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a b s t r a c t

Accurate convective heat transfer coefficient (CHTC) is crucial to assess the night ventilation performance
accurately. Previous experimental studies proposed CHTC correlations tailored for night cooling with
diffuse ceiling ventilation (DCV) and mixing ventilation (MV). A holistic approach integrating the
building energy simulation and optimization method was put forward to validate the experimentally
proposed correlations, simulate and optimize the performance of night cooling with DCV and MV. The
validation results demonstrated that the proposed correlations predicted the surface temperatures
accurately with a maximummean absolute error of 1.9 �C. For a typical air-conditioned office room, night
cooling with DCV saved about 0.2 kWh/m2 total cooling energy per unit floor area (TCEC) more and
provided a lower average predicted percentage of dissatisfied during the working hours (aPPD) by up to
3.1% than that with MV. Compared with the validated correlations, the empirical ceiling diffuser con-
vection algorithm overestimated the night energy-saving potential by up to 0.5 kWh/m2 (13.8%) and
yielded a maximum difference in the aPPD of 1.5%. Optimization significantly saved TCEC by 1.1 kWh/m2

(29.0%) for DCV and 0.9 kWh/m2 (25.7%) for MV while maintaining the aPPD within 10%, compared to
respective base cases.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

1.1. Background

Overheating is an ever-growing problem in buildings, especially
for office buildings. It induces massive cooling demands in buildings,
which is a serious challenge at the design stage and during operation
[1].Night ventilation (NV) is a promising and effective passive cooling
technique to alleviate this problem. It consists of ventilating the in-
door environment by natural or mechanical means to cool down the
indoor thermal mass. The cooled building can then act as a heat sink
during the next daytime to reduce the cooling demand and improve
thermal comfort during the warmer daytime [2]. Building energy
simulation (BES) tools allow the architects or engineers to evaluate or
predict the NV performance for decision making. However, they are
still hesitant to adopt NV due to the high uncertainty of performance
prediction. NV performance is dependent on many factors [3,4], of
which convective heat transfer coefficient (CHTC) and thermal mass
level were two crucial parameters [5]. Moreover, the air distribution
principles also impact the night cooling effectiveness [6].

Over the past half-century, numerous experimental studies have
investigated the CHTC correlations for calculating the CHTC for
different facing surfaces under various zone airflow regimes and
heat flow directions [7]. Some of those correlations have been
implemented in BES tools such as EnergyPlus [8]. People can select
a convection algorithm (i.e., a set of correlations for different sur-
faces) for a zone or set the custom correlation for the specific sur-
face in BES tools. Goethals et al. [9] stated that the appropriate
selection of empirical correlations for a night-cooled room was
imperative. NV removes excess heat by convection. A high air
change rate per hour (ACH) up to 10 h�1 or more if applicable can
thus be employed, especially for office buildings usually unoccu-
pied at night [2]. The CHTC thus plays an important role in esti-
mating NV performance. The existing empirical correlations were
mainly developed based on the steady flat plate or steady full-scale
experiments. They were only applicable to specific conditions (e.g.,
ventilation modes, airflow regimes), which may result in a large
error in predicting NV performance. Two prior studies conducted
dynamic full-scale experiments to investigate the convective heat
transfer of NV with displacement and mixing ventilation (MV)
[10,11]. Then the heat transfer of wall-mounted attached ventila-
tion [12,13] was investigated recently. Nevertheless, those studies
focused more on the convective heat flow or CHTC instead of
developing CHTC correlations for BES. Moreover, the prediction* Corresponding author.
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discrepancy of NV performance due to the accurate correlations
and other empirical correlations has rarely been studied.

Thermal mass activation is another main factor that affects NV
performance. The activated thermal capacity of the indoor environ-
ment determines the amount of excess heat stored during the day-
time and then released at night by ventilation [14]. Several studies
experimentally [15,16] or numerically [17,18] investigated the per-
formance of night cooling when coupled with the general thermal
massmaterial in furniture or building elements. Leenknegt et al. [17]
disclosed that the number of overheating hours was highly sensitive
to selecting the CHTC and thermal mass exposure. Phase change
material (PCM) with NV has gained many interests in recent years
[19e23]. However, the CHTC between the thermal mass and cold
supply air was ignored or derived from the empirical correlations.

