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a  b  s  t  r  a  c  t

Bayesian  calibration  as proposed  by Kennedy  and  O’Hagan  [22]  has been  increasingly  applied  to  building
energy  models  due  to its ability  to  account  for the  discrepancy  between  observed  values  and  model
predictions.  However,  its application  has been  limited  to  calibration  using  monthly  aggregated  data
because  it  is computationally  inefficient  when  the  dataset  is  large.  This  study  focuses  on  improvements
to  the  current  implementation  of  Bayesian  calibration  to building  energy  simulation.  This  is  achieved  by:
(1)  using  information  theory  to  select  a representative  subset  of the entire  dataset  for  the  calibration,
and  (2)  using  a more  effective  Markov  chain  Monte  Carlo  (MCMC)  algorithm,  the  No-U-Turn  Sampler
(NUTS),  which  is  an  extension  of  Hamiltonian  Monte  Carlo  (HMC)  to  explore  the  posterior  distribution.
The  calibrated  model  was  assessed  by  evaluating  both  accuracy  and  convergence.

Application  of the proposed  method  is  demonstrated  using  two cases  studies:  (1) a  TRNSYS  model  of

o-U-Turn Sampler a  water-cooled  chiller  in a  mixed-use  building  in  Singapore,  and (2)  an  EnergyPlus  model  of  the  cooling

system  of  an  office  building  in  Pennsylvania,  U.S.A.  In both  case  studies,  convergence  was  achieved  for  all
parameters  of  the  posterior  distribution,  with  Gelman–Rubin  statistics R̂ within  1 ±  0.1. The  coefficient
of  variation  of  the  root  mean  squared  error  (CVRMSE)  and normalized  mean  biased  error  (NMBE)  were
also  within  the  thresholds  set  by  ASHRAE  Guideline  14  [1].
. Introduction

BEM is increasingly being used for the analysis and prediction
f building energy consumption, M&V  and the evaluation of ECMs.
o ensure the reliability and accuracy of an energy model, model
alibration has been recognized as an integral component to the
verall analysis [40]. Calibration can be viewed as the process of
uning model parameters until the simulation predictions match
he observed values reasonably well. However, models are only as
ccurate as the inputs provided and detailed information is sel-
om available because it may  be prohibitively expensive or even

mpossible to measure every tuning parameter of the model. Con-
equently, calibrating these models with limited data can often lead
o over-parameterization and equifinality (i.e., the model param-
ters are not uniquely identifiable) [2]. Additionally, buildings are
ade up of complex systems interacting with one another and thus

o single model is beyond dispute. Therefore, it is clear that there is

 need for a calibration framework that is able to account for uncer-
ainties in the modeling procedure [3]. Incorporating uncertainty
ould also allow risk to be better quantified. For instance, a risk-
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conscious decision-maker would prefer an ECM that yields a higher
probability of guaranteed savings while a risk-taking decision-
maker would prefer an ECM that yields the highest expected value
[18].

Most calibration approaches that have been proposed are
manual approaches that require the energy modeler to iteratively
adjust individual parameters until a calibrated solution is achieved
[9]. Westphal and Lamberts [48] used sensitivity analysis to first
identify influential parameters, which were then adjusted to match
simulation output to measured data. Through a case study, the
approach was  shown to be able to achieve a 1% difference between
simulated annual electricity consumption and actual consumption.
Using information from walk-through audits and end-use energy
measurements, Pedrini et al. [35] carried out monthly calibrations
and significantly reduced the difference between simulated annual
electricity consumption and actual consumption. Tools such as
graphical plots [40,28] and version control [39] have also been
shown to be useful aids for guiding the calibration process. The
main advantage of manual approaches is that model parameters
are adjusted based on heuristics that are based on the expertise

of an experienced modeler. However, these approaches are time
consuming and labor intensive. They also rely heavily on the skills

dx.doi.org/10.1016/j.enbuild.2017.08.069
http://www.sciencedirect.com/science/journal/03787788
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Nomenclature

Abbreviations
BEM building energy model/modeling
COP chiller coefficient of performance
CVRMSE coefficient of variation of the root mean squared

error
ECM energy conservation measure
GP Gaussian process
HMC Hamiltonian Monte Carlo
IoT Internet of things
KL Kullback–Leibler
M&V  measurement and verification
MCMC  Markov chain Monte Carlo
NMBE normalized mean biased error
NUTS No-U-Turn Sampler
RWM  random walk metropolis

Physical quantities
ṁchw chilled water mass flow rate [kg/h]
Q̇load cooling coil load [W]
V̇chw chilled water flow rate [m3/s]
V̇frac fraction of peak chilled water flow rate [–]
Tchw,in chilled water inlet temperature [◦C]
Tchw,set chilled water setpoint temperature [◦C]
Tcw,in condenser water inlet temperature [◦C]

Uppercase Roman letters
R̂ Gelman–Rubin statistics
D dataset
J information or Kullback–Leibler divergence
L number of leapfrog steps
N = n + m
P percentile
Q sample quality
S sampling schedule

Lowercase Roman letters
c number of bins or categories after discretizing
m number of simulation data
n number of observed values
p number of input factors
q number of calibration parameters
r number of attributes
s starting sample size
t calibration parameters
x input factors
y(x), y observed output
z =[y1, . . .,  yn, �1, . . .,  �m]

Greek letters
ı(x) discrepancy between simulation predictions and

observed output
�(x) observation errors
�(x, t), � simulator output
� variance hyperparameter of GP model
� mean value of elementary effects
�* absolute mean value of elementary effects
� = exp(−ˇ/4)
� covariance matrix

a
a

Superscript
ı discrepancy term
� simulator
f field data
S simulation data
T transpose of a matrix

Subscript
ı discrepancy term
� simulator
i, j, k parameter or variable index
sub subset of data
y observations

Other symbols

2 Euclidean distance
∈ a member of
P  probability
� standard deviation
	 uncertain parameters
nd expertise of the modeler, making it harder to reproduce
nd thus restrict its widespread adoption. To overcome these
R  real numbers

drawbacks, there has been increasing research towards the devel-
opment of analytical or mathematical techniques to assist the
calibration process [9].

