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Given  the growing  concern  about  building  energy  efficiency  and the  difficulty  in applying  complex  sim-
ulation  tools  during  retrofit  practices,  the need  for easily  and quickly  estimating  the  building  energy
performance  becomes  pressing.  As a  pilot  test,  this  study  proposes  a  systematic  method  to  develop  a
model,  which  can  immediately  assess  the  annual  electricity  consumption  for  office  buildings  with  fan
coil system  in  Shanghai.  First,  a  base-case  building  model  is established  by  EnergyPlus  to  create  a  pool
of candidate  inputs  using  orthogonal  experiment  design.  Then,  analysis  of variance  is used  to identify  a
total  of  10  key  building  design  parameters,  which  are  selected  as  the input  variables  in  the support  vector
regression  (SVR)  model  based  on  a well-structured  database.  The  performance  of  SVR  is  optimized  using
rthogonal experiment design
upport vector regression
enetic algorithm

genetic  algorithm  (GA) based  on radial basis  function  kernel.  Finally,  two  real  office  buildings  in  Shang-
hai  with  reliable  measured  data  serve  to  evaluate  the  developed  hybrid  model.  The  resulting  differences
between  the  predicted  and  measured  values  are  generally  within  10%.  It is  expected  that  the developed
database  and  model  can be used  to  assess  the  likely  energy  savings/penalty  related  with  certain  parameter
changes  to  some  extent  during  the  retrofit  process  for office  buildings.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

For building professions throughout the world, energy is one of
he key issues in the overall efforts to realize sustainable develop-

ent [1]. According to International Energy Agency (IEA), buildings
epresent about 32% of total final energy use [2]. In terms of pri-

ary energy consumption, buildings account for around 40% in
ost IEA countries [2]. These figures could be higher in major cities

e.g. Shanghai), due partly to the significant economic growth and
he shift of local economy from manufacturing-oriented to service-
ased. In the meantime, office building is one of the fastest growing
arts in the building sector, particularly in some major cities of
hina [3]. Energy efficiency is thus of great importance to sustain-
ble building design, especially for office buildings.

During the past decades, researchers have made great efforts in
he improvement of building energy efficiency. In particular, build-
ng energy prediction has drawn increasing attention [4,5], since it

s valuable to develop various retrofit concepts and strategies for
nhancing building energy performance. Examples of the computer
imulation introduced into architectural and engineering retrofit

∗ Corresponding author.
E-mail address: yiqunpan@tongji.edu.cn (Y. Pan).

ttp://dx.doi.org/10.1016/j.enbuild.2016.03.077
378-7788/© 2016 Elsevier B.V. All rights reserved.
practices are DOE-2 [6], EnergyPlus [7], TRNSYS [8], etc. How-
ever, discussions with architects and engineers have revealed that
full hourly physics-based building energy simulations are usually
complicated, costly and time-consuming. Instead, most building
owners and stakeholders, who  lack unique expertise and resources,
tend to depend on rule-of-thumb assessments. These approaches,
though initially inexpensive, may  result in design strategies for
isolated measures without considering interactive effects between
the measures. Such case will remain a challenge for maximizing
the energy savings or economic benefits. Thus, there is a need for
simple estimation models, especially during the decision making
process when various energy retrofit concepts and schemes need
to be quickly considered and compared.

Many previous studies have developed some simple energy
prediction models for commercial and office buildings by using
regression analysis [9–15]. But few models have been updated on
recent performances of parameters in the building system, as well
as have been validated or evaluated through real cases. In addi-
tion, many existing studies mainly adopted simple methods to
select input variables and develop linear models, indicating the
possibility that some useful information may  be underestimated

in a non-linear building system. Therefore, more advanced tech-
niques and more sound energy audits of real buildings are needed
to develop and evaluate related models for improving the accu-

dx.doi.org/10.1016/j.enbuild.2016.03.077
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2016.03.077&domain=pdf
mailto:yiqunpan@tongji.edu.cn
dx.doi.org/10.1016/j.enbuild.2016.03.077
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Nomenclature

c Regularization constant
Erri Relative error between predicted and measured val-

ues for building i (%)
F F-test value
f  Degree of freedom of the error
f Degree of freedom of factor j
g Inverse width of Gaussian radial basis function
n Number of measurements
R2 Coefficient of determination
SSA Sum of squared deviations
VA Variance
Ȳ Mean of measured and predicted values
Y Measured value for building i
Ŷi Predicted value for building i

Abbreviation
AEC Annual electricity consumption (kWh/m2 a)
ANN Artificial neural network
ANOVA Analysis of variance
COP Coefficient of performance
CSWD Chinese standard weather data
COMBAT Commercial building analysis tool
DEEP Database for energy efficiency performance
DOE Department of energy
EQ Equipment load density (W/m2)
FCU Fan coil unit
FE Fan efficiency
FEMP Federal energy management program
GA Genetic algorithm
HPC High performance computing
HVAC Heating, ventilation, and air-conditioning
IEA International energy agency
LBNL Lawrence Berkeley national laboratory
LL Lighting load density (W/m2)
MSE  Mean square error
OED Orthogonal experiment design
OP Occupant density (m2/person)
PAT Parametric analysis tool
PE Pump efficiency
RBF Radial basis function
SC Shading coefficient of window
Sig Significance
SST Summer set point temperature (◦C)
SVR Support vector regression
WU Window U-value (W/m2 K)
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Case study
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WWR  Window-to-wall ratio

acy and stability of building energy predictions. These practical
easons motivate the authors to make an exploration of the non-
inear performance for estimating building energy consumption by
sing hybrid statistical techniques.