There are different air distribution principles, such as MV,
diffuse ceiling ventilation (DCV), and stratum ventilation [24]. MV
is the most widely used ventilation concept to cool/heat the room
by directly supplying the air with high momentum [24]. DCV is a
relatively new air distribution principle that supplies the air to a
plenum before air diffuses through the suspended ceiling panel
into the occupied zone [25]. DCV allows to supply the low-
temperature outdoor or conditioned air with a lower risk of
draught due to the low momentum supply from the diffuse ceiling
[26]. DCV was expected to have a large night cooling potential, but
only two studies focused on the heat transfer in the plenum with
DCV [27,28]. Moreover, BES with DCV in buildings is not yet seen in
the literature [29]. Only Yu et al. [30] used a BES tool (BSim) to
simulate the energy use of a room with DCV and thermally acti-
vated building systems in the ceiling slab. The convection algo-
rithms selected for this system were not indicated. Furthermore,
prior studies about air distribution principles mainly focused on
ventilation effectiveness, indoor thermal comfort, and energy per-
formance during the occupied hours [31]. Few previous studies
investigated the performance of night cooling with different air
distribution principles in BES tools.

Based on this research gap of NV in terms of CHTC correlation,
thermal mass activation, and air distribution principles, Guo et al.
conducted dynamic full-scale experiments to investigate the CHTC
correlations for night coolingwithmixing ventilation (MV) [32] and
diffuse ceiling ventilation (DCV) [33] under various thermal mass
distribution. It was found that increasing the thermal mass level of
one surface can significantly augment the CHTC at this surface.
Therefore, the impact of thermalmass activation on CHTC should be
taken into account when assessing the NV performance. However,
the CHTC correlations for the plenum and suspended diffuse ceiling
were not investigated due to the restricted experimental conditions

and the complex heat transfer through the suspended ceiling panel.
Moreover, the experimentally proposed CHTC correlations need
validation in BES tools before simulating the NV performance.

BES allows users to optimize the design of NV to improve its
performance. Most previous studies applied the parametric simu-
lation that involved a few variables with discrete values for opti-
mization, which may not provide the global optimal solution
[34e37]. Whereas, recent developments in computing have
heightened the need for adopting the optimization algorithm with
BES to improve the building energy performance. Cristina et al. [38]
utilized the hybrid generalized pattern search algorithm with par-
ticle swarm optimization algorithm to identify the optimum PCM
melting temperature in the external building envelope components.
Guo et al. leveraged the Non-dominated sorting genetic algorithm II
[39] to optimize the design parameters related to the cool roof and
night ventilation and the evolutionary optimization [40] algorithm
to optimize the parameters associated with night mechanical
ventilation for an air-conditioned room. Nevertheless, they did not
consider the daytime AC temperature setpoint that also determined
the daytime cooling energy use, indoor thermal comfort, and the
excess heat stored that NV can remove. Moreover, the CHTC corre-
lations in those studieswere fromtheexistingempirical correlations
or not indicated, which also limited the validity of their results.

1.2. Novelty and main contributions

Regarding the current state-of-the-art, this study expanded the
scope of previous work [32,33], where CHTC correlations for night
cooling with DCV and MV were proposed by experimental investi-
gation. A holistic approach integrating the building energy simula-
tion (BES) and optimizationmethodwas put forward to explore and
improve the night cooling performance in this study. The proposed
CHTC correlations were further validated in BES using EnergyPlus.
For night cooling with DCV, the correlations for the plenum and
diffuse ceiling were identified and developed using the holistic
approach. Based on the validated correlations, the performance of
night cooling with DCV andMVwere simulated and compared. The
prediction discrepancy between the validated correlations and
existing empirical correlations was also evaluated. The optimal de-
signs of night coolingwith DCV andMVwere finally investigated by
taking into account the energy use and indoor thermal comfort.

The original contributions are briefly summarized as follows: (1)
The CHTC correlations for night cooling with DCV and MV were
validated, allowing the architects or engineers to accurately access
the night cooling potential. (2) The performance difference be-
tween the night cooling with those two air distribution principles

Nomenclature

Latin symbols
A Area
C Constant
h Convective heat transfer coefficient
k Index of selected cases
mi Measured data points for each model instance i
Np Number of data points at interval p
r Fraction of maximum flow rate
si Simulated data points for each model instance i

Acronyms
aPPD Average predicted percentage of dissatisfied during

the working hours
AC Air conditioner or air conditioning
ACH Air change rate per hour
BES Building energy simulation
CHTC Convective heat transfer coefficient
DCV Diffuse ceiling ventilation
HVAC Heating, ventilation and air conditioning
MAE Mean absolute error
MV Mixing ventilation
NV Night ventilation
TARP Thermal analysis research program
TCEC Total cooling energy use
TMY3 Typical meteorological year
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and the performance prediction discrepancy between the validated
correlations and existing empirical correlations were fully evalu-
ated. (3) The night venting duration, airflow rate, minimum night
indoor temperature setpoint, thermal mass activation, and daytime
cooling setpoint were comprehensively optimized, supporting ar-
chitects or engineers’ optimal decision-making.

