters. 
• Identification, design and implementation of empir- 
ical validation experiments. These experiments may be 
at the process level or for whole model validation. The 
experimental design includes use of sensitivity analysis 
to determine the principal factors of the experiment, 
and to assess overall uncertainty. 
• Application of statistical analysis techniques to de- 
termine the acceptability or otherwise of the matched 
predictions and measured data sets and to help identify 
possible sources of discrepancy. 
• Based on the above-mentioned validation techniques, 
recommendations should be given on modifications to 
the program/model under study. 

In order to test the robustness of the validation 
methodology and to refine it further, the methodology 
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Fig. 1. The principle of the PASSYS model validation methodology. 
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for validation of single processes was applied to the 
simulation program ESP-r [4] for a number of topics 
of major importance for simulation of the thermal 
performance of buildings: climate, external and internal 
surface convection, external and internal long-wave and 
short-wave processes, conduction, air flow, thermal com- 
fort and controls. The simulation program ESP-r was 
used to test the methodology developed, as it has been 
selected by the Commission of the European Com- 
munities as the European reference simulation program 
for passive solar simulation [5,6]. However, the vali- 
dation methodology is not program specific. 

The non-empirical process validation activities un- 
dertaken within the PASSYS project proved to be very 
successful in improving confidence in as well as en- 
hancing the modelling capability of a simulation pro- 
gram. Non-empirical single process validation offers the 
advantage of clearly pinpointing potential problems 
within the simulation code. In addition, non-empirical 
techniques are simple, fast, cheap and repeatable. A 
complete description of the above-mentioned work on 
single processes undertaken by the Model Validation 
and Development Subgroup can be found in the final 
report from the first phase of PASSYS [7] and in a 
more condensed form in Ref. [8]. 

However, even if the subroutines of a program, dealing 
with the different thermal processes, have proved to 
function within an acceptable range, the interconnection 
between the different routines may result in problems 
at the level of whole models. Whole model validation 
is thus the next step. Non-empirical, whole model 
validation may indicate an uncertainty range for the 
simulation results with respect to model inputs as well 
as the quality of the model under study with respect 
to well known and validated/accredited reference pro- 
grams. 

2. Empirical, whole model validation 

Although the PASSYS test cells were not designed 
for model validation and development purposes, the 
emphasis of the subgroup was, when the PASSYS test 
sites became available, switched towards the devel- 
opment of a methodology for empirical, whole model 
validation. The reason for this emphasis is that many 
people consider empirical validation the more powerful 
of the possible approaches to validation. Empirical 
validation should in principle compare a 'true' model, 
based on measurements obtained from physical ex- 
periments, with simulated results from a mathematical 
model implemented in a program. As with analytical 
validation, such an approach is then not limited to 
isolated processes in simple cases, but deals with real 
world complexity comparable to the situations en- 
countered when the simulation program is used in 

design studies. Empirical validation is therefore the 
most popular technique for validating transient thermal 
simulation programs, although it should never be used 
alone. 

The difficulty with empirical validation is that it 
involves experiments, with all the accompanying prob- 
lems. An examination of existing experimental data sets 
for validation purposes [9] concluded that among 179 
examined data sets very few were of sufficiently high 
quality to be used for empirical validation. 

Many data sets are missing important measured data, 
e.g., air infiltration or the split between direct and 
diffuse solar radiation. The uncertainty of the data is 
often very large - for example, the weather data were 
not collected at the test site. Very often the physical 
parameters of the building materials were not measured, 
but had to be obtained from handbooks. When such 
data sets are used the only conclusion that can be 
drawn, if the results are within the error band, is that 
the model is capable of reproducing the observed 
building performance with appropriately chosen input 
data, rather than that the model can predict the response 
of a given building. If the uncertainty of the input data 
is large, serious errors in the simulation program may 
remain hidden, as good agreement between measured 
and calculated values can be obtained by fitting the 
input data. On the other hand, if the results are not 
contained within the error band, this may be due to 
(i) the algorithms in the model describing the thermo- 
physical processes being 'wrong' in some way, or (ii) 
the fact that the user is unable, for some reason, to 
accurately describe the building or the actions on the 
building to the model. 

Therefore, there is a need for high quality data sets 
for validation purposes. The PASSYS project was well 
equipped to undertake the task of obtaining high quality 
data sets: 
• there are 12 well designed and almost identical test 
sites spread all over western Europe (the PASSYS test 
cell is shown in Fig. 2); 
• the test cells are equipped with a comprehensive 
sensor set with small uncertainties connected to an 
automated data acquisition system; 
• the test cells are equipped with a computer controlled 
heating and cooling system; 
• a removable south-facing wall of the test cells makes 
it possible to test different passive solar components; 
• thermo-physical and optical properties of the ma- 
terials can be determined by the experimental teams. 

A more detailed description of the PASSYS test cell, 
the heating and cooling system and the basic sensor 
set can be found in Ref. [10]. 