To provide an easy and reliable solution for fast energy retrofit
stimation, a large set of simulations performed by experts seems
o be necessary. Although the pre-simulated method has some lim-
tations, such as the geometrical mismatch between the prototype
nd actual buildings, it still can give us an immediate and authentic
nergy estimation. Some massive pre-simulated databases devel-
ped in the past five years include the LBNL’s COMBAT (Commercial

uilding Analysis Tool) [16] and DEEP (Database for Energy Effi-
iency Performance) [17], Energy Impact Illinois’ EnCompass [18],
nd US DOE’s 179D easy calculator [19]. With recent advancement
n computing environment, executions of large scale simulations
Fig. 1. Schematic outline of the research.

for building energy database development can offer users more
new resources to conduct reliable energy estimations quickly.
However, the work is usually challenging and expensive, which
makes the building energy modeling sometimes unfeasible to small
projects. In order to promote the use of these resources, there is
an increasing need for a systematic establishment of the energy
performance database.

As a pilot test, this study intends to develop an energy prediction
model, which can easily estimate the annual electricity use of office
buildings with FCU system in Shanghai. Fig. 1 shows the schematic
outline of the present research, which includes five main aspects:

(i) Establishment of a base-case model for the office building to
generate simulation data for the study.

ii) Identification of key design variables for the office building
using sensitivity analysis technique.

iii) Generation of an energy use database via a series of simulations
using orthogonal experiment design.

iv) Development of a prediction model based on the pre-simulated
database using support vector regression.

(v) Evaluation of the developed model against the measured data
from two office buildings in Shanghai.

The resulting database and model are expected to provide a
simple direct decision making process for helping estimate the
energy-saving potential of some energy conservation measures to
retrofit existing office buildings quickly.

2. Base-case building design

EnergyPlus [7] is employed as the simulation tool in the present
study because it can provide the capability to simulate a wide
range of building design features and energy conservation mea-
sures. Although EnergyPlus can perform energy modeling with a
good accuracy, it is quite complex and error-prone to conduct such
a large number of simulations due to the huge amount of data to be
analyzed. To ensure model robustness and consistency, great care
should be taken to first establish the model building in a simplified
form, and then to refine the building system with more details.
A base-case office building is created to serve as a baseline
reference, which is of great importance since all the subsequent
calculations and analyses are performed based on it. The estab-
lished base-case model is a 12-storey office building (40 m × 40 m)
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Table 1
Summary of parameter inputs of the base-case building.

Input parameter Value

Building load
Orientation N-S
Roof U-value 0.6 W/(m2 K)
Wall U-value 1 W/(m2 K)
Window U-value 3 W/(m2 K)
Window-to-wall ratio 0.4
Shading coefficient of window 0.5
Equipment load density 13 W/m2

Lighting load density 11 W/m2

Occupant density 6 m2/person
Infiltration rate 0.1 ACH
HVAC system
Heating/cooling Gas-fired boiler/centrifugal chiller
Outdoor fresh air 30 m3/(h person)
Summer set point temperature 24 ◦C
Winter set point temperature 22 ◦C
Fan efficiency 0.7
HVAC plant
Chiller COP 5.5
Chilled water temperature 7/12 ◦C
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Table 2
Factors and levels of the orthogonal experiment design for sensitivity analysis.

Factor Parameter Unit Level

1 2 3

A Building orientation deg 0 15 30
B  Window-to-wall ratio – 0.35 0.45 0.7
C  Wall U-value W/(m2 K) 1.5 1 0.5
D  Window U-value W/(m2 K) 3.5 3 2.5
E  Shading coefficient of window – 0.55 0.5 0.45
F  Summer set point temperature ◦C 24 26 28
G  Winter set point temperature ◦C 22 20 18
H  Occupant density m2/person 4 6 8
I  Lighting load density W/m2 11 15 18
J  Equipment load density W/m2 20 17 13
K  Fan efficiency – 0.6 0.7 0.8
L  Chiller COP – 4.5 5.5 6.5
M  Pump efficiency – 0.6 0.7 0.8

the corresponding values are taken from the data shown in Table 1.
Cooling water temperature 32/37 ◦C
Pump efficiency 0.7

ith the curtain-wall design and a centralized HVAC system. The
oor-to-floor height is 4m,  and the gross floor area is 19,200 m2.
he air-conditioning design is set as fan coil system with five
ir-conditioned zones − four at the perimeter and one interior
20m × 20 m).  The building and HVAC systems operate on a 10 h
ay (08:00–18:00) and a 5-day week basis. The descriptions of the
ase-case model are based on careful selections of typical design
nd construction with corresponding data taken from local build-
ng design/energy codes [20] and prevailing engineering practices.

 summary of key input parameters is shown in Table 1. Apart from
he building descriptions, the external weather data is another vital
actor in the simulations. In this study, Chinese standard weather
ata (CSWD), including hourly records of prevailing weather con-
itions in Shanghai, is selected for the simulations.

The annual electricity use per unit gross floor area of the
ase-case building is predicted to be 101.94 kWh/m2. Besides, the
redicted electricity consumption patterns show distinct seasonal
ariations with peak electrical demands occurring in the summer
onths. These simulated results of the base-case model are highly

onsistent with the monitored results of over 600 local office build-
ngs in Shanghai [21]. Thus, we can confidently expect that the
ase-case model can represent a typical office building in Shang-
ai, and can be applied in the following sensitivity analysis and
rediction model development.

