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Abstract

This paper examines the potential of sensitivity analysis-assisted optimization-based simulation model calibration. Toward
this end, a university campus office area was selected and equipped with a monitoring infrastructure. Various streams of data
were collected, including indoor climate, outdoor weather conditions, energy delivery via the building's heating system, and
energy use for lighting and equipment. One of the primary objectives of this comprehensive monitoring campaign was to use
monitored data to both populate the initial thermal simulation model of the office area and to maintain its fidelity through a
calibration process. The present contribution also addresses a specific problem faced by an optimization-based simulation
calibration approach: In many realistic circumstances, a large number of model input variables could be subjected to the
optimization process. This large number of candidate input variables can be reduced to a certain extent via heuristically-
based considerations pertaining, for example, to the knowledge domain captured in building physics. We argue, however,
that this process could be further rationalized, if we make use of sensitivity analysis to identify a subset of the input variables
most likely to influence the simulation results. Distinguishing this subset from the entire set of input variables will reduce
the computational cost of the subsequent calibration process.
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Abstrakt

Clanek se zabyva potencialem vyuZiti citlivostni analyzy pti kalibraci simulaéniho modelu. V tomto piipadé byla zvolena
administrativni ¢ast univerzitniho kampusu, ktera byla vybavena systémem méteni. Tento systém sbira nasledujici data -
udaje o vnitinim prostfedi budovy, klimatické podminky, udaje o energii potfebné na vytapéni, o spotieb¢é energiec na
osvétleni apro provoz zafizeni. Jednim zhlavnich cild tohoto rozsdhlého monitorovaciho projektu bylo vyuziti
monitorovanych dat pro pocatecni tepelny simulacni model administrativni ¢asti univerzitniho kampusu a udrzeni jeho
vérohodnosti v pribéhu kalibraéniho procesu. Prispévek se zabyva specifickym problémem kalibra¢niho pfistupu pfi
optimalizacnich simulacich. V ptipadé ptiznivych okolnosti, velky pocet vstupnich proménnych, by mohl byt soucasti
optimaliza¢niho procesu, avsak tohle mnozstvi vstupnich hodnot mtze byt zredukovano pomoci heuristicky podlozenych
predpokladi vztahujicich se napriklad ke znalostem problematiky z pohledu stavebni fyziky. My tvrdime, Ze i pfesto by
mohl byt tento proces jesté vice racionalizovan, kdybychom vyuzili citlivostni analyzu pro identifikovani podskupiny téch
vstupnich dat, které nejvice ovlivituji vysledky simulace. Odlisenim této podskupiny od ostatnich vstupnich hodnot bude
snizen vysledny vypocetni ¢as nasledného kalibraéniho procesu.

Klicova slova: simulace efektivity budov, kalibrace, optimalizace, citlivostni analyza

INTRODUCTION efficiency and consistency. Given this background, the
present contribution explores the potential of an
optimization-based approach to simulation model
calibration that is intended to be employed in a building's
monitoring and systems control environment.

The present contribution also addresses a specific
problem faced by an optimization-based simulation
calibration approach: In many realistic circumstances, a
large number of model input variables could be subjected
to the optimization process. This large number of candidate
input variables can be reduced to a certain extent via
heuristically-based considerations pertaining, for example,
to the knowledge domain captured in building physics. We
argue, however, that this process could be further
rationalized, if we make use of sensitivity analysis to
identify a subset of the input variables most likely to
influence the simulation results. Distinguishing this subset
from the entire set of input variables will reduce the
computational cost of the subsequent calibration process.

Research on performance simulation deployment
opportunities in the building operation phase has recently
gained on momentum. Specifically, simulation routines
have been successfully applied in the conception and
implementation of predictive methods for building systems
control [1]. Needless to say, the quality of such a predictive
control system depends on the reliability of the integrated
simulation models.

Thus, to ensure that predictions are dependable, applied
simulation models must be calibrated. Moreover, given the
dynamic nature of building operation, some input
parameters of the model may have to be subjected to
calibration more frequently. This circumstance implies that
the calibration task cannot be approached as an ad hoc or
one-time activity. Rather, it needs to be conducted on a
systematic basis. Consequently, the entire calibration
process should be preferably automated to ensure



METHODOLOGY

The monitored building

To explore the potential of optimization-based
calibration in a realistic setting, we selected an actual office
in a building of the Vienna University of Technology,
which is equipped with a monitoring infrastructure. The
monitoring infrastructure provides various streams of data,
including indoor climate, weather conditions, energy
delivery via the heating system, energy use for lighting and
equipment, occupancy presence, and the opening state of
windows and doors. Data are regularly collected with a
variable frequency depending on the magnitude of changes
in successive recordings.