In order to utilize facilities such as the PASSYS test 
sites for model validation purposes, it is important to 
apply strict criteria for the production of high quality 
data sets. It is also important to ensure rigorous ad- 
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herence to the methodology described previously. Cri- 
teria for high quality data sets are necessary in order 
to ensure that the data are really of high quality, while 
the empirical validation methodology will ensure that 
the comparison of measurements and predictions is 
placed on a rational basis. Criteria for obtaining high 
quality data sets and a methodology for empirical, whole 
model validation have been developed within the frame- 
work of PASSYS and are described in the following 
sections. 

This is necessary for both analytical tests and intermodel 
comparisons, but also for empirical validation, where 
it furthermore is important to perform data validation 
on the measured values in order to ensure that the 
measurements really are representative for the exper- 
iment within the presupposed accuracy. The data val- 
idation aspect has often been neglected in previous 
validation studies. 

2.2. Methodology for empirical, whole model validation 

2.1. Criteria for high quality data sets 

Stated succinctly, a high quality data set for model 
validation purposes should be: 
• comprehensive, 
• detailed, 
• with small uncertainties, 
• checked and cleaned, 
• fully documented. 

The comprehensiveness should make certain that all 
important input parameters are known with a low 
uncertainty, thereby preventing the possibility of ob- 
taining good agreement between measurements and 
predictions by data fitting. The detail should ensure 
that in the event of differences between measured and 
predicted results, the source of discrepancies can be 
located. The small uncertainties should decrease the 
uncertainty band on the measured values and thereby 
decrease the overall uncertainty within the validation 
study. The checking and cleaning should ensure that 
the data sets are without errors. And finally, full doc- 
umentation is the primary condition for future use of 
any recorded data. 

The work within PASSYS has revealed the importance 
of data validation. It is important to verify that the 
basic input data for the model are correct (i.e., the 
correct values selected for the relevant parameters). 

The aim of performing empirical, whole model val- 
idation is to detect if a model is capable of describing 
the reality correctly. This is a nontrivial task to perform, 
as it requires expertise in experimental design, modelling 
principles and simulation techniques. In many earlier 
validation studies comparisons have been performed 
for relatively few physical parameters (e.g., only the 
total heat demand), making it difficult to identify the 
cause of the observed discrepancies between measured 
and predicted values. In some cases discrepancies have 
been reduced by adjusting one or more of the deter- 
mining parameters without knowing the real cause of 
the deviations, as the number of accurately measured 
parameters was insufficient. In addition, the measured 
data have often not been validated throughout. In such 
cases it cannot be claimed that the model has been 
proven valid. 

An empirical validation study should be planned 
carefully before starting. The experiment should be 
devised so that the necessary data are available in 
terms of, for example, scanning interval, location and 
accuracy of sensors. Guidance in this area can be 
obtained by modelling the phenomena before doing 
the experiments. Also, the expected analysis of the data 
should be planned before the study. 

There is a need for an empirical, whole model 
validation methodology. Such a methodology has been 
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developed by the Model Validation and Development 
Subgroup, a methodology which ensures that the in- 
formation on program performance and the cause of 
discrepancies is maximized. The methodology comprises 
six stages: 
• definition of scope, type and nature of the physical 
and numerical experiment, 
• implementation of the physical experiment on site, 
• processirfg of the measured data, 
• performance of simulations, 
• analysis of the results and assessment of the sensitivity, 
• documentation of the data set and validation work. 

The empirical, whole model validation methodology 
is shown graphically in Fig. 3 and is described in more 
detail in the following sections. A validation study should 
always be carried out by at least two teams: a leading 
team performing the exercise and a reviewing team. 
In this way the performing team can receive input and 
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criticism and the calculations are checked impartially. 
This should ensure the quality of the validation study. 

2.2.1. Definition of scope, type and nature of the physical 
and numerical experiment 

At this stage of the application of the methodology, 
the purpose of the study should be very clearly defined. 
The type of component should be selected and the 
field of interest should be defined. The thermal processes 
in both the physical and the numerical experiment 
should be identified and isolated. A model (in PASSYS 
of the test cell) with an appropriate level of detail for 
the analysis envisaged should be constructed. The critical 
(and sensitive) parameters for the model selected should 
be determined, for example by performing sensitivity 
analysis with the model. In the PASSYS work differential 
sensitivity analysis has been applied - see Section 
2.2.5. 

It is also important that the program is fixed before 
the experiment is carried out, as the validation can 
then be considered 'blind'. Performing blind validation 
ensures that the modeller is not influenced by the actual 
measurements and is therefore unable to fit the input 
data to the measured data. 

2.2.2. Implementation of the physical experiment on site 
Based on stage one, the passive solar component in 

question should be designed (if not already done). An 
appropriate instrumentation set should be selected 
based on previous simulations. The accuracy of the 
experiment should be assessed. An appropriate control 
strategy and period with a desired range of climate 
variation should be selected. It should be confirmed 
that the component is constructed according to the 
specifications, that samples of materials are obtained 
to enable the measurement of thermo-physical prop- 
erties, and that sensors are correctly located. 