. Parametric simulation and sensitivity analysis

Before developing the prediction model, it is important to deter-
ine what input variables are to be studied. Selecting and defining

he key input variables is often an arduous task which requires a
ensible engineering judgment and a good understanding of the
uilding system.

Sensitivity analysis is the study of whether and how the out-
ut of a system is influenced by different inputs [22]. It offers to
esearchers the insight as to what is important and what is not in

 specific system. Theoretically speaking, sensitivity analysis has
wo separate and distinct steps: (1) experiment design and (2)
tatistical analysis. In practice, the energy performances of many

uilding systems have been examined and optimized through a
eries of one-factor-at-a-time experiment designs [11–13,23,24],
n which most factors in the system are set constant while one fac-
or is focused on and varied to evaluate its effect. This experiment
Note: The building orientation is defined as the degree to which the building axis
deviates from the north axis.

design, though acceptable, has the disadvantage that it may  yield
grossly biased estimates of factor effects. On the other hand, few
studies have explored the application of orthogonal experiment
design, which has good properties for parametric simulations, to
optimize the building design for energy consumption. Thus, the
objective of this section is to create a pool of candidate inputs, to
apply the orthogonal experiment design for collecting the data, and
to identify the key system components using analysis of variance.

3.1. Selection of candidate input parameters

A list of input variables, which represents a variety of different
factors encountered in the building design, should be prepared to
enhance the value of the pre-simulated database. These are the
options that architects and engineers will consider during different
stages of the design or retrofit process. About 36 input parameters
in total can be deduced and categorized into three main groups [13]:
building load, HVAC system, and HVAC plant. According to Lam
and Hui [23], each main group can be further divided into different
sub-groups:

• Building load: building envelope, building configuration, space
condition, and building thermal mass.

• HVAC system: system operation, fans and air handling, and sys-
tem control.

• HVAC plant: refrigeration and heat rejection, chilled water pump
and boiler, and chilled water circuit.

The effectiveness of energy conservation measures depends
on the building characteristics, such as location, size, building
envelope, HVAC system properties, etc. Based on previous studies
[9–15,23,24] and local engineering practices, a total of 13 design
parameters are selected in the parametric simulations for the
present study. These parameters are the common retrofit tech-
niques used for office buildings in Shanghai. Perturbations are
introduced by assigning a range of different numerical levels to each
input parameter for the subsequent experiment design. Table 2
illustrates a summary of the 13 parameters and the corresponding
levels used in the parametric simulations. These values are taken
based on local building design codes [20], detailed surveys of real
buildings and prevailing engineering practices in order to include
most possible scenarios, even though some values may  exceed the
range of thermal comfort. For the remaining unselected variables,
It is envisaged that this candidate input pool is created with rea-
sonable considerations for the following experiment design and
statistical analysis.
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Table 3
The L27(313) orthogonal array and the experiment results for sensitivity analysis.

No. A B C D E F G H I J K L M AEC

1 1 1 1 1 1 1 1 1 1 1 1 1 1 136.07
2  1 1 1 1 2 2 2 2 2 2 2 2 2 115.88
3  1 1 1 1 3 3 3 3 3 3 3 3 3 101.80
4  1 2 2 2 1 1 1 2 2 2 3 3 3 119.71
5  1 2 2 2 2 2 2 3 3 3 1 1 1 119.34
6  1 2 2 2 3 3 3 1 1 1 2 2 2 108.89
7  1 3 3 3 1 1 1 3 3 3 2 2 2 124.57
8  1 3 3 3 2 2 2 1 1 1 3 3 3 113.47
9  1 3 3 3 3 3 3 2 2 2 1 1 1 117.17
10  2 1 2 3 1 2 3 1 2 3 1 2 3 108.76
11  2 1 2 3 2 3 1 2 3 1 2 3 1 127.30
12  2 1 2 3 3 1 2 3 1 2 3 1 2 112.88
13  2 2 3 1 1 2 3 2 3 1 3 1 2 138.26
14  2 2 3 1 2 3 1 3 1 2 1 2 3 97.28
15  2 2 3 1 3 1 2 1 2 3 2 3 1 115.90
16  2 3 1 2 1 2 3 3 1 2 2 3 1 105.78
17  2 3 1 2 2 3 1 1 2 3 3 1 2 104.71
18  2 3 1 2 3 1 2 2 3 1 1 2 3 144.01
19  3 1 3 2 1 3 2 1 3 2 1 3 2 120.31
20  3 1 3 2 2 1 3 2 1 3 2 1 3 103.32
21  3 1 3 2 3 2 1 3 2 1 3 2 1 124.00
22  3 2 1 3 1 3 2 2 1 3 3 2 1 90.05
23  3 2 1 3 2 1 3 3 2 1 1 3 2 129.83
24  3 2 1 3 3 2 1 1 3 2 2 1 3 131.42
25  3 3 2 1 1 3 2 3 2 1 2 1 3 121.10
26  3 3 2 1 2 1 3 1 3 2 3 2 1 141.48
27  3 3 2 1 3 2 1 2 1 3 1 3 2 93.47

Table 4
The analysis of variance for annual electricity consumption.