The monitored data was used to: i) create a weather file
based on local data instead of using a predefined "typical"
year; ii) populate the initial building model with dynamic
data regarding internal loads, device states, and occupancy
processes; iii) calibrate the initial model (see Table 1).

Tab. 1 - Use of monitored data in the calibration process

Use of data  Data point Unit
Global horizontal radiation W/m?
Diffuse horizontal radiation Wm?

Creating Outdoor dry bulb temperature °C

local Outdoor air relative humidity %

weather

data file Wind Speed m/s
Wind direction degree
Atmospheric pressure Pa
Electrical plug loads w

) State of openings (open/closed) -

Creating

the initial State of the lights (on/off) -

model
Occupancy (presence/absence) -
Radiators’ surface temperature ~ °C

Calibration  Indoor air dry bulb temperature ~ °C

The building model

The building was modeled in the building energy
simulation tool EnergyPlus v7.0 [2]. It was assumed that
the floor and ceiling surfaces of the office are adiabatic, as
the office is situated between two occupied floors. In the
zoning scheme, the open-plan south and north-oriented
spaces were separated from the central corridor. However,
using the nework-based multi zone airflow model of
EnergyPlus [3], the airflow between these connected
spaces was simulated. Figure 1 illustrates the building floor
plan and the thermal zoning of the building model.

The monitored data was incorporated as simulation
input information in terms of scheduled variables. Since
writing schedules manually in EnergyPlus (and probably in
any other simulation program with text-based input) is a
time-consuming and error-prone process, a simple program
was written in Matlab [4] to generate an event-based
"compact schedule" for each data point.
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Fig. 1 - Building floor plan and thermal zoning of the
model

The heating system model

To simulate the building's performance during the
heating season, the heat delivery rate of the hydronic
heating system had to be calculated and provided to the
simulation model as input information. Toward this end,
measured radiator surface temperatures were used. The
heat emission rate of the radiators was obtained using the
following equations:

q9=4qr*4c (M
_ 4 4 2
qr=¢-0-Ap-(Ts —Ty) )
qc =hc - Ac - (05 —6) 3)
To+T, )
02
he =2:|05 — 6, 5+48-0'~[S2R) “
Where:
q heat delivery rate of radiators [W];
qr radiative component of heat delivery [W];
qc convective component of heat delivery [W];
€ emissivity of the radiator [-];
c constant (5.67x10° W.m 2. K™);
Ar effective radiator area for radiation [m?];
Ts surface temperature of radiators [K];
Tr room temperature [K];
he convective heat transfer coefficient [W.m?.k™];
Ac effective radiator area for convection [m?];
05 surface temperature of radiator [°C];
Or room temperature [°C].



Run periods

The model calibration and validation process involved a
monitoring period of nearly three months consisting of two
44-day periods (Table 2). The sensitivity analysis was also
performed in the calibration period.

Tab. 2 - Specification of run periods

Run periods Start date End date
Calibration 15.02.2011 30.03.2011
Validation 27.04.2011 09.06.2011

Optimization-based calibration approach

In an optimization-based approach, calibration is cast as
an error-minimizing process. In this kind of optimization
problem, the cost function addresses the difference
between measured and simulated data (in the present case,
indoor air temperature). The variables in the optimization
algorithm include a number of model input parameters. The
attributes of these variables will be varied toward
minimizing the cost function.

To accomplish the optimization in a way that works
smoothly with the simulation model, we used Genopt,
which is a generic optimization program. Genopt has been
developed to conveniently find the attribute range of
relevant independent variables that would yield optimal
system performance. Genopt optimizes a user-supplied cost
function, using a user-selected optimization algorithm [5].

The algorithm used for the optimization was the hybrid
generalized pattern search and particle swarm optimization
algorithm. This is one of the recommended generic
algorithms for problems, where the cost function cannot be
simply and explicitly stated, but can be approximated
numerically by a thermal building simulation program [5].

Selecting calibration variables via sensitivity analysis

The problem of large search space and multiple possible
solutions has been addressed in previous research (see, for
example [6,7]). In the present research, to identify a subset
of the input variables most likely to influence the
simulation results, first, the large number of candidate
model parameters was reduced to a certain extent via
heuristically-based considerations. This subset included 23
model input variables (Table 2). Secondly, these variables
were subjected to a Monte Carlo-based sensitivity analysis.

The performed sensitivity analysis included four steps.
In the first step, assuming uniform distribution of input
varibles, a range was selected for each variable (Table 2).

