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Abstract - This paper presents a technique used to examine the
sensitivity of the output of a building energy model with respect to
the variation of different design variables. The Monte Carlo-based
sensitivity analysis was applied and a case-study house was used
to demonstrate this technique. The paper carefully describes the
process through which the Partial Correlation Coefficient of each
design variable was calculated. Under the climate of Danang, the
results of this analysis showed that in naturally ventilated dwellings,
the building envelope and ventilation strategy are the most
influential factors; meanwhile, the building envelope, the
thermostat of HVAC systems and internal heat sources are
significant in air-conditioned home. Sensitivity analysis can help
designers to quickly choose appropriate solutions for their design
problem and is useful for making choices in building renovation or
retrofit.
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1. A Brief Introduction of Sensitivity Analysis

Sensitivity is a generic concept. The term ‘sensitivity
analysis’ (SA) has been variously defined by different
communities. Until recently, SA has been conceived and
defined as a local measure of the effect of a given input on
the output [1]. If a change of an input parameter X produces
a change in the output parameter Y and these changes can be
measured, then we can determine the sensitivity of Y with
respect to X [2]. This measure of sensitivity can be obtained
by the calculation via a direct or an indirect approach, system
derivatives such as S, = oY 10X, where Y is the output of

interest and X; is the input factor [1].

The philosophy of SA is that if we understand the
relationships and the relative importance of design parameters
on the building performance, we can easily improve the
building performance by selecting appropriate design
parameters. In building simulation, the SA is often quantified
by the difference in simulated results caused by the changes
of input parameters. A SA provides designers a robust tool to
quantify the effect of various design parameters and to
identify sources of uncertainties. In this study, the technique
of SA was employed to assess the significance of various
design parameters in the outputs of EnergyPlus program. The
main objective of this study is to identify the most important
design parameters with respect to the performance of a
dwelling under the climate of Vietnam.

2. Methodologies of Sensitivity Analysis and the Choice
of this Study

There are a number of approaches used in SA which
can be distinguished by their methods, purposes, sensitivity

Toém tat - Bai bao gidi thidu mot ky thuat khao sat do nhay ctia mot
mé hinh n&ng lwong céng trinh xay dwng gay ra bdi sy thay déi
clia cac tham sb thiét k& khac nhau. Phan tich do nhay dwa trén
phwong phap Monte Carlo dwoc ap dung va mét ngdi nha dién
hinh dwoc dung dé trinh bay kj thuat nay. Bai bao mé ta chi tiét
qua trinh ma qua d6 Hé sé Twong quan Tirng phan cla tirng tham
s thiét ké duoc xac dinh. Trong diéu kién khi hau & Da Nang, két
qua phan tich cho thay trong nha & théng gié tw nhién, vé bao che
c6ng trinh va chién lwoc thong gié 1a nhixng yéu té ¢ anh huéng
I&n nhét; trong khi d6 voé bao che céng trinh, nhigt a6 kich hoat clia
hé théng HVAC va cac ngudn sinh nhiét trong nha la rat quan trong
trong nha & co diéu hoa khong khi. Phan tich do nhay cho phép
nguoi thiét ké chon lwa nhanh chéng cac giai phap cho viéc thlet
ké va co ich trong viéc dua ra cac quyét dinh khi cai tao nang cap
cong trinh.

T khéa - phan tich do nhay; mé phdng cong trinh; Monte Carlo;
tién nghi nhiét; nang lwong st dung.

indices... The choice of SA methods basically depends on
the natures of the problem at hand. In this work we
explored two EnergyPlus thermal models of a dwelling;
hence the present problem is related to simulation outputs
of these thermal models. Based upon this point, this work
decided to perform global SAs which are based on the
Monte Carlo method. A Monte Carlo-based SA provides
statistical answers to problems by running multiple model
evaluations with probabilistically generated model inputs,
and then the results of these evaluations are used to
determine the sensitivity indices [5]. The Monte Carlo-
based SA used in this paper has 4 major steps as follows:

- ldentifying which simulation inputs should be
included in the SA and what are their probability
distribution functions.