For example, Sun et al. [45] proposed a pattern-based auto-
mated calibration approach that uses programmed logic to identify
calibration parameters that would be tuned to minimize biases
between simulated and actual energy consumption. In their “auto-
tune” project, Chaudhary et al. [6] proposed a methodology that
leverages on large databases of simulation results and an evolu-
tionary (meta-heuristic optimization) algorithm to automate the
calibration process. Optimization approaches involve defining an
objective function such as minimizing the mean squared difference
between simulation predictions and measured data. To prevent
unreasonable parameter values, the objective function can be aug-
mented with penalty functions that penalizes solutions that differ
significantly from the base-case [5].

Due to its ability to naturally incorporate uncertainties, Bayesian
calibration is another automated approach that is quickly gaining
interest. In particular, the formulation proposed by Kennedy and
O’Hagan [22] has been increasing applied to BEM [18,41,17,27,7,30]
because it explicitly quantifies uncertainties in calibration param-
eters, discrepancies between model predictions and observed
values, as well as observation errors. With the emergence of IoT and
as more sensors get deployed in buildings, there is an opportunity to
constantly update and adjust model parameters through continu-
ous calibration. A Bayesian approach provides a flexible framework
for dynamically updating a BEM. As new data arrive, the old data
is not discarded but instead assimilated to the new data through
the use of priors [3]. In other words, the previous posterior density
acts as the prior for the current calibration, thus providing a very
systematic framework for the continuous calibration or updating
of the energy model.

Despite several successful applications of Bayesian calibration to
BEM, challenges remain in its widespread adoption. First, Bayesian
calibration is typically carried out using RWM  or Gibbs sampling.
An inherent inefficiency of these algorithms can be attributed to
their random walk behavior as the MCMC  simulation can take a long
time zig-zagging while moving through the target distribution [12].
Second, current application as described in [18] is computationally
prohibitive with larger datasets. As a result, Bayesian calibration

has been limited to monthly calibration data.

The objective of this paper is to address these challenges by
proposing a systematic framework for the application of Kennedy
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Fig. 1. Overview of the proposed Bayesian calibration framework.

nd O’Hagan [22] formulation to BEM. The framework focuses on
mprovements to the current implementation of Bayesian cali-
ration. In addition, the framework also includes evaluating the
alibration process for both accuracy and convergence.

. Method

.1. Overview

Fig. 1 shows an overview of the proposed framework [8]. It is
n extension of Kennedy and O’Hagan’s [22] Bayesian calibration
ramework that was first applied to BEM by Heo et al. [18]. The addi-
ions include using a representative subset of the measured data
or the calibration and using the NUTS, an extension of the HMC
or the MCMC  sampling. In addition, for greater rigor in assessing
he calibration process, the proposed framework includes evalu-
ting both prediction accuracy (agreement between observations
nd calibrated predictions on test data) and convergence (multiple
CMC  chains have converged to a common stationary distribu-

ion). The framework is summarized as follows with a detailed
escription of each step in the proceeding sections:

. Use sensitivity analysis to identify influential parameters t that
would be used for the calibration.

. Select a representative subset DF
sub

from the field dataset DF and
a representative subset DS

sub
from the simulation dataset DS.

. Combine DF
sub

and DS
sub

in a GP emulator using the approach
proposed by Higdon et al. [19].

. Explore the posterior distributions of the calibration parameters
t and GP hyper-parameters (ˇ�, ˇı, ��, �ı and ��) using the NUTS
[21] for the MCMC  sampling.

. Evaluate performance of the calibrated model using two perfor-
mance categories: (1) convergence of parameters of the posterior
distribution, and (2) accuracy of the predictions by the calibrated
model on a hold-out test dataset.
.2. Sensitivity analysis

Sensitivity analysis is first used to identify parameters with the
ost influence over the model output. The Morris [32] method is
ings 154 (2017) 343–355 345

used to carry out the sensitivity analysis. This was  implemented
using the R sensitivity package [37]. The method of Morris belongs
to the class of OAT design and is suitable when the number of
input factors are so large that other variance-based approaches are
computationally prohibitive [42], thus making it appropriate for
use with building energy models [47,29,24]. This study uses the
modified mean �* proposed by Campolongo et al. [4] and standard
deviation � as sensitive measures to help screen-out non-sensitive
parameters.

2.3. Statistical formulation

In the proposed framework, Bayesian calibration was carried
out following Kennedy and O’Hagen’s [22] formulation. This for-
mulation explicitly models uncertainties in calibration parameters,
discrepancies between model predictions and observed values, as
well as observation errors (Eq. (1)).

y(x) = �(x, t∗) + ı(x) + �(x) (1)

Here, t* represents the true but unknown values of the calibra-
tion parameters t, suggesting that the simulation model is a biased
representation of the actual building system even in the ideal situ-
ation where t = t*. Since the energy model �(x, t) is a representation
of the building’s actual performance, a discrepancy term ı(x) was
included to correct any model inadequacy that could be revealed
by the differences between the observed data and the model pre-
dictions.

Since the energy model could be computationally expensive to
evaluate, a GP model is used as an emulator (surrogate) during the
iterative calibration process. The GP model used to emulate the
energy model was  specified using a mean function that returns the
zero vector and a covariance matrix given by Eq. (2) [19].

��,ij = 1
��

exp

{
−

p∑
k=1

ˇ�
k
|xik − xjk|˛ −

q∑
k′=1

ˇ�
p+k′ |tik′ − tjk′ |˛

}
(2)

where �� is the variance hyperparameter; ˇ�1, . . .,  ˇ�p+q are the cor-
relation hyperparameters; and  ̨ controls the smoothness of the
function.  ̨ = 2 (i.e., the 
2 norm of their difference) was  used, result-
ing in support for smooth functions. Similarly, the discrepancy term
ı(x) was modeled using a GP model with a mean function that
returns the zero vector and a covariance matrix of the form defined
by Eq. (3) [19].