2.2.3. Processing of the measured data 
Only high quality data sets should be considered. 

The data set should be pre-processed - checked, 
cleaned, averaged, validated, etc. Experimental data 
should be matched with model input, parameters and 
output. The measured data should be transferred to 
a database for display purposes and for later comparison 
with predicted values. 

2.2.4. Performance of simulations 
The modelling assumptions should be clarified and 

adapted if appropriate. The test cell model should, if 
necessary, be refined in terms of the information and 
experience from the construction of the component, 
the test and measured thermo-physical properties. Sim- 
ulations should be performed with measured climate 
data and measured test cell conditions. 
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2. 2. 5. Analysis of the results and assessment of the sensitivity 
The uncertainties in program input parameters and 

model parameters should be identified. Statistical tech- 
niques should be used in order to assess the resulting 
uncertainties in the selected program output parameters. 
The uncertainties in the measured output parameters 
should be identified. Measurements should be compared 
with predictions. 

This stage of the methodology is very important. 
Comparison between measured and predicted values 
has often been performed in a very subjective way - 
for example, by visually comparing graphs of measured 
and predicted data. On this basis subjective statements 
are made on the goodness of fit. Such a comparison 
is unacceptable and can give only imprecise information 
on what may be the cause of deviations. Within the 
PASSYS methodology statistical techniques are applied 
in order to raise the standard of the process and ensure 
that valuable information about program performance 
is obtained. 

There exist several statistical techniques for com- 
paring measured and predicted values, testing the good- 
ness of fit of different aspects of a program. Within 
the Model Validation and Development Subgroup two 
different statistical tools have been applied: parametric 
sensitivity analysis and residual analysis. 

In the field of parametric sensitivity analysis both 
differential sensitivity analysis and the Monte Carlo 
method have been applied. The use of parametric 
sensitivity analysis for validation purposes has been 
addressed previously in the present journal [11]. 

In differential sensitivity analysis, perturbed runs are 
performed in which each program input parameter is 
changed by + its standard deviation. Based on the 
results the overall uncertainty band of the simulation 
is calculated. The agreement is said to be good if the 
measured values fit within this uncertainty band. The 
advantage of this method is that it is very clear when 
good agreement is obtained. Furthermore, the sensitivity 
of the model for each input parameter is obtained, 
giving a hint as to the cause of discrepancies between 
measurements and predictions. The disadvantage of 
this method is that the standard deviation of the input 
parameters is often based on subjective judgement and 
these parameters have to be independent. Differential 
sensitivity analysis should mainly be applied to identify 
critical and sensitive parameters during the design phase 
of the experiment, and as a first check when comparing 
measurements and predictions. 

In the Monte Carlo method the parameters of the 
model are changed simultaneously according to a given 
probability distribution function. The advantage of this 
method, compared with differential sensitivity analysis, 
is that the parameters do not need to be independent. 
Therefore, a more reliable picture of the overall un- 
certainty of the simulation is obtained. The drawback 

is that it is only the global uncertainty that can be 
derived. This method gives no indication of which 
parameters have the major influence on the global 
uncertainty. 

Common software for performing the two above- 
mentioned parametric sensitivity analyses has been de- 
veloped [12]. 

Parametric sensitivity analysis can only compare mea- 
surements and predictions in the low frequency range. 
The technique cannot test the goodness of fit at other 
frequencies, such as the dynamic part of the experiment. 
Other statistical methods have therefore been incor- 
porated in the procedure for comparing measurements 
with predictions. 

Residual analysis is such a method. In this case the 
residuals (the time series of the differences between 
measurements and predictions) are analysed in the 
power spectrum, and the cross-correlation functions 
between the residuals and certain input parameters to 
the simulation model are analysed in the time and 
frequency domain. The power spectrum discloses at 
which frequencies the residuals appear - e.g., in the 
steady state area or in the high frequency area. The 
analysis of the cross-correlation functions discloses 
which input parameters are correlated with the residuals 
and therefore may cause the divergence. Finally, the 
squared multiple and partial coherency spectra are 
analysed in order to determine how large a part of the 
residuals may be explained by the input parameters. 
While the residual analysis does not disclose what is 
wrong with the program, it does indicate where to look 
for inappropriate assumptions. 

Based on the residual analysis, a method for deter- 
mining the goodness of the agreement between mea- 
surements and predictions (or between the predictions 
of two different programs) has been developed. This 
method is called the Qualifying Density Power Spectrum 
Test. The idea is to compare the power spectrum of 
the residuals with a reference power spectrum. An 
example is given in the next section. 

Software for performing residual analysis has been 
developed. The theory behind the software and the 
software itself are described in Refs. [12,13]. 