Factor SSA f VA Fj Sig

A 0.29 2 0.15 1.0 ©
B  17.23 2 8.61 59.0 �
C  2.72 2 1.36 9.3 ©
D  6.94 2 3.47 23.8 �
E  14.09 2 7.05 48.3 �
F  1080.67 2 540.33 3704.1 ��
G  1.76 2 0.88 6.0 ©
H  116.46 2 58.23 399.2 ��
I  1949.10 2 974.55 6680.7 ��
J  1826.75 2 913.38 6261.3 ��
K  22.29 2 11.15 76.4 �
L  178.54 2 89.27 612.0 ��
M  80.53 2 40.26 276.0 ��
Error 0.29 2 0.15
Total 5297.36 26 2648.83

Note: (a) The critical F value for different significance levels are: F0.01(2,2) = 99 and

The results are shown in Table 4 and Fig. 3. For the degrees of
Fig. 2. Orthogonal experiment design procedure.

.2. Orthogonal experiment design

Orthogonal experiment design (OED) is a commonly used exper-
ment design method for sensitivity analysis [25,26]. It selects
epresentative data points from full factorial design in a way that
hese points are distributed evenly within the test range. Thus the
rimary virtue of OED is that it uses only a fraction of the runs
eeded for full factorial design, while still yields good effect esti-
ates (small bias and high precision). OED is usually developed

ased on the orthogonal array [26], which makes the design fast,
fficient and economical. Fig. 2 depicts the orthogonal experiment
esign procedure in detail. Considering the superiority of OED to
btain excellent sensitivity analysis conclusions, we select OED as
he method for the experiment design.

Factors and levels are shown in Table 2. The 13 parameters are
elected as the control factors labeled as A–M. Each factor has three
evels represented by digits 1–3. The orthogonal array L27(313) [26]
s used for the design, as shown in Table 3. The 27 indicates 27
rials. The 3 indicates the number of levels. The 13 indicates the

aximum number of factors. The 13 control factors are assigned
o the columns, and the 27 trials are allocated to the rows. Each
evel is repeated the same number of times (9) in each column. For
ach trial, the annual building electricity consumption in kWh/m2

s calculated using EnergyPlus, as shown in Table 3. Effects due to

he coupling between various factors will be investigated in the
uture.
F0.05(2,2) = 19; (b) �� represents a highly significant � relatively significant, and ©
statistically insignificant.

3.3. Variance analysis for annual electricity consumption

Analysis of variance (ANOVA), which can largely reduce the
number of required experiments and can achieve good results, is
one of the most versatile statistical methods. In this study, the vari-
ance analysis and F-test [25] are performed to distinguish the effect
of the factor from the fluctuation errors and to assess the statisti-
cal significance of each factor. The influencing factor with a larger
variance value is indicated to have a greater impact on the system
performance. Also, the significance of the influencing factor can
be judged by comparing the F-test value and critical F value. Mean-
while, the contribution rate of each influencing factor is introduced
to evaluate the relative importance. It is defined as the percentage
ratio between the variance of each influencing factor and the sum
of all the influencing factor variance.
freedom (fj = 2 and fe = 2), the critical F values for different levels
are: F0.01(2,2) = 99 and F0.05(2,2) = 19. The subscripts 0.01 and 0.05
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Fig. 3. Effect of experiment factors o

ndicate a confidence level of 99% and 95% respectively. A larger
-test value compared to the critical F value means that the impact
f the corresponding factor on the annual building electricity con-
umption is more significant than that of the error. In this study,
he significance of each factor is divided into three levels based on
he following rules:

(i) If Fj > F0.01(fj , fe), factor j is highly significant (marked as � �).
(ii) If F0.05(fj , fe) < Fj< F0.01(fj , fe), factor j is relatively significant

(marked as �).
iii) If Fj< F0.05(fj , fe), factor j is statistically insignificant (marked as

©).

The F-test values of the summer set point temperature (F),
ccupant density (H), lighting load density (I), equipment load den-
ity (J), chiller COP (L) and pump efficiency (M) are greater than
0.01(2,2). This indicates that these six factors are highly signifi-
ant to the annual building electricity consumption. Besides, the
indow-to-wall ratio (B), window U-value (D), shading coefficient

f window (E) and fan efficiency (K) are found to be relatively sig-
ificant. In contrast, the building orientation (A), wall U-value (C)
nd winter set point temperature (G) tend to exert nearly no impact
n the annual building electricity use.

It is worth noting that the lighting load density (I) and
quipment load density (J) have significantly high F-test values,
ndicating their crucial importance in the energy performance of
ffice buildings. This can be attributed to their dual effects on the
ystem behavior. On one hand, the lighting/equipment load den-
ity can affect the lighting/equipment electricity use directly. On
he other hand, the lighting/equipment system would gradually
eliver heat into the indoor air, which could further affect the oper-
tion of air-conditioning system indirectly. In addition, the summer
et point temperature (F) is also observed to have an extremely
igh F-test value. Because the HVAC system has to remove all the
eat gains from the conditioned space for maintaining the pre-
etermined thermal environment, these three factors should be
onsidered with priorities during the design or retrofit process of
he office buildings with FCU system. In comparison, the building
nvelope generally has a small, even slight, impact on the electricity
onsumption. This suggests that less care need to be taken to select

he envelope design, given the strict requirements on the thermal
arameters in current local building design codes [20].

The corresponding result is deduced in the context of the spe-
ific humid subtropical climate in Shanghai. Thus, the sensitivity
 H I J K L M Er ror

al building electricity consumption.

analysis would be quite particular under these limitations. Dif-
ferent climates will affect the identification of significant design
parameters, especially for the factors regarding the building load.