�ı,ij = 1
�ı

exp

{
−

p∑
k=1

ˇık|xik − xjk|˛
}

(3)

where �ı and ˇı1, . . .,  ˇıp are the variance and correlation hyperpa-
rameters respectively. Similarly,  ̨ = 2 was  used for this GP model.

To establish a statistical relationship between the observed
output y(xF) and the simulation output �(xS, tS), the observed
outputs y1, . . .,  yn ∈ R  are combined with the simulation outputs
�1, . . .,  �m ∈ R  in a single n + m vector z = [y1, . . .,  yn, �1, . . .,  �m]
[19]. The sampling model is then given by:

z∼N(0, �z), �z = �� +
[
�ı + �y 0

0 0

]
(4)

where �� ∈ R
(n+m)×(n+m) (Eq. (2)); �ı ∈ R

n×n (Eq. (3)); and
�y = In/�� ∈ R

n×n is used to model observation errors. There-
fore, the random variables in this model include the unknown
calibration parameters tF, the correlation hyperparameters

(ˇ�1, . . .,  ˇ�p+q, ˇı1, . . .,  ˇıp), and the variance hyperparameters (��,
�ı and ��). The non-linearity of the simulator makes it difficult to
analytically sample from the joint posterior distribution. There-
fore, a common approach is to use MCMC  methods to explore
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he posterior distribution of the calibration parameters and GP
yperparameters.

.4. Limitations of Bayesian calibration

Although Kennedy and O’Hagan’s [22] Bayesian calibration
ormulation explicitly models various sources of uncertainty, its
pplication to BEM has been limited to low-dimensional monthly
ggregated data (i.e., small number of calibration parameters
nd monthly calibration data). This is because when the out-
ut is at an hourly or daily resolution, the estimation of the
ovariance function becomes computationally prohibitive due to
he resulting large sample sizes. Training GP models involve a
untime complexity of O(N3), where N = n + m is the number of
amples the GP model is trained on. Based on previous studies
18,41,7,30], to learn about the calibration parameters tF, each
imulation is run at the same observed inputs x1, . . .,  xn. There-
ore, the resultant sample size m of the simulation data can grow
ery quickly as n increases. Second, RWM  and Gibbs sampling
re routinely used for Bayesian calibration. However, these algo-
ithms may  suffer from the “curse of dimensionality” and may  take
n unacceptable large number of iterations (longer runtimes) to
chieve convergence to the high-dimensional posterior distribu-
ion (tF1, . . .,  tFq ,ˇ�1, . . .,  ˇ�p+q,ˇı1, . . .,  ˇıp, ��, �ı and ��) [7].

To overcome the computational challenge of applying Bayesian
alibration to high-dimensional datasets and large samples sizes, 2
trategies were employed:

. Reducing the sample size by sampling a representative subset of
the data for the calibration.

. Using a more effective MCMC  algorithm, NUTS [21] to gener-
ate samples from the posterior distribution. NUTS requires no
manual tuning, is more efficient and converges more quickly in
high-dimensional problems.

.5. Representative subset selection

In the traditional design of experiments, the input factors xF

re systematically selected to help determine its relationship with
he output of interest. However, in reality, energy modelers are
ot provided with the flexibility to configure the input factors xF.

nstead, they are typically provided with historical data containing
easured values of xF and y(xF) for the calibration of the building

nergy model. Therefore, the design space is the set of xF values at
hich the building has been operated. This design space is defined

y the field dataset DF = [yF xF], where yF = [y(xF1), . . .,  y(xFn)]
T

and
 ∈ R

n×p is the corresponding input factors. To learn about the
nknown calibration parameters tF, m simulations are then run
t different combinations of (xS, tS). Values of tS for each simula-
ion were determined using Maximin Latin hypercube sampling
44], which tries to cover as much parameter space as possi-
le by maximizing the minimum distance between design points.
herefore, the corresponding design of experiments is the simula-
ion dataset DS = [�S xS tS], where �S is the simulation predictions
(xS1, tS1), . . .,  �(xSm, tSm), xS ∈ R

m×p and tS ∈ R
m×q.

As mentioned in the previous section, the resulting sample size
 = n + m that the GP model is trained on can increase very quickly
s more observations n are used. Fortunately, having access to mas-
ive amounts of data does not imply that the calibration algorithm
ust be applied to the whole dataset. Sub-samples often provide

he same accuracy with significantly lower computational cost [36].

he typical approach to selecting a sub-sample has been to manu-
lly select representative parts of the data (e.g. one week of summer
ata and one week of winter data) for the calibration and analysis.
owever, such a process requires domain knowledge and is harder
ings 154 (2017) 343–355

to be replicated and adopted by a non-expert. Therefore, the pro-
posed approach uses random samples from the dataset. However,
determining the correct sample size is often not intuitive. To over-
come this, a statistical approach that is based on information theory
is proposed.

Suppose there is a dataset D with r attributes and Dsub is its
subset. To decide on the sample size, a metric known as sample
quality [14] is used to measure how similar Dsub is to D (Eq. (5)).
This metric makes use of the KL divergence [25] to measure the
‘distance’ of the selected subset Dsub from the whole dataset D.

Q (Dsub) = exp(−J) (5)

where

J = 1
r

r∑
i=1

Ji(Dsub, D) (6)

Ji(Dsub, D) =
c∑
k=1

(
P
Dsub
k − P

D
k

)
log
P
Dsub
k

P
D
k

(7)

J is the averaged information divergence; Ji(Dsub, D) denotes the
Kullback–Leibler divergence (of the ith attribute) between the
subset Dsub and the whole dataset D; c is the number of bins or cate-
gories within the kth attribute; P

Dsub
k

is the probability of occurrence
for the kth value in Dsub; and P

D
k

is the probability of occurrence for
the kth value in D. In the calculation of Ji(Dsub, D), each continuous
attribute is first discretized. Since there may  be zero entries in the
sampled data Dsub, we  smooth the distributions with a Dirichlet
prior [16].