In the second step, a sample of points was generated
from the distribution of the inputs using the Latin
hypercube sampling method, which is a particular case of
stratified sampling [8]. The result was a sequence of 690
sample elements.

In the third step, the model was fed with the sample
elements and a set of model outputs was produced. Since
the sensitivity analysis was planned to be performed in the
heating period, the building’s total heat load during the run
period was designated as the output.

Running 690 different models with randomly selected
input parameters’ values, a mapping was created from the

space of the inputs to the space of the results that were used
in the fourth step as the basis for sensitivity analysis. By
solving a multiple linear regression model, using least
squares [8], the absolute value of Standard Regression
Coefficient (SRC) was calculated for the variables as a
quantitative sensitivity measure. Table 4 shows the
analysed variables in order of the absolute value of SRC.

Based on these results, the first four variables, which
have SRC values higher than 0.1, were chosen to be
subjected to optimization-based calibration in the next
stage. These variables, their initial values and their allowed
calibration ranges can be seen in table 5.

Calibration cost function

For the purpose of building performance analysis, error
can be defined as the difference between a predicted value
and a measured value [9]. In the present case, the error was
calculated for the indoor air temperature averaged over all
office zones. To minimize this error, and to maintain the
"goodness of fit" of the model at the same time, a weighted
function of two different indicators was defined as the cost
function. The first indicator is the "Coefficient of Variation
of the Root Mean Squared Deviations" (Equations 5 & 6)
which serves to aggregate the individual time step errors
into a single dimensionless number.

Tab. 3 — Variables subjected to SA and their ranges

Variables \% llrlie \12 ?zé
White painted gypsum - Thermal conductivity 0.336 0.504
White painted gypsum - Density 960 1440
White painted gypsum - Thermal absorptance 0.82 0.93
White painted gypsum - Solar absorptance 0.24 0.36
White painted stucco - Thermal conductivity 0.576 0.864
White painted stucco - Density 1485 2227
White painted Stucco - Thermal absorptance 0.82 0.93
White painted Stucco - Solar absorptance 0.24 0.36
External walls brick layer - Thermal conductivity 0.56 0.84
External walls brick layer - Density 1360 2040
Wood parquet - Thermal absorptance 0.664 0.996
Wood parquet - Solar absorptance 0.48 0.72
Glazing - Solar transmittance 0.56 0.84
Glazing - Front side infrared emissivity 0.837 0.898
Glazing - Back side infrared emissivity 0.837 0.898
Glazing — Thermal conductivity 0.72 1.08
Windows frame - Thermal conductance 1.816 2.724
Outside windows discharge coeff. when open 0.64 0.96
Inside windows discharge coeff. when open 0.64 0.96

Outside closed openings air mass flow coeff. 0.00011 0.00017

Outside closed openings air mass flow exponent 0.52 0.78
Inside closed openings air mass flow coeff. 0.016 0.024
Inside closed openings air mass flow exponent 0.56 0.84




Tab. 4 — Variables in order of absolute value of SRC

Variables | SRC |
External walls brick layer - Thermal conductivity 0.7735
Outside windows discharge coefficient when open 0.4128
Glazing - Solar Transmittance at Normal Incidence 0.3660
Outside openings air mass flow coeff. when closed 0.1132
Glazing - Front Side Infrared Emissivity 0.0831
Inside openings air mass flow coeff. when closed 0.0760
Inside openings air mass flow exponent when closed 0.0663
Glazing - Back Side Infrared Emissivity 0.0626
White-painted Stucco - Solar absorptance 0.0592
Glazing - Thermal conductivity 0.0374
White painted gypsum - Thermal conductivity 0.0369
White painted Stucco - Thermal absorptance 0.0314
Brick - Density 0.0314
Windows frame - Thermal conductance 0.0285
White painted stucco - Thermal conductivity 0.0218
Outside openings air mass flow exponent when closed 0.0152
White painted gypsum - Thermal absorptance 0.0145
Inside windows discharge coefficient when open 0.0104
Wood parquet - Solar absorptance 0.0090
White painted gypsum - Solar absorptance 0.0058
Wood parquet - Thermal absorptance 0.0038
White painted gypsum - Density 0.0015
White painted stucco - Density 0.0010

Tab. 5 - The variables in the first calibration

Initial Lower Upper

Variables Unit value band band
External walls

brick layer wm'K'  0.70 0.56 0.84
thermal conductivity

Outside windows

discharge coefficient - 0.80 0.00 1.0

when open

Glazing solar
transmittance - 0. 837 0.56 0.85
at Normal Incidence

Outside openings

air mass flow coeff. kg.s'l.m’1 1.4x10%  1.4x10° 0.003
when closed
Z (m; —s,)?
RMSD =42 — %)
n
RMSD
CV(RMSD)=—""—-100 (6)
m