In general, a total of 10 key design parameters are identified:
window-to-wall ratio, window U-value, shading coefficient of win-
dow, summer set point temperature, occupant density, lighting
load density, equipment load density, fan efficiency, chiller COP,
and pump efficiency. These 10 parameters are thus selected as
the input variables of the pre-simulated database and prediction
model.

4. Model establishment and evaluation

The basic objective of this section is to build a database and a
regression model relating a dependent output variable to indepen-
dent input variables. The support vector regression (SVR) algorithm
is used to develop prediction models. By varying the selected input
variables for the base-case building, a well-planned series of simu-
lations is run to generate a database for deriving a regression model
relating the annual building electricity consumption to specific
design parameters.

To evaluate the predictive power of the developed model, some
test cases should be used. Previous related studies [9–15] have
also examined the performances of developed models through
some independent sets of simulation results. Unfortunately, to
the authors’ knowledge, nearly none of them have been validated
against real cases. In this section, two office buildings in Shanghai
with detailed information are selected to evaluate the developed
SVR model.

4.1. Database generation

It is believed that the number of simulations required for gener-
ating the database depends on the number and the properties of the
parameters involved. Generally, the more the simulations are run,
the more representative the regression model will be. The database
used for regression analysis should ideally consist of simulated
values covering all possible combinations of the input variables.
However, when the number of input parameters is large, the sum
of simulations for all these combinations may  be unacceptably huge

[17]. To overcome this problem, many studies [11–13] have used
random experiment approaches, or Monte Carlo methods [27], to
create the database and to estimate the main characteristics “on the
average”. But the primary disadvantage of these pseudo-random
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Table  5
Input parameters and levels of the orthogonal experiment design for prediction
model establishment.

Input parameter Abbr. Unit Level

1 2 3 4 5

Window-to-wall ratio WWR – 0.3 0.4 0.5 0.6 0.7
Window U-value WU W/(m2 K) 2 2.5 3 3.5 4
Shading coefficient of window SC – 0.3 0.35 0.4 0.45 0.5
Summer set point temperature SST ◦C 24 25 26 27 28
Occupant density OP m2/person 4 5 6 7 8
Lighting load density LL W/m2 9 11 13 15 17
Equipment load density EQ W/m2 20 17 15 13 11
Fan efficiency FE – 0.5 0.6 0.7 0.8 0.9
Chiller COP COP – 3.5 4.5 5.5 6.5 7.5
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Table 6
Experiment results based on the L50(511) orthogonal array.

No. WWR  WU SC SST OP LL EQ FE COP PE AEC

1 0.3 2 0.3 24 4 9 20 0.5 3.5 0.5 146.20
2  0.3 2.5 0.35 25 5 11 17 0.6 4.5 0.6 119.34
3  0.3 3 0.4 26 6 13 15 0.7 5.5 0.7 106.27
4  0.3 3.5 0.45 27 7 15 13 0.8 6.5 0.8 98.31
5  0.3 4 0.5 28 8 17 11 0.9 7.5 0.9 93.19
6  0.4 2 0.35 26 7 17 20 0.6 5.5 0.8 131.36
7  0.4 2.5 0.4 27 8 9 17 0.7 6.5 0.9 91.35
8  0.4 3 0.45 28 4 11 15 0.8 7.5 0.5 99.05
9  0.4 3.5 0.5 24 5 13 13 0.9 3.5 0.6 126.29
10  0.4 4 0.3 25 6 15 11 0.5 4.5 0.7 111.53
11  0.5 2 0.4 28 5 15 13 0.5 5.5 0.9 102.53
12  0.5 2.5 0.45 24 6 17 11 0.6 6.5 0.5 119.66
13  0.5 3 0.5 25 7 9 20 0.7 7.5 0.6 110.45
14  0.5 3.5 0.3 26 8 11 17 0.8 3.5 0.7 112.10
15  0.5 4 0.35 27 4 13 15 0.9 4.5 0.8 107.91
16  0.6 2 0.45 25 8 13 11 0.7 3.5 0.8 108.59
17  0.6 2.5 0.5 26 4 15 20 0.8 4.5 0.9 135.24
18  0.6 3 0.3 27 5 17 17 0.9 5.5 0.5 125.70
19  0.6 3.5 0.35 28 6 9 15 0.5 6.5 0.6 92.21
20  0.6 4 0.4 24 7 11 13 0.6 7.5 0.7 99.22
21  0.7 2 0.5 27 6 11 13 0.7 4.5 0.5 104.83
22  0.7 2.5 0.3 28 7 13 11 0.8 5.5 0.6 90.73
23  0.7 3 0.35 24 8 15 20 0.9 6.5 0.7 142.46
24  0.7 3.5 0.4 25 4 17 17 0.5 7.5 0.8 137.72
25  0.7 4 0.45 26 5 9 15 0.6 3.5 0.9 108.90
26  0.3 2 0.3 27 8 15 15 0.6 7.5 0.6 106.28
27  0.3 2.5 0.35 28 4 17 13 0.7 3.5 0.7 117.08
28  0.3 3 0.4 24 5 9 11 0.8 4.5 0.8 94.75
29  0.3 3.5 0.45 25 6 11 20 0.9 5.5 0.9 114.24
30  0.3 4 0.5 26 7 13 17 0.5 6.5 0.5 116.98
31  0.4 2 0.35 24 6 13 17 0.8 7.5 0.9 110.00
32  0.4 2.5 0.4 25 7 15 15 0.9 3.5 0.5 129.92
33  0.4 3 0.45 26 8 17 13 0.5 4.5 0.6 119.99
34  0.4 3.5 0.5 27 4 9 11 0.6 5.5 0.7 86.29
35  0.4 4 0.3 28 5 11 20 0.7 6.5 0.8 105.91
36  0.5 2 0.4 26 4 11 11 0.9 6.5 0.6 92.45
37  0.5 2.5 0.45 27 5 13 20 0.5 7.5 0.7 118.15
38  0.5 3 0.5 28 6 15 17 0.6 3.5 0.8 121.39
39  0.5 3.5 0.3 24 7 17 15 0.7 4.5 0.9 126.58
40  0.5 4 0.35 25 8 9 13 0.8 5.5 0.5 95.29
41  0.6 2 0.45 28 7 9 17 0.9 4.5 0.7 97.58
42  0.6 2.5 0.5 24 8 11 15 0.5 5.5 0.8 112.00
43  0.6 3 0.3 25 4 13 13 0.6 6.5 0.9 104.33
44  0.6 3.5 0.35 26 5 15 11 0.7 7.5 0.5 103.74
45  0.6 4 0.4 27 6 17 20 0.8 3.5 0.6 141.70
46  0.7 2 0.5 25 5 17 15 0.8 6.5 0.7 123.77
47  0.7 2.5 0.3 26 6 9 13 0.9 7.5 0.8 82.87
48  0.7 3 0.35 27 7 11 11 0.5 3.5 0.9 93.46
Pump efficiency PE – 0.5 0.6 0.7 0.8 0.9