By definition, J is always larger than 0 [25,14]. Therefore 0 < Q ≤ 1,
where Q = 1 indicates no divergence between the sample and the
entire dataset. From Eq. (6), it can be seen that the computation of
the sample quality Q does not consider the joint information diver-
gence but instead measures divergence between each attribute
independently, which makes the calculation of the Q simpler and
more straightforward.

Next, a sampling schedule is used to help determine the appro-
priate sample size. In this study, a geometric sampling schedule S
is used (Eq. (8)).

S = {s, a · s, a2 · s, a3 · s, . . .}  (8)

where s > 0 is the starting sample size; and a > 1 is the increment
ratio. An example would be {10, 20, 40, 80, . . . }. Using the sam-
pling schedule, the corresponding sample quality is computed and
a curve depicting the relationship between sample size and sam-
ple quality is drawn (Fig. 3 and 9). From the curve, the appropriate
sample size is selected taking into consideration both sample qual-
ity and computation cost. To ensure that the random samples used
for the calibration has the same sample quality, the same subset
that was used to draw the learning curve was also used for the
calibration.

2.6. No-U-Turn-Sampler (NUTS) MCMC algorithm

Instead of the commonly used RWM  [31] or Gibbs sampler [13],
the proposed framework uses the NUTS [21], an extension to HMC
algorithm for the MCMC  sampling. The NUTS has been shown to be
more effective for the Bayesian calibration of building energy mod-
els as compared to RWM  and Gibbs sampler, achieving convergence
to the posterior distribution more quickly and with significantly
less iterations [7].
HMC  is a variant of the MCMC  algorithm that avoids the ran-
dom walk behavior and sensitivity to correlated parameters that
plague many MCMC  methods, allowing faster convergence to high-
dimensional posterior distributions [11,33,34,12]. To avoid the
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andom walk behavior, HMC  borrows a concept from Hamiltonian
ynamics, which describes an object’s motion in terms of its posi-
ion (location) and its momentum. In the context of applying HMC
o the proposed Bayesian calibration framework, the location vari-
bles correspond to the parameters of the posterior distribution
i.e., the calibration parameters tF and the GP hyperparameters
�
1, . . .,  ˇ�p+q, ˇı1, . . .,  ˇıp, ��, �ı and ��). To make the algorithm
ove faster in the parameter space, HMC  introduces an auxiliary
omentum variable for each location variable. The goal is to use
amiltonian dynamics to find a more efficient proposal or jumping
istribution. However, a downside of HMC  is that it involves mul-
iple gradient evaluations per MCMC  iteration, resulting in higher
omputation cost for each MCMC  iteration as compared to RWM.
onetheless, HMC  is still more efficient since significantly less iter-
tions is needed to achieve convergence and get a representative
ampling [7,30].

The main part of HMC  is the simultaneous update of the loca-
ion and momentum variables. This update is carried out during
ach MCMC  iterations and involves L leapfrog steps each scaled by

 leapfrog step-size. Therefore, to run HMC, users need to provide
alues for (1) the leapfrog step-size (a scaling factor), and (2) the
umber of leapfrog steps L per iteration. This leads to time con-
uming initial runs required to manually tune both parameters.
oor choices of either parameter can result in an ineffective imple-
entation of HMC  [21,34]. To mitigate the challenges involved in

uning L, NUTS uses a recursive algorithm to automatically select
he number of leapfrog steps L per iteration. It also automatically
etermines a value for the leapfrog step-size through a dual averag-

ng scheme, thus making it possible to run HMC  without requiring
ny user intervention. For this study, Bayesian inference with NUTS
as implemented using R version 3.2.3 [38] with the package RStan

43].

.7. Model evaluation

Two categories of performance metrics were used to assess the
erformance of the calibration process:

. Assessing convergence of multiple MCMC  chains to a common
stationary distribution.

. Validation of prediction accuracy on a hold-out test dataset that
was not used for the calibration.

Trace plots of multiple MCMC  chains and the Gelman–Rubin
tatistics (R̂) were used to assess if convergence has been achieved
12]. Looking at multiple trace plots allow us to determine if the
hains are well mixed and if different chains have converged to a
ommon stationary distribution. Well-mixed chains indicate faster
onvergence and therefore faster computation. R̂ is the ratio of
etween-chain variance to within-chain variance and is based on
he concept that if multiple chains have converged, there should
e little variability between and within the chains [12]. For conver-
ence, R̂ should be approximately 1 ± 0.1.

CVRMSE and NMBE are used to evaluate the accuracy of the
alibrated predictions. To prevent bias in the evaluation process,
VRMSE and NMBE are calculated on a hold-out test dataset that
as not used for the calibration. CVRMSE provides a measure of

ow well the simulated data fits the actual values while NMBE
erves as a good indicator of overall bias, providing an indication as
o whether the predicted values tend to overestimate or underesti-

ate the actual values. For hourly calibration data, CVRMSE of 30%
nd NMBE of 10% are considered acceptable according to ASHRAE

uideline 14 [1].

The use of two assessment metrics is in contrast with the cur-
ent assessment methods, which accept a model as calibrated when
VRMSE falls below the threshold set by ASHRAE Guideline 14 [1,9].
Fig. 2. Schematic of cooling process of TRNSYS type 666 water cooled chiller model.

Moreover, CVRMSE is typically calculated using data that was  used
to calibrate the model. Such a performance evaluation protocol is
biased and may  overfit the model, producing a calibrated model
that performs poorly on unseen data. In addition, it is also important
to check for convergence. If the MCMC  algorithm has not proceeded
long enough, the generated samples may  grossly under-represent
the target distributions [12], leading to misleading interpretation
of the resulting posteriors.