The other indicator used in the cost function is the
"coefficient of determination" denoted by R This
indicator has been deployed because the main purpose of
the developed model is the prediction of future outcomes

and R? provides a measure of how well future outcomes are
likely to be predicted by the model. In other words, R? is a
statistic that will give some information about the goodness
of fit of a model. The coefficient of determination ranges
from 0 to 1. An R? of 1.0 indicates that the regression line
perfectly fits the data. Therefore, it is preferable to
maximize the R? value in the optimization process. While
there are different definitions of RZ here it has been
calculated via Equation 7:

s ny ms; =y mys 7
oz w - bgs -

In Equations 5 to 7, m; is the measured air temperature
(averaged over all office zones) at each time step, s; is
simulated air temperature at each time step, n is the total
number of time steps, and 71 is the mean of the measured
values. The defined cost function f takes into account the
CV(RMSD) and R? in an equally weighted manner
(Equation 8).

CV(RMSD),, (g
(1-R})

ini

£,=0.5-CV(RMSD), +0.5-(1-R?)-

In Equation 8, CV(RMSD); is the coefficient of
variation of the RMSD at each optimization iteration, sz
is the coefficient of determination at each optimization
iteration, CV(RMSD);,; is the coefficient of variation of the
RMSD of the initial model, and R;i is the coefficient of
determination of the initial model.

To efficiently manage the repetitive process of varying
the input variables' attributes, the calculation of the cost
function was tightly integrated with the simulation
application. To accomplish this, the monitored indoor air
temperatures were incorporated into the input stream and
the EnergyPlus runtime language [10] was used to
calculate the cost function by the EnergyPlus engine after
each run of the model.

RESULTS

The optimized values of the model input variables are
given in Table 6. Table 7 presents the values of the
indicators used in the weighted cost function, for the initial
and calibrated models. Note that these results are based on
the comparison of measured and simulated indoor
temperatures as aggregated over all office zones.

DISCUSSION

As it can be seen from Table 7, the initial model
generated outputs with relatively low R” values in both the
calibration and validation periods. The automated
calibration, however, could effectively increase the R?
value and reduce the error in terms of CV(RMSD). Thus,
the present study points to the promising potential of
monitoring-based optimization-assisted simulation model
calibration using sensitivity analysis.



Tab. 6 - The optimized values of the model variables.

Variables Unit Optimized value
External walls b'ru?,k layer W K 0.561
thermal conductivity
Outside windows discharge

; - 0.284
coefficient when open
Glazing solar transmittance
at Normal Incidence B 0.850
Outside openings air mass ke.s"m’ 4.15%10%

flow coeff. when closed

Tab. 7 - R and RMSD of the initial & calibrated model.

Initial Model Calibrated Model
Period

R?>  CV(RMSD) R’ CV(RMSD)
Calibration 0.35 421 0.85 3.34
Validation 0.69 8.07 0.87 2.68

The performance of the approach could be further
improved via a more detailed process for the determination
of the cost function and associated weights. Note that the
convergence-based approach to the definition of the values
of model input parameter in the course of the optimization
process does not mean that "true values" for such parameter
are found. Rather, optimization exploits the uncertainty
potential in our knowledge of the exact values of such
parameter to provide a better fit to the monitoring results. It
is thus important, that care is taken while defining the
permissible variations from the initial values of model
input parameter.

CONCLUSION

We demonstrated the utility of sensitivity analysis in
assisting the optimization-based calibration of the thermal
performance model of an office building. Data obtained via
the monitoring system was deployed to both populate the
initial simulation model and to maintain its fidelity through
a systematic optimization-based calibration process.

To perform the optimization-based calibration, a set of
heuristically selected model input variables was subjected
to sensitivity analysis in order to identify a subset of the
input variables most likely to influence the simulation
results. Distinguishing this subset from the entire set of
input variables reduced the computational cost of the
subsequent calibration process. Moreover, a cost function
was proposed, which equally weighted an error and a
goodness of fit indicator.

The results displayed a noticeable improvement of the
predictive potency of the calibrated model even though
only four input variables of the model were subjected to
calibration. Hence, the sensitivity analysis-assisted
optimization-based calibration represents a promising
opportunity for performance enhancement in applications
pertaining to building automation, diagnostics, facility
management, and model-based systems control.
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