enerators is that the required sample size for desired precision
sually exceeds an affordable sample size as well. In the present
tudy, OED is used to obtain a set of “normally distributed” simu-
ation results for generating the database.

The input parameters and levels are displayed in Table 5. The
0 key design variables with detailed abbreviations and units are

dentified through sensitivity analysis in Section 3. Each param-
ter is set with five numerical levels represented by digits 1–5.
he level range of each parameter has been determined and exam-

ned through design experience. Some values may  exceed the range
f thermal comfort, since we want the pre-simulated database to

nclude most possible scenarios.
The orthogonal array L50(511) [26] is used in the design of

atabase generation. The 50 implies 50 trials. The 5 implies the
umber of levels. The 11 implies the maximum number of parame-
ers (only 10 are used here). The 10 parameters with corresponding
alues are assigned to the columns, and the 50 trials are allocated
o the rows. Each level is repeated the same number of times (10)
n each column. For each trial, the annual building electricity con-
umption in kWh/m2 is calculated using EnergyPlus, as shown in
able 6. It is important to note that the Chinese standard weather
ata is replaced by the measured weather data during the year
013, including the dry-bulb temperature and relative humidity,

n this series of simulations. This is because the subsequent devel-
ped prediction model will be validated and evaluated against the
lectricity consumption data of two office buildings monitored in
013. Thus the influence of weather conditions could be ruled out
o some extent through this replacement. In general, simulations
ave been conducted based on a well-structured experiment design
sing EnergyPlus to form a reliable database, which serves to estab-

ish the prediction model.

.2. Case study

The two office buildings with representative local architectural
nd engineering design are located in the urban district of Shanghai.
esides, these two buildings are selected based on their logistics of
erforming energy audits and site surveys to ensure the availabil-

ty of electricity consumption data for at least one complete year.
n order to retain the individual anonymity, they are referred to
s Building 1 and Building 2. Information about the building design
nd the building service installation was acquired from the original
esign and the contract document wherever. Additional informa-
ion was extracted through on-site visits and discussions with the
orresponding architects, engineers and building management per-
onnel. A set of simple rules was deduced based on the engineering

xperience to identify abnormal raw data and to remove these out-
iers. The final results are the mean values of the pre-processed data
or showing the statistical significance.
49  0.7 3.5 0.4 28 8 13 20 0.6 4.5 0.5 123.24
50  0.7 4 0.45 24 4 15 17 0.7 5.5 0.6 137.46

Table 7 illustrates a summary of the key design information.
These figures are real inputs (not design assumptions) in the subse-
quent model evaluation. The two buildings were completed in the
late 1990s when the curtain-wall design was  prevalent. Both build-
ings has one major air-conditioning system commonly used for
office buildings in Shanghai − fan coil unit (FCU). Both the air-side
and water-side chiller plants are set with a COP of 4.5 in Build-
ing 1 and 6 in Building 2. The normal operating schedule is a 10 h
day (08:00–18:00) and a 5-day week basis with an indoor set point
temperature of 26 ◦C in summer and 21 ◦C in winter.

The monthly electricity use data metered during the year 2013
was collected from each building. Considering the difference in
building size, the annual electricity use data of each building is
divided by the corresponding gross floor area to provide a normal-
ized performance indicator. It is calculated that the metered energy
use per unit gross floor area is 108.50 kWh/m2 for Building 1 and

94.43 kWh/m2 for Building 2. All the processed data is believed to
have a good reliability and can be used in the following evaluation
of the developed model.
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Table 7
Descriptions of the two office buildings.