3. Case studies

To demonstrate its application, the proposed Bayesian calibra-
tion framework was applied to two different case studies:

1. Case study 1: a TRNSYS model of a water-cooled chiller compo-
nent for a mixed-use building located in a college in Singapore
(Fig. 2).

2.  Case study 2: an EnergyPlus model of the cooling system of a ten
story office building located in Pennsylvania, U.S.A. (Fig. 7).

Table 1 provides a summary of the data used for the Bayesian
calibration of both cases. The output was standardized to have zero
mean and unit variance and the inputs normalized by scaling them
in the range [0, 1]. This not only helps simplify the specification
of the prior probabilities but also help achieve better estimates of
the GP hyperparameters and ease maximum likelihood estimation
[20,23]. Data preprocessing was carried out by removing instances
containing missing, erroneous and inconsistent values. After pre-
processing, the dataset for case studies 1 and 2 contained 1130 and
722 samples respectively. 30% of the data that was  collected was
randomly selected and withheld from the calibration to determine
and validate the model’s accuracy when predicting observations in
the hold-out samples.

For both case studies, the following choices were made regard-
ing the specification of the prior distributions:

• Calibration parameters t1, . . .,  tq: independent uniform priors
with range [0, 1] were specified for each t1, . . .,  tq. This is con-
sistent with the previous normalization, which scales them in
the range [0, 1] (see Section 2.3).

• Correlation hyperparameters ˇ�1, . . .,  ˇ�p+q: these correlation
� �
hyperparameters were reparameterized using �
i

= exp(−ˇ
i
/4),

i = 1, . . .,  p + q so that 0 < ��
i
< 1 since ˇ�

i
> 0 [20,15]. Indepen-

dent Beta(a = 1, b = 0.5) priors were specified for each ��
i

. Setting
a = 1 and 0 < b < 1 will put most of the prior support near 1, indicat-
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Table 1
Summary of data used for the Bayesian calibration of the TRNSYS model and the EnergyPlus model.

Description TRNSYS model (case study 1) EnergyPlus model (case study 2)

Data collection period 1 Jan 2016 to 30 Apr 2016 1 Jun 2014 to 31 Aug 2014

No.  of samples Testing: 339 (30%) Testing: 219 (30%)

Training: 791 (70%) Training: 503 (70%)

Observed output y(xF) Measured energy consumption of water cooled chiller [kWh] Measured energy consumption of the cooling system [kWh]
Simulation output �(xS , tS) Predicted energy consumption of water cooled chiller [kWh] Predicted energy consumption of the cooling system [kWh]

Input  factors (a) x1: Tchw,in [◦C] (a) x1: Qload [W]
x  (b) x2: ṁchw [kg/h] (b) x2: Vfrac [–]

(c) x3: Tchw,set [◦C]
(d) x4: Tcw,in [◦C]

Calibration parameters (a) t1: Chiller rated capacity [kJ/h] (a) t1: Chiller 1 reference capacity [W]
t  (b) t2: Chiller rated COP [−] (b) t2: Chiller 1 reference COP [–]

(c) t3: Chiller 2 reference capacity [W]
(d) t4: Chiller 2 reference COP [–]
(e) t5: Nominal capacity of cooling towers [W]

Priors before scaling to [0,1] t1∼U(1.80 × 106, 2.69 × 106) t1∼U(5.23 × 105, 7.84 × 105)
t2∼U(5.6, 8.4) t2∼U(5.5, 8.2)

t3∼U(1.95 × 105, 2.93 × 105)
t4∼U(1.9, 2.8)
t5∼U(4.40 × 105, 6.60 × 105)

Posteriors (P2.5, P97.5) t1 : (2.01 × 106, 2.33 × 106) t1 : (5.26 × 105, 7.67 × 105)
t2 : (7.1, 8.3) t2 : (5.7, 8.2)

t3 : (1.97 × 105, 2.78 × 105)
t4 : (2.0, 2.8)
t5 : (4.47 × 105, 6.54 × 105)

Field dataset DF = [y xF1 xF2 xF3 xF4] DF = [y xF1 xF2]
DF ∈ R

791×4 DF ∈ R
719×3

DF
sub

∈ R
160×4 DF

sub
∈ R

80×3

•

•

•

4

t
c
t
e
t
x
i

Simulation dataset DS = [� xS1 xS2 xS3 xS4 tS1 tS2] 

DS ∈ R
(791×200)×7

DS
sub

∈ R
640×7

ing an expectation that only a subset of the inputs have an effect
on the simulation output. Smaller values of b indicate an expec-
tation that the output depends on a smaller number of inputs.
Correlation hyperparameters ˇı1, . . .,  ˇıp: similarly, these cor-
relation hyperparameters were reparameterized using ��

i
=

exp(−ˇ�
i
/4), i = 1, . . .,  p. A more conservative independent

Beta(a = 1, b = 0.4) prior was assigned to each ��
i

because an even
smaller subset of the inputs were expected to have an effect on
the discrepancy term ı(x).
Variance hyperparameter ��: a Gamma(a = 5, b = 5) prior was
assigned to this hyperparameter. Here, a represents the shape
and b is the rate. Since the outputs were standardized to have unit
variance, �� is expected to be close to one. Therefore, a Gamma
prior with a = b = 5 is suitable. In addition, this informative prior
helps to stabilize the correlation hyperparameters [20,23]
Variance hyperparameters �ı and ��: Gamma(a = 1, b = 0.0001)
priors were specified for both �ı and ��. This results in a prior
that is quite uninformative. Therefore, if the data is uninformative
about these parameters, the posterior would be large, which is
consistent with very small discrepancy and observation errors
respectively.