2. Research framework

A holistic approach was put forward to validate the proposed
CHTC correlations from previous experiments, simulate and opti-
mize the performance of night cooling with DCV and MV in terms
of energy and thermal comfort (see Fig.1). In the first step (panel b),
the guarded hot box model with DCV and MV principles was built
in EnergyPlus according to the experiment platform (panel a)
[32,33]. The proposed correlations were then adopted in those
models for validation by comparing the measured and simulated
results. Moreover, before validating the proposed correlations for
DCV, the correlations for the plenum were identified based on the
existing convection algorithms in EnergyPlus by comparing the
measured and simulated results. And the correlation for the diffuse
ceiling was developed using the optimization method with the
genetic algorithm to minimize the discrepancy between measured
and simulated results (objective 1). In the second step (panel c), a
typical office roomwas selected and employed with DCV andMV to
investigate the performance of night cooling with DCV and MV. In
the third step (panel d), parameters related to night cooling per-
formance were optimized with the genetic algorithm to minimize
the cooling energy use (objective 2) while maintaining the indoor
thermal comfort within a certain level (constraint). The optimiza-
tion method was enabled by integrating EnergyPlus with MATLAB,
which was further described in Appendix A.

3. Validation of proposed CHTC correlations

3.1. The guarded hot box model

The guarded hot box model was built in EnergyPlus based on the
real experimental platform thatwas further described in Appendix B.
Fig. 2 shows themodel that involves the plenum, room, and guarding

zone as well as the principles of DCV and MV. A variable air volume
(VAV)air conditioner (AC)wasequipped to supply the conditionedair
to theplenum(forDCV)or the room(forMV)andexhaust the air from
the room (see Fig. 3). The inlet and outlet positions in Figs. 2 and 3
originated from the previous experimental setup [32,33]. While in
EnergyPlus, the inlet andoutlet positionswerenotmodeled sinceBES
tools usually assume the air is perfectly mixed in the thermal zone.
Therefore, the selection of CHTC correlations for each interior surface
affects theconvectiveheat transferof surfaces. Theguardingzonewas
conditioned by an ideal load air conditioner (AC), which was
neglected in Fig. 3. The VAV AC system consists of a VAV fan, a multi-
speed direct expansion cooling coil with two speeds, an electric
heating coil, an air terminal unitwith single ducts, and aVAVdamper.
The specification of the VAV fan is further introduced in Section 4.1.
The lowandhigh speedgross rated cooling coefficientofperformance
of the two-speed direct expansion cooling coil is 3 and 4.5, respec-
tively. The electric heating coil with an efficiency of 1 served as a
supplementary heating component. A sizing factor 1.2 was adopted
for auto-sizing the nominal capacity of coils.

The proposed correlations in Appendix B were set for the cor-
responding surfaces in the model. The thermal zone in EnergyPlus
only exchanges energy with the inside of the internal mass (e.g.,
furniture) [8]. Therefore, for design cases with four indoor tables,
eight internal masses were set in the room. Each internal mass was
made up of one 18 mm fiber plasterboard to represent one indoor
table's surface. Finally, the model was simulated based on experi-
mental design cases to output the simulated results. The mean
absolute error (MAE) given by Eq. (1) was selected to compare the
measured and simulated results.

MAE ð%Þ¼ 1
Np

XNp

i¼1

ðmi � siÞ (1)

where mi and si are the measured and simulated data points for
each model instancei, respectively. Np is the number of data points
at interval p (i.e., 480 points from 8h data with a 1-min interval). To
validate the proposed correlations for DCV and MV, the measured
and simulated temperatures of interior surfaces and tables were
compared. Before validating the correlations for DCV, the

Fig. 1. Flow chart of the proposed research framework.
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correlations for the plenum and diffuse ceiling required to be
identified and developed as the plenum air temperature was the
supply temperature for the room and the diffuse ceiling tempera-
ture influenced the radiative heat transfer.