2.2.5.1. Results from a validation exercise 
This section summarizes the results from a whole 

model validation exercise using the PASSYS validation 
methodology; for further details refer to Ref. [12]. The 
experiment was performed at the University of Stuttgart 
test site in Germany, and the comparison between 
measurements and predictions was performed by the 
Thermal Insulation Laboratory, Technical University 
of Denmark, assisted by Einheid Zone, Free University 
of Brussels, Belgium. The south wall component was 
the PASSYS reference wall - a 2.75 x 2.75 m lightweight 
wall consisting of 100 mm insulation foam with 13 mm 
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plywood on each side. A double-glazed window with 
an area of 1.15 m 2 is centrally located in the wall. The 
wall is described in detail in Ref. [14] together with 
the other PASSYS test components. 

The data set was obtained during the period 9 
August-6 September 1991. Owing to a power failure 
lasting 6 h at the test site, the data set had to be 
treated as two separate periods (see Figs. 4 and 5). 
The test strategy used was the common strategy de- 
veloped within PASSYS: a one-week start-up period 
at constant test room temperature, 2 weeks of constant 
minimum power input to the test room, 2 weeks of 
high constant power input, 2 weeks of moderate constant 
power input and 2 weeks with a pseudo-random binary 
power input (see Fig. 6). 

Before the experiment was performed, differential 
sensitivity analysis was carried out in order to determine 
the critical parameters of the experiment. Based on 
the results from this analysis several parameters of the 
reference wall were measured with extra care - e.g., 
the transmittance of the window and the thermo-physical 
properties of the insulation material. The infiltration 
rate was shown to be of major importance, so the cell 
was carefully sealed before the test. 

The model of the test cell with the reference wall, 
developed before the test, was adopted for comparison 
of the predictions with the measurements. 
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Using the measured climate data, service room tem- 
perature and heat injection from the heating system 
as input to the simulations, the predicted test room 
temperature was compared with the measured test room 
temperature. The comparison between the 'blind' model 
and the measurements is shown in Fig. 4. A fairly large 
trend (systematic error) between measurements and 
predictions is observed, while the dynamic response of 
the test cell is well represented by the model. The 
trend is partly caused by the absence of temperature- 
dependent conductivities and, it has been conjectured, 
by an incorrect representation of the edge constructions 
of the test cell. Fig. 5 shows the comparison between 
measurements and predictions, where the conductivity 
of the insulation materials of the test cell is increased 
by 7.4%. The reason for this is that the mean tem- 
perature of the insulation materials during the exper- 
iment was approximately 25 °C, while the conductivity 
of the insulation was measured at 10 °C. Measurements 
have shown that the conductivity increases by about 
5% for each 10 °C increase in the temperature level. 
Fig. 5 shows a much smaller trend. The trend corre- 
sponds to a residual of the heat flux of only 0.016 W 
m -2 K -1, which is negligible for real building appli- 
cations. The differential sensitivity study performed also 
shows good agreement when uncertainties are intro- 
duced. 

The next step was to perform an analysis of the 
residuals. First the residuals were plotted together with 
the inputs to the test cell model. Some of these are 
shown in Figs. 6 and 7; the two start-up periods are 
not shown. A strong correlation between the residuals 
and the service room temperature, and the residuals 
and the heat input, is seen. As most of the time the 
service room temperature equals the test room tem- 
perature, this correlation is really not correct. It hides 
another correlation, that the heat loss by conduction 
increases with the temperature level in the test room, 
which is also supported by the observed correlation 
between the residuals and the ambient temperature. 
The residuals further expose daily fluctuations, which 
seem to be caused by the weather conditions. More 
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dynamic fluctuations are observed in the second period. 
It is highly probable that this is caused by the highly 
fluctuating heat injection from the heating system (see 
Fig. 6). 

The auto-correlation function for both the residuals 
and the differentiated residuals was then analysed in 
order to determine if the trend could be removed by 
differentiation. It is necessary to remove the steady 
state trend, as it will hide important information in 
the dynamic area. The analysis showed that the residuals 
had to be differentiated once in order to remove the 
steady state trend. Both nondifferentiated and differ- 
entiated residuals have, therefore, been investigated. 
In the following the most important findings from the 
residual analysis are described. 

Fig. 8 shows the density power spectra for the two 
periods. A more careful investigation of the data set 
[12] revealed that in order to be in good agreement, 
the curves for the nondifferentiated residuals should 
lie below the thick lines in Fig. 8. It is seen that for 
the first period the model represents the dynamic 
response of the test cell very well, while steady state 
problems occur. However, the second period shows 
problems at frequencies between 0.3 and 0.45 (cor- 
responding to 2.2-3.3 h). These problems are thought 
to be caused by the heating system; however, as the 
time constant of the heating system is far smaller than 

2-3 h, the reason for the problems seems to be that 
the test room in this experiment was heated through 
textile hoses hanging under the ceiling - they were 
later inclined. The heating system therefore tended to 
heat the test room by filling it from the top with warm 
air. This may also explain part of the trend observed 
in Figs. 4 and 5. The observed residuals may thus be 
caused partly by a wrongly measured/averaged mean 
temperature of the test room. 