. TRNSYS model (Case study 1)

In the first case study, the TRNSYS Type 666 model was used
o model the water-cooled chiller (Fig. 2). This model relies on
atalog data (provided in the form of lookup tables) to determine
he chiller’s performance at varying operating conditions [46]. At

ach time step, the model takes as inputs, (a) x1: chilled water inlet
emperature Tchw,in; (b) x2: chilled water mass flow rate ṁchw; (c)
3: chilled water setpoint temperature Tchw,set; and (d) x4: enter-
ng condenser water temperature Tcw,in. Combined with the model
DS = [� xS1 x2 tS1 tS2 tS3 tS4 tS5]
DS ∈ R

(719×200)×8

DS
sub

∈ R
640×8

parameters (chiller’s rated capacity t1 and COP t2), the model is able
to calculate the energy consumption of the chiller over a particu-
lar time period. Data collection for the model inputs (x1, x2, x3 and
x4) and the chiller’s energy consumption y(x) took place between
January 1 2016 and April 30 2016. Sensitivity analysis was  not car-
ried out for this case study because only two model parameters
were identified as uncertain. Table 1 summarizes the inputs and
output used for the calibration.

To learn about the calibration parameters, 200 TRNSYS simula-
tions were run. Therefore, the experimental design corresponding
to the field observations is a dataset DF = [yF xF1 xF2 xF3 xF4] where
DF ∈ R

791×5, and the experimental design for the simulations is
a dataset DS = [�S xS1 xS2 xS3 xS4 tS1 tS2] where DS ∈ R

(200×791)×7.
Following Section 2.5, a representative subset DF

sub
and DS

sub
is

sampled from the field dataset DF and the simulation dataset DS

respectively. Considering both sample quality and computation
cost, a sample size of 640 (DS

sub
) and 160 (DF

sub
) was  used for the

subsequent Bayesian calibration process (Fig. 3).
Using the formulation by Higdon et al. [19], the sampled field

data DF
sub

and simulation data DS
sub

were combined using a GP
model (see Section 2.3). NUTS (HMC) was  then used to explore the
posterior distributions. Based on a previous study [7], 500 itera-
tions using NUTS was  adequate to achieve convergence. Therefore,
four independent chains of 500 iterations per chain were run. To
be conservative, the first 250 iterations (50%) were discarded as
warmup/burn-in to reduce the influence of the starting values.

4.1. Results for the TRNSYS chiller model
To ensure convergence to the stationary distribution, Fig. A12
shows the trace plots for all parameters of the posterior distribu-
tions. From the trace plots, it can be observed that the generated
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Fig. 3. Case study 1: number of samples against sample quality for different
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and includes the cooling system’s energy consumption, the chilled
ig. 4. Posterior distribution for the calibration parameters (chiller rated capacity
1 and chiller rated COP t2) with first 50% iterations discarded as burn-in.

amples are well-mixed and that all parameters of the posteriors
t, ˇ�, ˇı, ��, �ı and ��) have converged to a common station-
ry distribution. R̂ is also within 1 ± 0.1 for every parameter of the
osterior.

The posterior distribution of the calibration parameters is
hown in Fig. 4. Compared to its prior before scaling to [0, 1]
Table 1), the posterior distribution for the chiller’s capacity t1
hows a reduction in variance and appears to be normally dis-
ributed with mean 2.17 × 106 kJ/h. Similarly, the posterior for the
hiller’s COP t2 also shows a smaller variance compared to its prior
Table 1). Its posterior distribution also appears to be normally dis-
ributed with a 95% confidence interval of (7.1,8.3), suggesting that
he chiller is operating more efficiently than expected. Additionally,
he 2 dimensional histogram in Fig. 4 shows a positive correlation
etween t1 and t2. This is not surprising because the chiller’s power
onsumption is directly proportional to the ratio of its capacity and
ts COP (Pchiller ∝ Capacity

COP ).
Given the focus on prediction accuracy, predictions from the cal-

brated model were evaluated using a hold-out test dataset. Fig. 5
ompares the mean posterior predictions ŷ against the 339 hold-
ut observations. These are predictions by the calibrated model
t input settings that were not part of the data used to train the
P model. Over the 339 hold-out samples, both CVRMSE (9.4%)

nd NMBE (−0.7%) were within the threshold for hourly calibra-
ion data [1]. The scatterplot in Fig. 5 also shows good agreement
etween the mean predictions and the actual values, with most
 subsets of simulation data DS (left plot) and field data DF (right plot).

points lying close to the diagonal line ŷ = y. This is also illustrated
by a large number of predictions falling within ±1�y (right plot of
Fig. 5). However, there are several predictions that have been over-
estimated (up to ±3�y). Looking at these outliers reveal that they
occur when the chiller energy consumption is low despite having
high chilled water inlet temperature Tchw,in and a low chilled water
setpoint temperature Tchw,set (right column of Fig. 5). A possible
explanation is that the chiller is not operating as intended (i.e., the
chilled water supply temperature is not meeting its setpoint tem-
perature), and hence the lower energy consumption. Regardless,
this suggests that the calibrated model is unable to capture this
effect and that another input variable is probably needed to account
for this discrepancy.

Fig. 6 shows the normalized mean posterior model discrepancy
ı(x)
y(x) (middle column), the 95% confidence interval for the model pre-
dictions �(x, t) (left column) and the 95% confidence interval for the
calibrated predictions �(x, t) + ı(x) (right column). The predictions
were computed using the hold-out measurements, which are also
shown in Fig. 6. The figure shows that including the discrepancy
term ı(x) increases the 95% confidence intervals of the predictions
(i.e., the 95% confidence interval for �(x, t) + ı(x) is wider than with-
out the discrepancy term), particularly at lower Tchw,in and ṁchw .
Including the discrepancy term ı(x) also places more observations
within the 95% confidence interval of the predictions, indicating
that the model is better calibrated with the discrepancy term. A
reduction in CVRMSE (12.0–9.4%) using the mean posterior predic-
tions was  also observed when the discrepancy term was included.
Mean posterior for ı(x)

y(x) also indicates that the calibrated model

tends to slightly underestimate (positive ı(x)
y(x) ) the chiller’s energy

consumption at low Tchw,in, and slightly overestimate (negative ı(x)
y(x) )

the chiller’s energy at high Tchw,in.