- Generating a sample of N input vectors for the
simulation model (EnergyPlus thermal models) by a
probability sampling method.

- Run the simulation model N times on the input sample
to produce N associated outputs.

- Calculating the sensitivity indices for each input,
ranking them and drawing necessary conclusions.

At present, there are a number of sampling methods.
The Latin Hypercube Sampling (LHS) method was
selected for all sample generations. The LHS is a form of
stratified sampling that can be used for multiple input
factors. It is generally agreed that the LHS performs better
than the random sampling method and is able to achieve a
better coverage of the sample space of the input factors [5].

There are some highly reliable indices for measuring
sensitivity of a non-linear and non-monotonic system,
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including those obtained by Sobol’s method and the FAST
method (see SimLab manual for details of their
algorithms). However these methods require a very large
number of model evaluations (960 simulations for 29 input
variables) that tends to be inappropriate due to time-
consuming EnergyPlus simulations. The Morris method,
on the other hand, needs quite few numbers of simulations,
but it can only give a qualitative estimation of variable
sensitivity, and it cannot distinguish the non-linearity of an
input variable from the interaction with other variables [8].
According to these obstacles, the author decided to use the
Partial Correlation Coefficient (PCC) — a regression-based
sensititvity index. The PCC reveals the strength of the
correlation between an output Y and an associated input
vector X; which was cleaned off any effect due to the
correlation between the vector X; and other input vectors.
In other words, the PCCs provide a measure of a variable
importance that tends to exclude the effects of other
variables [5]. The PCC performs fairly well even if there
are strong correlations among input variables.

In this work, steps 2 (generating an input sample) and
4 (calculating sensitivity indices) of the Monte Carlo-based
method were carried out with the support of SimLab — a
software package for uncertainty and sensitivity analysis
[11]. Step 3 was done using the parametric simulation
function in EnergyPlus and the results were extracted and
then passed to SimLab (for step 4) by an interface
developed in Excel® by the author, allowing one to extract
automatically the results from hundreds of EnergyPlus
output files and to convert them into a predefined format
readable by SimLab. This SA process is summarized and
illustrated in Figure 1.
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Input variables

SIMLAB

Post Processor
Module

Results of SA

openings of the house were controlled by 10 common
ventilation schemes in hot humid climates as shown in
Table 1. The name of each ventilation scheme was codified
by an integer number — from 400 to 409 — so that these
ventilation schemes are readable by EnergyPlus. This trick
was also applied for many other categorical design options,
e.g. wall types, roof types, window types...
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Figure 2. The selected row house for the SA study

Table 1. Common ventilation schemes applied to the NV mode

Figure 1. The full process of a SA using SimLab and
EnergyPlus

3. Sensitivity Analysis of EnergyPlus Thermal Model of
an Actual Dwelling

The case-study dwelling is a typical row house in urban
areas of Viet Nam (see Figure 2). It is located in a dense
urban area of Danang city and was was occupied by a
household. The house was supposedly operated in 2
operating modes: naturally- ventilated (NV) mode and air-
conditioned (AC) mode.

An energy model of the house was established in

EnergyPlus, allowing one to examine its performance
through computer simulation. In the NV mode, external

Simulation v[:im?[ig; Ventilation \_/entllat_lon .
Outputs <chemes period Day time | Nighttime