The cross-correlation functions between the residuals 
and the input to the test cell were then investigated. 
The results from the investigation of the nondiffer- 
entiated data supported the already discussed theory 
of causes for the steady state problems: that they are 
caused by the absence of temperature-dependent con- 
ductivities, an incorrect representation of the edge 
constructions of the test cell, perhaps an incorrectly 
measured mean air temperature in the test room, but 
also by the external heat transfer to the surroundings. 
A careful investigation has revealed that insufficient 
information on the external heat transfer processes 
alone may explain the main part of the observed re- 
siduals. Examination of the differentiated residuals 
revealed that it was mainly the solar radiation and 
ambient temperature that caused the dynamic problems 
(which, however, are minor) and for the second period 
that it was the heat input from the heating system 
which caused the highly dynamic problems. 

Based on the analysis, advice has been given on 
investigations which may minimize the residuals. These 
investigations are helped by the fact that the experiment 
was well planned - that the data set is comprehensive, 
detailed and has been checked and cleaned, and further 
that a test strategy, which excites the system, has been 
used. The quality of the data set was, however, though 
still of a higher quality than normally seen, of a lesser 
quality than expected - e.g., having more missing 
values and larger uncertainties than foreseen. Using 
the data set for a continued validation study may, 
therefore, still hide some problems. 

Fig. 8 may be used by other modellers to see if their 
model performs as well as ESP-r (version 6.30a with 
the test cell model used here) by comparing the density 
power spectrum derived from the residuals obtained 
by their model using the data set described here. It is 
then possible to determine within which frequencies 
their model performs better or worse than ESP-r under 
the assumption that the measured data are correct. 

2.2.6. Documentation of the data set and validation work 
The validation study should be documented com- 

prehensively and be published. Publication is essential 
in order to increase confidence in simulation-based 
methods. Further documentation should be added to 
the data set if necessary. On the basis of stage 5 (Section 
2.2.5), recommendations for improvements to the sire- 
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ulation program or its underlying model should be 
given. 

Several special-purpose experiments have been de- 
signed and carried out in the PASSYS test cells. The 
experiments range from a heavily insulated, opaque 
(calibration) wall with a small solar gain, through a 
traditional wall with a window (with and without thermal 
mass in the wall), to passive solar components - a 
conservatory, a solar wall with transparent insulation 
and an internally ventilated Trombe wall - with high 
utilization of solar radiation. The documentation of the 
experiments and the high quality data sets are made 
available for other researchers via a data base, PASDB 
[15], while the validation exercises are documented in 
Ref. [12]. 

to be deficient in its modelling of the convective pro- 
cesses at internal surfaces. It is suspected that the 
problem lies within the algorithms for the estimation 
of the buoyancy-driven convection coefficients. As an 
alternative to theoretical intervention, it is a relatively 
simple task to impose measured or calculated convection 
coefficient values on a simulation so that the program 
can be applied to study other aspects of performance 
which have been demonstrated by the validation meth- 
odology to be adequately represented. 

With the PASSYS infrastructure, the process of 
program calibration is especially enabled because of 
the potential to produce high quality data sets and the 
possibility of configuring passive solar components as 
required. 

2.2. 7. Conclusions 
When a comprehensive methodology for empirical, 

whole model validation (such as the one described 
above) is applied in connection with high quality data 
sets, the results from empirical validation studies cannot 
be rejected the same way those of many earlier empirical 
validation studies have been (or should have been). 

In this way a well documented empirical, whole model 
validation methodology and high quality data sets make 
a significant contribution to the work of increasing the 
confidence in thermal modelling of buildings. 

A well documented and reliable validation meth- 
odology is valuable for developers of simulation pro- 
grams in order to test their products, but the main 
application of such a methodology is in the field of 
'Calibration', 'Scaling and Replication' and 'Simulation 
Based Standards'. This will be described briefly in the 
following sections. 

3. Calibration of models 

The PASSYS empirical validation methodology is 
powerful because it can be used to identify the cause 
of poor program performance. Usually such knowledge 
will be used to explore possible solutions - in the 
form of theoretical extensions or refinements to the 
input model, for example. In some cases, where de- 
ficiencies are not great or where removing the cause 
of the problem is difficult, an alternative approach is 
to use the experimental data to calibrate the program 
and so align its predictions with the measurements. By 
this means a program can be tuned to represent a 
specific system over a realistic range of operating con- 
ditions. The calibrated program can then be used, with 
caution, to extrapolate performance to other contexts 
by means of scaling and replication procedures, as 
outlined in the following section. 