5. EnergyPlus model (Case study 2)

In the second case study, the cooling system of a ten-story
office building was modeled using the following EnergyPlus
objects (Fig. 7): (a) LoadProfile:Plant; (b) Chiller:Electric:EIR; (c)
Pump:VariableSpeed; and (d) CoolingTower:SingleSpeed. Data col-
lection took place between June 1, 2014 and August 31, 2014
water flow rate, the chilled water supply and return temperatures,
the condenser water flow rate, and the condenser supply and return
water temperatures. Inputs to this model include [26]: (a) x1: the
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Fig. 5. Case study 1: actual observed values y against posterior mean predictions ŷ (left), histogram of residuals standardized by standard deviation of observed output
(middle) and outliers based on residual histogram (right).

F eft col
d s (rig

c
fl

u

ig. 6. Case study 1: 95% confidence interval for the calibrated simulation model (l
ata  y(x) (middle column), and 95% confidence interval for the calibrated prediction
ooling coil load Qload; and (b) x2: the fraction of peak chilled water
ow rate Vfrac.

Ten model parameters 	1, . . .,  	10 were initially identified as
ncertain. Table 2 shows their initial values and the range assigned
umn), the posterior mean for the model discrepancy ı(x) normalized by measured
ht column).
to each parameter. The initial values of each parameter were
assigned based on measured data and as-built drawings and spec-
ifications. The design fan power 	9 and nominal capacity 	10 of
cooling towers 1 and 2 were modeled using a single random vari-
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Table  2
Values used for sensitivity analysis in case study 2.

Model parameter Symbol Initial value Min  Max

Chiller 1
Reference capacity [W] 	1 653,378 522,702 784,053
Reference COP [-] 	2 6.86 5.49 8.23

Chiller 2
Reference capacity [W]  	3 243,988 195,190 292,785
Reference COP [-] 	4 2.32 1.85 2.78

Chilled water pump
Design power consumption [W] 	5 18,190 14,552 21,828
Motor efficiency [-] 	6 1.0 0.6 1.0

Condenser water pump
Design power consumption [W]  	7 11,592 9274 13,911
Motor efficiency [-] 	8 1.0 0.6 1.0

Cooling towers 1 and 2
Design fan power [W] 	9 11,592 9274 13,911
Nominal capacity [W]  	10 549,657 439,726 659,589

F
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t
t
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e
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l
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ig. 7. Simplified representation of cooling system modeled using EnergyPlus.

ble because both cooling towers have the same specifications and
ere installed at the same time. Since no prior information was

vailable, pump motor efficiency was assigned a wide range of [0.6,
.0]. To be conservative, the remaining parameters were varied
20% of their initial values.

The result of the sensitivity analysis using the Morris [32]
ethod is shown in Fig. 8. Based on the plot, only five parame-

ers were found to have an influence on the model’s output, with
he rest of the parameters having close to zero effect on the output.
ere, t is used to denote the calibration parameters, i.e., the param-
ters in the set of uncertain parameters 	 that have been identified
s influential based on the sensitivity analysis. Table 1 provides a
ummary of the model inputs and output.

To learn about the calibration parameters, 200 EnergyPlus simu-

ations were run. Therefore the experimental design corresponding
o the field observations is a dataset DF = [y xF1 xF2] where DF ∈
503×3. Likewise, the experimental design for the simulations is a
ataset DS = [� xS1 xS2 tS1 tS2 tS3 tS4 tS5] where DS ∈ R

(200×503)×8.
Fig. 8. Graphical plot of sensitive measures �* and � for EnergyPlus model. The
closer the parameters are to the upper right the more sensitive the parameter.
Parameters close to the bottom left are non-influential parameters.

Similar to the first case study, a representative subset DF
sub

(80 sam-
ples) and DS

sub
(640 samples) is sampled from DF and DS (Fig. 9). The

remaining samples from the field dataset DF that were not used
for the calibration were then used as a hold-out test dataset. The
NUTS (HMC) was then used to explore the posterior distribution
of the calibration parameters and GP hyperparameters. Four inde-
pendent chains of 500 iterations per chain were run and the first
250 iterations (50%) were discarded as warmup/burn-in.

5.1. Results for the EnergyPlus model

The trace plots (Fig. A12) for parameters of the posterior distri-
bution suggest that convergence has been achieved. This is similar
to the trace plots for case study 1. Likewise, R̂ is also within 1 ± 0.1
for every parameter of the posterior. Next, the model’s predic-
tion accuracy is evaluated using a hold-out test dataset. Over the
219 hold-out observations, both CVRMSE (6.0%) and NMBE (−0.3%)
are within acceptable thresholds [1]. A scatterplot of actual val-
ues against the mean posterior predictions also shows that all but
one point lie very close to the diagonal line of ŷ = y (left column of
Fig. 10). This is also illustrated in a histogram of standardized resid-
uals (right column of Fig. 10), where it can be observed that the
residuals are centered around zero and that all points are within

±1�y with the exception of one point that was underestimated
by about 1.6�y. Looking at the measured data (right column of
Fig. 10) reveals that the single point is an outlier and records a
distinctly higher energy consumption as compared to other points
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Fig. 9. Case study 2: number of samples against sample quality for dif

t the same load and flow rate, thus suggesting an error in mea-
urement.