400 All year Yes No

Microsoft Excel 401 All year No Yes

developed by the author 402 All year Yes Yes

403 All year No No

404 1 May - 30 Sep Yes No

405 1 Mar — 31 Oct Yes No

406 1 May - 30 Sep No Yes

407 1 Mar — 31 Oct No Yes

408 1 May - 30 Sep Yes Yes

409 1 Mar — 31 Oct Yes Yes

29 design variables were taken into consideration,
including uncertainties in physical properties of materials,
uncertainties in design and operation. The natures of these
variables, probability distribution functions, and the
assigned ranges were reported in Table 2.
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Table 2. Design variables of the house in the SA NV |DC of backward 05 0.1
NV/AC | Description of input | |\ |Standard window level 2
mode variables g deviation NV |DC of the crack of the|0.18-0.35
Both |Height of backward|0.4—0.8 attic
window level 1 m AC |Azimuth -7.5° 8
Both |Width of entrance door|2 — 3.7 m AC |Infiltration of level 1 151/s | 0.003
Both |Max equipment power 60w | 20 AC |Infiltration of level 2 81/s | 0.003
— level 1' AC |Infiltration of Bedroom 101/s | 0.003
Both Mlz)f/eﬁq;'pmem power sow | 15 AC |Infiltration of the attic 31/s | 0.001
- AC |HVAC Fan bDlades|0.6-0.7
Both |Max equipment power m60W| 20 efficiency
—bedroom AC |HVAC F tor{0.8 0.9
Both |Insulation thickness-| 0 —0.03 efficionc an - motor) 8.6-0.
y
ground floor m AC [HVAC Cooli il 3 0.13
Both |External wall type 100 — cop ooling - col '
106, step - -
=1 AC |HVAC Heating coil| 0.95-1
Both |Insulation thickness-| 0 —0.04 efficiency -
roof m AC |HVAC Heating|20° — 23°
H *
Both |Insulation thickness-| 0 —0.04 setpoint -
ceiling m AC |HVAC Cooling| 26° -
o .
Both |Brick density (external 1.6 200 setpoint 215
wall) T/m3 *To ensure PPD does not exceed 20%, the HVAC
Both |Thickness - brick 0.07m| 0.008 setpoints are 20° - 26° in winter and 23° - 27.5° in summer
Both |External wall color  |0.25-0.85 In the AC mode, each thermal zone of the house was
Both |Concrete slab 0.09m!| 001 equipped with a Packed Terminal Air Conditioner (PTAC).
thickness Each PTAC consists of an electric heating coil, a single-
Both |Concrete slab density 26 200 speed cooling coil, a ‘draw through’ fan, an outdoor air
T/mé mixer, a thermostat control and a temperature sensor. We
Both |Roof color 0.25 - assume that the heating coil efﬂuency_ls 1; th_e c_oeffluent
0.85 of performance (COP) of the cooling coil is 3; the
Both |EPS Insulation 0.035 | 0003 efficiency of_ the fan bIades and the fan_motor are _0.7 an_d
conductivity WIm.K 0.8 respectively; heating and cooling supplied air
Both Iwind 200- 201 temperatures of the PTAC are 50°C and 13°C. Other
ot indow type 205 203 capacities (e.g. flow rates, power of the coils) of these
- - : components are automatically estimated by EnergyPlus to
Both (Thickness of internal] 0.1-0.3 meet heating and cooling loads of the zone. In every house,
mass m, step = each PTAC operates independently from the others.
0.05 . . .
- Energy consumption of a PTAC is the sum of heating
Both |Facade shading length | 0.2-0.4 electricity, total cooling electricity and fan electricity.
m Total energy consumption of the house is the sum of
Both |Max  number  of|2;3;4;5; electricity consumed by the lighting system, equipments
occupant 6 and the PTACs. Under this operating mode, 34 design
Both |Power of gas stove 400 W | 200 variables were taken into consideration and their details
Both |Width of front window|1 - 2.0 m were reported in Table 2.
level 2 The number of model evaluations (simulations) needed
Both |Width of backward|l—2.5m for a reliable Monte Carlo analysis is still subject to debate.
window level 2 This number must be large enough to guarantee convergence
NV |Ventilation  strategy| 400 — of the sensitivity indices, but should not be too large to delay
(open or close the|409, step the SA process. Yang [8] carried out a study on the
openings) = convergence issue in SA using the HYMOD model (a model
NV |Crack front window| 2-8 using in hydrology). He reported that the sample size of 500
level 2 g/m.s was needed for the regression-based method. However, this
NV  |Discharge coefficient 0.45 0.1 value seems to be too high in building simulation. Although
(DC) of front window no explanation was mentioned, SimLab recommends the
level 2 sample size of 1.5 up to 10 times the number of input factors.
NV  |Crack backward| 4 -12 In [7; 12] the authors used the sample size of 200 for
window level 2 g/m.s complex building systems.
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4. Results