Building characteristics Building 1 Building 2

General information
Number of storeys 26 36
Gross floor area (m2) 49,650 87,765
Summer indoor condition (◦C) 26 26
Winter indoor condition (◦C) 21 21
Operation hours 08:00–18:00 (weekday)08:00–18:00 (weekday)
Building envelope
Roof U-value (W/m2 K) 0.5 0.45
Wall U-value (W/m2 K) 1.6 1.9
Window U-value (W/m2 K) 4.43 5.22
Window-to-wall ratio 0.25 0.67
Shading coefficient of window0.45 0.36
Floor-to-floor height (m)  3.3 2.8
Building load
Occupant density (m2/person)8 6
Lighting load (W/m2) 18 9
Equipment load (W/m2) 13 17
HVAC system
Air-side system FCU FCU
Type of chiller compressor Screw Centrifugal
COP 4.5 6
Number of chillers 4 4
Fan efficiency 0.7 0.8
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Table 8
Evaluation results of the developed SVR model.

Annual electricity consumption Building 1 Building 2

Measured value Y (kWh/m2 a) 108.50 94.43

ings in Shanghai.
Pump efficiency 0.78 0.77

.3. Support vector regression analysis

Support vector regression (SVR) was developed by Vapnik
n 1995 to handle regression problems [28]. SVR, based on the
tructural risk minimization inductive principle, usually achieves

 higher generalization performance than the traditional neural
etworks in solving many machine learning problems. A more com-
rehensive introduction of SVR is presented in Ref. [29]. The use
f SVR in the forecasting of building energy performance is quite
ecent [30–33], but the results prove to be very encouraging. In this
tudy, SVR is applied to predict the annual electricity consumption
AEC) for office buildings in Shanghai. It is important to note that
ll the inputs are standardized in the regression analysis.

SVR uses kernel functions to solve non-linear problems. In this
tudy, the Gaussian radial basis function (RBF) is selected as the
ernel function, since it is very effective in handling non-linear
roblems [30–33]. Two parameters, i.e., the regularization constant
c) and the inverse width of Gaussian RBF (g), need to be optimized
or SVR in order to precisely reflect the performance on regressing
nknown data and to prevent over-fitting problems. Traditionally,
he efficiency of ‘grid-search’ is low because such method com-
utes the performance with all the (c, g) to obtain the performance
urface. So in this study, the optimization of model parameters is
erformed using the genetic algorithm, which has been investi-
ated by many researchers [34–36]. Such hybrid applications have
lso been conducted in the development of artificial neural network
ANN), with genetic algorithm [37], bees colony [38], and particle
warm optimization [39].

Genetic algorithm (GA), developed by Holland in 1975 [40], is a
tochastic optimization algorithm deduced from an analogy with
he evolution theory of Darwin. It deals with a powerful optimiza-
ion method able to resolve every problem provided the convexity
f the describing function [41]. It is worth mentioning that the GA
an give several final solutions to a complicated problem with a
arge number of inputs. So the difficulty in generating the opti-

al  solution through GA is the adjustment of the algorithm. To
btain the mature optimization results from GA, the population

ize, number of generation, crossover probability, mutation chance
nd proportion of elitism are set to be 20, 100, 0.7, 0.01 and 0.1,
espectively.
Predicted value Ŷ (kWh/m2 a) 117.63 101.31
Err  (%) 8.42 7.29

Two sets of performance indices are used in the regression anal-
ysis. The first set adopts mean square error (MSE) and coefficient of
determination (R2) for SVR parameter optimization using GA. MSE
is a scale-dependent metric. R2 can reflect the goodness-of-fit of
the model. The definitions of these two metrics are given in Eqs. (1)
and (2).

MSE  =
∑n

i=1

(
Yi − Ŷi

)2

n
(1)

R2 = 1 −
∑n

i=1

(
Yi − Ŷi

)2

∑n
i=1

(
Yi − Ȳ

)2
(2)

The second set of indices uses the percentage error (Err) to assess
the prediction accuracies. To evaluate certain degree of accuracy,
the measured results are compared with those predicted by the
developed SVR model using the same input design parameters.
There have been a great number of works on assessing or calibrat-
ing prediction models for building energy performance [42]. The
common practice is to follow the criteria set by established inter-
national or professional standards/guidelines. The present study
mainly adopts the FEMP guideline [43], which stipulates that the
difference between the measured and predicted yearly energy con-
sumption should be smaller than 10% for an acceptable prediction
model. In this study, such difference is simply defined as follows:

Erri =
Ŷi − Yi
Yi

× 100% (3)

To improve the regression fit and the model stability, further
investigations of data transformation and optimization algorithm
(e.g. principle component analysis) may  be considered in the future.

5. Result and discussion

One optimization process of SVR model parameters using GA
is shown in Fig. 4. The optimal c value is 31.4322, and the opti-
mal  g value is 0.025368. After the best (c, g) is found, the training
set is trained again to generate the final SVR model. The resulting
R2 value is 0.987, indicating that about 98.7% of the variation in
the annual electricity consumption resulting from the changes in
these 10 design parameters can be explained by the developed SVR
model.

It can be seen in Table 8 that the predicted annual build-
ing electricity consumption using the developed SVR model is
117.63 kWh/m2 for Building 1 and 101.31 kWh/m2 for Building 2,
showing a relative error of 8.42% and 7.29% respectively compared
with the measured values. In addition, both the errors are posi-
tive, indicating that the developed SVR model tends to overestimate
the annual electricity use. Generally, the deviations are acceptable
(within 10%). The predicted values can follow quite closely those
from the measurements. Therefore, we can confidently believe that
the developed database and regression model can be used to assess
the likely energy savings/penalty related with certain parameter
changes to some extent during the retrofit process for office build-
The present pilot research focuses mainly on the factors that
are essential to assessing the retrofit potential of office buildings
with FCU system in Shanghai. The corresponding analysis is per-
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Fig. 4. Optimization process of 

ormed in the context of the specific climate in Shanghai. Thus,
he results and interpretations would be quite particular under
hese limitations. Nevertheless, we believe that the application of
his flexible methodology can be extended to other building types
t other locations with other simulation tools. General character-
stics regarding the concerned issues can then be extracted and
stablished through comparisons and evaluations among various
odels. The most important thing is to fully understand the basic

rinciples and to reasonably quantify the relative importance of the
elected input parameters to the output results.