Fig. 11 shows the normalized mean posterior model discrep-
ncy ı(x)

y(x) (middle column), the 95% confidence interval for the
odel predictions �(x, t) (left column) and the 95% confidence

nterval for the calibrated predictions �(x, t) + ı(x) (right column).
he figure shows that ı(x)

y(x) is negative across different values of

load and Vfrac, suggesting that the model tends to overestimate
he energy consumption of the cooling system. It increases to a
eak when Qload ≈ 5.5 × 105 W and gradually decreases as Qload
ontinues to increase. A notable reduction in overall uncertainty
s visible with a significantly narrower 95% confidence interval

hen the discrepancy term is included in the calibrated predic-
ions �(x, t) + ı(x) (third column as compared to first column of
ig. 11).

However, the magnitude of the discrepancy term is fairly large
or this case study and does not stay constant over Qload. Since
he discrepancy term ı(x) is an indicator of how well the simula-
ion output matches the observed values, the presence of a large
iscrepancy term makes interpreting the posterior distribution
f the calibration parameters more difficult. The 95% confidence
nterval for the posterior distributions of the calibration parame-
ers have ranges that are very similar to their prior distributions
Table 1), indicating that the calibration adds little to the uncer-

ig. 10. Case study 2: actual observed values y against posterior mean predictions ŷ (le
middle) and outliers based on residual histogram (right).
 subsets of simulation data DS (left plot) and field data DF (right plot).

tainty of the calibration parameters t and suggesting that the data
is non-informative about the calibration parameters.

6. Discussion

This study presented a systematic framework for the applica-
tion of Kennedy and O’Hagen’s [22] Bayesian calibration approach
to BEM. The proposed framework focuses on improvements to the
current implementation that was introduced by [18]. The improve-
ments include:

• Reducing computation cost by:

1. Selecting a representative subset of the entire dataset for the
calibration.

2. Using a more efficient MCMC  algorithm, the No-U-Turn Sam-
pler (NUTS) [21] that is an extension to Hamiltonian Monte
Carlo (HMC) to explore parameters of the posterior distribu-
tion.

• Improving the rigor of assessing the performance of the calibrated

process by:

1. Assessing convergence of the calibration parameters and GP
hyperparameters.

ft), histogram of residuals standardized by standard deviation of observed output
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ig. 11. Case study 2: 95% confidence interval for the calibrated simulation model (
ata  y(x) (middle column), and 95% confidence interval for the calibrated prediction

2. Validating the accuracy of the calibrated predictions against
a hold-out test dataset.

Through the two case studies, this study demonstrated a
ayesian approach for calibrating building energy models against
ourly data. In both case studies, visual plots (Figs. 5 and 10)
howed good agreement between the calibrated predictions and
easured test data, with most measurements being within the 95%

onfidence intervals of the predictions (Figs. 6 and 11). CVRMSE
nd NMBE for the hold-out test dataset were also less than 15% and
% respectively, satisfying the thresholds set by ASHRAE guideline
4 [1]. This suggests that a small subset (<1000) of the entire
ataset is adequate for the purpose of calibration, substantially
educing computation cost while still maintaining sufficient pre-
iction accuracy. However, a limitation is that ad-hoc expert based
anual selection may  perform better than the random selection of

he sampled subset, probably achieving similar accuracy with even
esser samples. On the contrary, the use of random samples would
e more useful in an autonomous framework where automation
f expert knowledge is difficult.

Based on the trace plots and R̂ values [12], NUTS was shown to
e an effective MCMC  algorithm for exploring and generating sam-
les from the posterior distributions of the calibration parameters
, correlation hyperparameters (ˇ� and ˇı) and variance hyper-
arameters (��, �ı and ��). In both case studies, 500 iterations
ere sufficient to achieve adequate convergence (R̂ within ±0.1 and

race plots of multiple chains indicates convergence to a common
tationary distribution). In comparison, RWM  and Gibbs sampling
ypically requires more than 10,000 iterations [7,8]. The low num-
er of iterations can be attributed to good mixing as illustrated
y the trace plots for each case study (Figs. A12 and A13), there-
ore making it suitable for the Bayesian calibration of BEM since
he posterior is typically high-dimensional and can easily involve
ore than 10 dimensions.
Lastly, this study also investigated how the discrepancy term

(x) affects the predictions by the calibrated model. In both cases, it
as found that as intended, ı(x) was able to adjust for the varying
lumn), the posterior mean for the model discrepancy ı(x) normalized by measured
ht column).

bias across different values of the input factors x, reducing overall
bias and providing a better agreement between calibrated predic-
tions and measured data. However, a low CVRMSE indicates a good
fit between the resulting predictions and the observations, but does
not justify that the posterior distributions of the calibration param-
eters are good estimates of its true value. How the discrepancy
term affects the posterior distribution of the calibration parameters
depends on the priors assigned as well as the system modeled. As
mentioned previously, ı(x) was included to account for any model
inadequacy that could be revealed by a discrepancy between the
model predictions and the observed values. Therefore, when the
magnitude of the discrepancy term is large, it makes interpreting
the posterior distribution of the calibration parameters difficult and
it is recommended that the model be investigated in greater detail if
the purpose of the calibration is to provide realistic estimates of the
calibration parameters. Although a large discrepancy is indicative
of large model bias and suggests caution when interpreting the pos-
terior distribution for the calibration parameters, the same is not
true about its inverse. A small discrepancy does not suggest greater
confidence in the posterior estimates for the calibration parame-
ters. It is possible for models to have small discrepancies but be
uninformative about the calibration parameters because the data
did not contain any information about these parameters [8]. There-
fore, it is recommended that both the posterior distributions and
discrepancy terms be analyzed before interpreting the posterior for
the calibration parameters.

Acknowledgements
Appendix A. Trace plots
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Fig. A12. Case study 1: trace plots of calibration parameters t, correlation hyperparameters (ˇ� and ˇı) and variance hyperparameters (�� ,  �ı and ��).

Fig. A13. Case study 2: trace plots of calibration parameters t, correlation hyperparameters (ˇ� and ˇı) and variance hyperparameters (�� ,  �ı and ��).
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