In the NV case, the input variables were randomly
sampled 180 times by the LHS method, generating 180
input vectors for EnergyPlus. This number of input vectors
is 6 times higher than the number of variables and it well

exceeds 44 - the minimum value recommended by SimLab
(1.5 times x 29 variables ~ 44). Figure 3 presents the
Cobwebs plot of 180 random input vectors for the NV
house. Similarly, in the AC case, 200 input vectors were
generated for EnergyPlus.

~
~

0.324e

003 091

4BPT 2836- 8835-° -0.00 99344 -0.00 -0.00 921

00520330

003 - 19967

0324 042 640 766 .00 322 214600857 07500128 0844 037

008+ 018 156- 7193 205 034600137 015600315

x1 x2 x3 x4 x5 x6 x7 xB x9 x15

x16 x17 x18 x19 x20 =21 x22 x23 x24 x25 x26 x27

Figure 3. Cobwebs plot of 180 input vectors generated by the LHS method
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The 180 (or 200) input vectors were implemented into
EnergyPlus for 180 (or 200) corresponding simulation
runs. The simulated results of these 180 (or 200) runs were
extracted and embedded into SimLab where the PCC of the
input variables were calculated. The EnergyPlus outputs
were the Total Discomfort Hours (TDH) in the NV house
and Total Energy Consumption (TEC) in the AC house.

The calculated PCCs of the input parameters of the NV
and AC houses were sorted from the largest to the smallest
as shown in Figure 4. The higher the absolute PCC is, the
more influential the parameter is. The positive / negative
sign of the PCC indicates the proportional / inverse
relationship between a variable and the TDH.

It is clear that the predictions of the most sensitive
variables by the PCC were quite consistent in both NV and
AC houses. In the NV house, it can be stated that the roof
color, the roof thermal insulation and ventilation schemes
are the most influential factors of the TDH. Their PCCs
were much higher than those of the remaining, indicating
that their influences on simulated results were significant.
They should therefore be chosen with care during the

Figure 4. Sensitivity rankings via the PCC of the NV and AC houses
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design process. In the AC house, the roof color and the
number of occupant is as important as the roof parameters.
The HVAC cooling setpoint, the roof insulation, and the
cooling coil COP were among this first group. The HVAC
heating setpoint, in contrast, was completely not influential
possibly due to the warm climate of Danang; but it may
become much influential in cold climates. The most
important things obtained from this result were that the
heat flow through the metal roof of the row house must be
strictly controlled for better indoor environment and
energy saving.

In the remaining group, the input parameters were
much less influential than those of the first group. These
variables have rather uniform PCCs, their ranking are thus
not strictly accurate. They can be considered moderately
influential factors. The less sensitive parameters were
rather similar in the PCC ranking. Notably, the building
orientation and the remaining variables of the HVAC
setting were among this group. Surprisingly, the
infiltration rates of all AC thermal zones were dropped into
the less influential group.
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5. Conclusion

This series of SA provides a very clear insight of the
influence of building parameters on the design objectives.
In NV buildings, the building envelope and ventilation
strategy are the most influential factors. Meanwhile, the
building envelope, the thermostat of HVAC systems and
internal heat sources are significant in AC buildings. The
results of SA may help designers to quickly choose
appropriate solutions for their design problem. It might
also be useful for making choices in building renovation
and retrofit.
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