To give one example of the process, assume that a 
program has been shown by the validation methodology 

4. Scaling and replication 

Application of the PASSYS validation methodology 
to a particular test component and operating regime 
will have one of two outcomes: either a program will 
be shown to give acceptable predictions or it will not. 
In the latter case it may be possible to improve pre- 
dictions by theoretical means or calibration. After con- 
fidence in a program's ability to model the performance 
of a given passive solar component is achieved, it can 
be used to scale the component's behaviour to real 
buildings and to undertake replicability studies by as- 
suming alternative design/climate configurations. In this 
way modelling can be used to bridge the gap between 
the controlled environment of the test cell and the 
complex issues encountered in practice. Within PAS- 
SYS, ESP-r was used to determine the extent to which 
the performance benefits of conservatories, as indicated 
by test cell experiment, translated to real designs when 
subjected to realistic patterns of occupancy, climate 
and air flow [12]. 

As elaborated within the project, scaling involves the 
following considerations: 
• Selection of a reference design (which must have 
features in common with the test cell in the case where 
the program is being used in calibration mode). 
• Simulation of this design before and after application 
of the passive solar component and its associated control. 
• Analysis of performance in terms of energy and 
comfort criteria. 
• Incremental changing of the design parameters, with 
repeated simulations in order to determine the optimum 
configuration. 

Replication entails studying the impact of alternative 
design options when placed in different climate contexts. 
Clearly, a passive solar component that works well for 
one design/climate combination may perform badly for 
another. Replication entails extrapolation, which implies 
that the program may be used outside its proven 
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confidence limits. This is thought to be an acceptable 
'risk' provided that: 
• the initial proving experiments are designed in such 
a way as to ensure that the passive solar component 
is tested across a representative operation range, and 
• experimental uncertainties are minimized by ensuring 
that monitoring standards are high. 

The PASSYS facility is well equipped in these re- 
spects. The test cell technology can be regarded as an 
intermediate step between laboratory tests and real 
buildings. The PASSYS validation environment - test 
cells, validation methodology, workstation and software 
- forms a bridge between laboratory tests and real 
buildings. 

5. Simulation based building energy standards 

As confidence in simulation programs increases, the 
concept of 'Simulation Based Building Energy Stan- 
dards' will become more and more accepted. When 
Simulation Based Building Energy Standards become 
a reality, there will be a need for 'Software Accreditation 
Procedures' based on well documented validation meth- 
odologies. 

Simulation Based Building Energy Standards are not 
far away. Simulation Based Building Energy Standards 
have been applied in the USA for more than a decade, 
and a working group within the European standard- 
ization body CEN (in collaboration with PASSYS) has 
recommended the concept of Simulation Based Building 
Energy Standards and has worked out a 'draft' standard 
on the calculation of the internal temperature of a 
room under summer conditions. This includes a Software 
Accreditation Procedure, as reported in Ref. [16]. This 
is not only considered a major breakthrough in European 
standardization activities, but can also be seen as an 
indication that research is increasing the confidence in 
thermal modelling of buildings. 

5.1. Software accreditation procedures 

The essence of software accreditation procedures is 
to compare the predictions of the program to be ac- 
credited with the predictions of a reference. The ref- 
erence might consist of high quality data sets and 
analytical tests when available, but could also include 
predictions from a reference simulation code on a series 
of reference buildings. 

A way to perform the accreditation of a program 
would be to investigate the density power spectra of 
the residuals obtained by comparing the predictions of 
the program with the reference (Section 2.2.5.1). In 
order for the program to be accredited, the density 
power spectrum should be below a certain qualifying 
(or reference) density power spectrum. It is furthermore 

possible to classify simulation programs according to 
the area in which they perform well: in the steady state 
area, the dynamic area or both. In this way it will, 
furthermore, be easier for the user to choose the right 
program for the actual problem. 

6. Conclusions 

The validation of a building energy simulation pro- 
gram is a nontrivial task. It is in fact not possible to 
perform a complete validation of a program, as it is 
impossible to test every application of the program. It 
is, however, possible to increase confidence in a sim- 
ulation program by applying to it a well documented 
and comprehensive validation methodology combining 
several different validation approaches. 

Based on previously performed studies, a validation 
methodology has been selected and further developed. 
The validation methodology has been broadened and 
further refined within the CEC concerted action PAS- 
SYS. Although the methodology has been tested in 
connection with the simulation program ESP-r, it is 
not program specific and can be applied to any building 
energy simulation program. ESP-r has simply been used 
to test the methodology. 

The main PASSYS contribution to the validation 
methodology is in the area of empirical, whole model 
validation. It is often seen that empirical, whole model 
validation is performed in a very subjective way, by, 
for example, visually comparing graphs of measured 
and predicted data, using data sets with relatively few 
measured points, making it diffficult to identify the 
observed discrepancies between measured and predicted 
data. The PASSYS methodology ensures that the nec- 
essary data from an experiment are available in terms 
of scanning interval, location and accuracy of the sensors. 
A test strategy which excites the system has, furthermore, 
been chosen. Criteria for high quality data sets have 
been developed. Statistical techniques have been in- 
troduced in the field of comparison between mea- 
surements and predictions in order to reduce the amount 
of subjective judgement as much as possible. The meth- 
odology offers the opportunity not only to investigate 
the absolute difference between measurements and 
predictions, but also to pinpoint at what frequencies 
the problems occur. The proposed Qualifying Density 
Power Spectrum Test makes it easier to compare the 
performance of two different simulation programs, and 
makes a classification of simulation programs possible. 