It is worth discussing why the developed SVR model with an
xtremely high R2 value (0.987) still yields a relative error of around
% compared with real cases. In addition to the measurement

naccuracy, there are two main causes of such error. One reason
s the fact that the established pre-simulated database uses the
ase-case building which often cannot exactly match the geome-
ry of a specific building. Even though the reference energy models
ave been widely used to estimate energy performance, the related
nalysis is often limited to a particular building stock description.
nother cause of such error may  lie in the modeling uncertainty

44]. Usually, the built environment presents a formidable chal-
enge in terms of energy modeling and prediction. A building is
ypically characterized by a multiplicity of dynamic (fabric prop-
rty and HVAC system), stochastic (occupant) and probabilistic

weather) elements, which would commonly lead to inaccuracy
nd uncertainty in simplified building models [45,46]. Modeling
rrors are mainly caused by difficulties in capturing how exactly a
uilding system is operated, due to software limitations and inaccu-
R parameters c and g using GA.

rate descriptions of input parameters and weather data. In addition,
simplifications of many other complex factors, such as the build-
ing material properties [47], the boundary conditions [48] and the
occupant behaviors [49], act as increasingly prominent sources
of uncertainty in model predictions. Due to the particular lack of
detailed input descriptions in the present-day building simulation
tools (e.g. EnergyPlus), it still remains a mystery to what extent
will these factors influence the energy characteristics for a specific
case. Therefore, it is essential to consider and minimize the possi-
ble errors at every stage of the energy simulation for improving the
prediction accuracy.

The inputs and outputs involved in the sensitivity analysis are
generally isolated, but they might also be a time series, namely a
chronological sequence of observations on a specific variable. If a
time series is considered, the sensitivity estimation will be more
complicated with the use of statistical methods in time series anal-
ysis. Thus, more advanced sensitivity analysis techniques should
be applied to more design parameters for developing more reliable
pre-simulated databases. Besides, more non-linear methods (e.g.
artificial neural network, bees colony, particle swarm optimization,
etc.) should be considered to further refine the regression model.
Considering the availability of substantial building electricity use
data due to the widespread deployment of reliable energy-related
sub-metering devices and longitudinal data collection technolo-

gies, more real cases with reliable detailed measurements are
expected to further validate and evaluate the prediction models.
In addition, some new approaches of passive design (e.g. natural
ventilation) or renewable energy use (e.g. solar energy) are not
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ncluded in the present database. Careful considerations of these
ssues will be explored in our future studies.

The pre-simulated database and prediction model are devel-
ped manually in this pilot test. However, some existing tools allow
or automated parametric runs to explore design options, which
an bring new opportunities to accelerate the energy estimation
or office buildings. For example, The OpenStudio PAT (Parametric
nalysis Tool) [50] and jEPlus [51] can provide a shell to define
arameter values for different design concepts and call Energy-
lus to run multiple and automated simulations. Besides, the use
f the cloud-based HPC (high performance computing) can reduce
he computation time for parametric simulations, contributing to

 potentially higher accuracy of building energy estimation [52]. It
s possible that the proposed methodology, including the theory of
rthogonal experiment design, can be coupled with these tools to
ealize automated development of energy use databases and pre-
iction models. Further research is needed to test how useful these
ools are in providing fast retrofit estimations automatically.

. Conclusion

The growing concern about building energy efficiency and the
ifficult application of current simulation tools in the energy
etrofit process have motivated the authors to propose a systematic

ethod, which can provide the possibility of developing reliable
atabases and prediction models to quickly estimate the building
nergy performance. Using sensitivity analysis and support vec-
or regression (SVR) technique, this pilot study carefully developed

 model to predict the annual electricity consumption for office
uildings with FCU system in Shanghai.

First, a base-case building model is established by EnergyPlus
o create a pool of candidate inputs using orthogonal experiment
esign. Then, analysis of variance is used to identify a total of 10
ey building design parameters, which are selected as the input
ariables in the SVR model based on a well-structured database.
he performance of SVR with respect to two parameters, c and
, is optimized using genetic algorithm (GA) based on radial basis
unction kernel. Finally, two real office buildings in Shanghai with
eliable measured data serve to validate and evaluate the developed
ybrid GA-SVR model. The resulting coefficient of determination
2 is 0.987, indicating that about 98.7% of the variations in the
nnual building electricity use can be explained by changes in
hese 10 selected parameters. The differences between the pre-
icted and measured values are generally within 10%. Therefore,

t is expected that the developed database and model can be used
o assess the likely energy savings/penalty related with certain
arameter changes to some extent during the retrofit process for
ffice buildings with FCU system in Shanghai.

Although the present pilot work is conducted under cer-
ain limitations, we believe that the application of this flexible

ethodology can be extended to other building types at other
ocations with other simulation tools. More detailed investiga-
ions of physics-based modeling, sensitivity analysis, data quality,
on-linear regression, and optimization algorithm should be con-
idered in the future. To make the best use of the proposed method,
esearchers should try to get a better understanding of the sensi-
ivity theory, the simulation result, and the computing tool.
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