The conclusion from the non-empirical validation 
work in PASSYS was that knowledge of the internal 
and external convection and the external long-wave 
radiation to the surroundings is currently insufficient. 
The empirical, whole model validation studies came 
up with the same conclusion, i.e., the main part of the 
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observed residuals between measurements and predic- 
tions could be explained by insufficient information 
regarding internal and external convection and external 
long-wave radiation to the surroundings. The residuals 
may be reduced considerably by introducing fixed 'mea- 
sured' values for the internal convection and by applying 
measured external surface temperatures on the non- 
south-facing opaque surfaces of the test cell. More 
attention should thus, in the future, be given to in- 
vestigations aimed at increasing the knowledge con- 
cerning these thermal surface processes. 

Several of the data sets from special-purpose ex- 
periments have been included in an empirical, whole 
model validation exercise. One of the main conclusions 
from this exercise is that heavily insulated test cells 
are difficult to describe to simulation programs that 
assume 1-D conduction through the envelope. Owing 
to the large ratio between internal and external areas, 
considerable 2-D and 3-D losses occur through the 
edges of the test cell. Based on 2-D dynamic and 3- 
D steady state calculations, together with identifications, 
a model of the test cell (without the south wall com- 
ponent) was calibrated. The calibrated test cell model 
reduced the steady state residuals considerably, indi- 
cating that calibration of the test cell model is mandatory 
for studies using data sets from heavily insulated test 
cells (at least for 1-D dynamic simulation programs). 

Although the computer simulation of the physical 
processes of heat transfer in buildings is now at a high 
level, there is a need for each of these individual 
processes to be better understood, better represented 
and better documented, in a set of models each having 
various levels of complexity and/or various fields of 
application. The numerical solvers embedded in the 
programs should also be developed further, i.e., be 
made faster and more accurate. The development of 
new software engineering techniques - aimed at in- 
creasing research and development efficiency, sup- 
porting the validation/accreditation process and making 
the programs more user-friendly while ensuring their 
appropriate use - has only just started and needs 
much more attention and support in the future. 

In particular, the accreditation of simulation models 
and simulation methodologies requires a very high 
priority in order to prevent future decisions in the 
building sector being based on simulation results which 
are erroneous, or which correspond to an inappro- 
priately defined problem. Accreditation of the 'model 
use' is as important as the 'model validity'. A model 
that has been accredited, and proven to perform well 
within a specific range of validity, may still lead to 
inconsistent or wrong conclusions, owing to the way it 
is used, including the selection of input data and the 
interpretation of the simulation results. 

In the field of accreditation of simulation programs 
the Model Validation and Development Subgroup has 

participated in the working group TC89/WG6 of CEN 
(the European Standardisation Organisation), which is 
preparing a Simulation Based Building Energy Standard 
on the assessment of 'internal temperatures in summer 
of a room without mechanical cooling'. Partly due to 
the work of PASSYS, the standard was changed from 
being program specific to including guidelines (accre- 
ditation procedures) for the simulation programs which 
may be used in connection with the standard. 

The work within PASSYS not only has led to the 
consolidation of a validation methodology for building 
energy simulation programs, but also points to the 
future, in the field of software accreditation as well as 
in new ways of validating simulation programs. The 
idea of, for example, 'on-line validation facilities' has 
been launched [17], in which the empirical validation 
of a simulation program is carried out more or less 
simultaneously with its development. 

The ESP-r simulation system has been applied in 
order to test the validation methodology developed. A 
spin-off from PASSYS is that increased confidence in 
ESP-r has been obtained. As a result, especially of the 
non-empirical validation activities of PASSYS, several 
significant extensions have been made of the ESP-r 
system and several bugs, both obvious and pernicious 
ones, located and cured. The empirical, whole model 
exercises indicated that ESP-r predicts the dynamic 
response of the test cell air temperature rather ac- 
curately, while the steady state problems are related 
to the test cell construction and to insufficient infor- 
mation, especially on the external surface heat transfer 
processes. Validation studies [12] with a conservatory 
and a wall with transparent insulation material indicate 
that ESP-r has a good predictive capability regarding 
solar driven processes in passive solar designs. 

At the end of PASSYS a consolidated version of 
ESP-r was released [18]. This version includes not only 
the developments from the PASSYS work, but all the 
developments introduced to ESP-r over the past years 
and in particular a new project manager which offers 
a more user-friendly interface to the system user. 

The PASSYS project has been unique in the sense 
that it is the first time within building research that 
so many researchers, experts in their fields, have worked 
together on the same topic - a validation methodology 
for building energy simulation programs - using a 
common approach including common software and hard- 
ware tools. 

A network of European centres now exists which 
has access to common modelling tools and a similar 
viewpoint about how to apply them effectively. To 
support this network an open electronic discussion 
platform has been established (reachable via the e- 
mail address esp-r@strath.ac.uk), and the source code 
of ESP-r is made available via 'ftp' transfer from a 
centrally maintained archive. This means that each 
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centre can contribute models against their own expertise 
while benefiting from the special skills of the other 
groups. The hope is that this will facilitate the emergence 
of yet more powerful design tools in the future. However, 
two important questions remain unanswered: how may 
the future research in model validation and development 
be coordinated and how may a proper technology 
transfer to practitioners and standardization bodies be 
ensured? 

References 

[1] R. Judkoff, D. Wortman, B. O'Doherty and J. Burch, Meth- 
odology for validating building energy analysis simulations, Rep. 
TR-254-1508, Solar Energy Research Institute, Golden, CO, 
USA, 1983. 

[2] D. Bloomfield et al., An investigation into analytical and em- 
pirical validation techniques for dynamic thermal models of 
buildings, Final grant report, Science and Engineering Research 
Council, Polaris House, Swindon, UK, 1988. 

[3] R. Judkoff, Validation of building energy analysis simulation 
programs at the Solar Energy Research Institute, Energy Build., 
10 (1988) 221-239. 

[4] J.A. Clarke, Energy Simulation in Building Design, Hilger, Bristol, 
UK, 1985. 

[5] A. Dupagne, Final report of Passive Solar Modeling Subgroup, 
Commission of the European Communities, Directorate General 
XII for Science, Research and Development, Brussels, Belgium, 
1986. 

[6] P. Achard and R. Gicquel (eds.), European Passive Solar Hand- 
book, Commission of the European Communities, Directorate 
General XII for Science, Research and Development, Brussels, 
Belgium, 1986. 

[7] S.O. Jensen (ed.), The PASSYS project phase 1, Subgroup 
model validation and development, Final report, 1986-1989, 
EUR 13034 EN, Commission of the European Communities, 
Directorate General XII for Science, Research and Devel- 
opment, Brussels, Belgium, 1990. 

[8] J.A. Clarke, The model validation activities of Project PASSYS, 
in Proc. 2rid European Conf. on Architecture, Paris, France, 4--8 
Dec. 1989, pp. 403--406. 

[9] K.J. Lomas and N.T. Bowman, The evaluation and use of 
existing data sets for validating dynamic thermal models of 
buildings, in Proc. 5th CIB/CIBSE Int. Syrup. on the Use of 
Computers for Environmental Engineering Related to Buildings, 
Bath, UK, 7-9 July 1986, pp. 100--117. 

[10] E. Maldonado (ed.), PASSYS operations manual, EUR 15119 
EN, Commission of the European Communities, Directorate 
General XII for Science, Research and Development, Brussels, 
Belgium, 1993. 

[11] K.J. Lomas and H. Eppel, Sensitivity analysis techniques for 
building thermal simulation programs, Energy Build., 19 (1992) 
21-44. 

[12] S.O. Jensen (ed.), Validation of building energy simulation 
programs, Vols. 1 and 2, Research report PASSYS Subgroup 
Model Validation and Development, EUR 15115 EN, Com- 
mission of the European Communities, Directorate General 
XII for Science, Research and Development, Brussels, Belgium, 
1993. 

[13] E. Palomo, J. Marco and H. Madsen, Methods for comparing 
measurements and calculations, Proc. of Building Simulation "91 
- IBPSA Conf., Sophia-Antipolis, Nice, France, 20-22Aug. 1991, 
pp. 570-577. 

[14] A.G. Guy (ed.), PASSYS test components descriptions, EUR 
15121 EN, Commission of the European Communities, Direc- 
torate General XII for Science, Research and Development, 
Brussels, Belgium, 1993. 

[15] P. Strachan, M. Lindsay and J.A. Clarke, PASDB: High quality 
database information system, PASSYS subcontract PASSYS- 
HQDS-UK, ESRU, University of Strathclyde, UK, 1993. 

[16] R. Van de Perre, S.O. Jensen, D. Bloomfield and L. Agnoletto, 
Simulation based environmental based performance standards 
-- a case study: overheating risk assessment, in Proc. Int. 
Workshop on Computers and Building Standards, VTF, Espoo, 
Finland, 27-29 May 1991. 

[17] P. Strachan and J.A. Clarke, Towards an interactive model 
validation facility, in Proc. of Building Simulation '91 - IBPSA 
Conf., Sophia-Antipolis, Nice, France, 20-22 Aug. 1991, pp. 
563-569. 

[18] J. Clarke, P. Strachan, J. Hand, J. Hensen, C. Pernot and E. 
Aasem, A Program for Building Energy Simulation, Version 8 
series, Energy Simulation Research Unit, University of Strath- 
clyde, UK, 1993. 