The existing four convection algorithms in EnergyPlus: simple
[41], TARP (Thermal Analysis Research Program) [41], ceiling
diffuser [42], and adaptive [43], were adopted in turn to identify
the most suitable one that provided the minimum MAE between
the measured and simulated plenum air temperatures. Each
convection algorithm involves various CHTC correlations for the
respective interior surfaces of a thermal zone. It is worth noting
that the adaptive algorithm is a dynamic algorithm that organizes
a large number of different CHTC correlations and automatically
selectes the one that best applies for the thermal zone [43]. Six
experimental design cases (cf. Table B6 in Appendix B) that
included all ranges of supply airflow rates and supply tempera-
tures in the DCV experiment were selected for the correlation
identification.

EnergyPlus treats the air exchange and interchange between
zones as the convective heat gain rather than modeling the heat

transfer through the interface between two zones in detail [8].
Thus, the existing empirical correlations in EnergyPlus were not
applicable for the diffuse ceiling. We assume the general form of
the forced convection pattern (see Eq. (2)) for the interior surfaces
under DCV [32] is also applicable for the diffuse ceiling.

h¼ C1 þ C2:ACH
m; 0:5 � m � 0:8 (2)

where h is the CHTC, C1 and C2 are constants, andm is an exponent.
The optimization method with the genetic algorithm was adopted
to develop the diffuse ceiling CHTC correlation, which was further
described in Appendix A. The six representative design cases
mentioned above were also selected for the correlation develop-
ment. The optimization objective was to minimize the sum of MAE
between the measured and simulated diffuse ceiling temperature
of selected design cases (see Eq. (3)). k refers to the index of selected
design cases.

min
X6

k¼1

MAEk (3)

Fig. 2. (a) The guarded hot box model, (b) DCV principle, and (c) MV principle.

Fig. 3. VAV AC systems for the (a) DCV principle and (b) MV principle.
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For optimization, C1 and C2 were both in the range of (-inf,þinf),
and m was in the range of [0.5e0.8]. The population size was set to
50, and the maximum number of generations was set to 200 for the
genetic algorithm [44].

3.2. CHTC correlations for plenum and diffuse ceiling under DCV

Table 1 lists the MAE between measured and simulated plenum
air temperatures under different convection algorithms. It can be
seen that the ceiling diffuser convection algorithm provides the
minimum MAE, which ranges between 0.1 �C and 0.4 �C. The
average MAE is 0.3 �C. In contrast, the adaptive convection algo-
rithm offers the maximum MAE, indicating that this algorithm
cannot automatically select the suitable CHTC correlations for the
corresponding surfaces in the plenum.

Table 2 lists the developed diffuse ceiling (facing the room)
correlations and the MAE between measured and simulated
diffuser ceiling temperatures that ranges between 0.5 �C and 1.3 �C.
The mean MAE is 0.6 �C, indicating that the developed correlation
can accurately predict the diffuse ceiling surface temperature. Fig. 4
shows the measured and simulated temperatures under the iden-
tified ceiling diffuser algorithm and the developed diffuse ceiling
correlation. The “m” and “s” in the brackets represent themeasured
and simulated results. Fig. 4 shows good agreement between the
measured and simulated results.

3.3. Validation results of proposed CHTC correlations

Fig. 5 shows the boxplot of the MAE between measured and
simulated surface temperatures for different cases. The MAE ranges
between 0.1 �C and 1.5 �C for the surface temperatures under DCV,
while the MAE ranges between 0.1 �C and 1.9 �C under MV. The
median value of MAE for the interior surface temperatures and
table surface temperatures under DCV is 0.5 �C and 0.6 �C,
respectively. In comparison, the median value of MAE for the
interior surface temperatures and table surface temperatures under
MV is 0.8 �C and 1.4 �C, respectively. The MAE for table surface
temperatures is higher than that for interior surface temperatures.
The correlations can be regarded as appropriate for predicting
surface temperatures.

The discrepancy between the measured and simulated tem-
peratures can be due to the following reasons: (1) It took some time
for the AC to regulate the supply temperature from 22 �C to the
specified temperature in the experiment, while the supply tem-
perature in the simulation can reach the temperature setpoint
instantaneously. (2) The proposed CHTC correlations were derived
from the experimental results that excluded the first hourly data
due to the high uncertainties at the beginning of the experiments,
which might not take into account the transient flow development
at the beginning of night cooling. (3) The uncertainties of measured
temperatures and the errors between the experimental CHTCs and
predicted CHTCs by the proposed correlations (4) EnergyPlus
treated the indoor tables (i.e., internal mass). as virtual horizontal,
upward-facing surfaces, resulting in the view factors and radiative
heat transfer between table surfaces and interior surfaces being
different from the actual values.

4. Simulation of night ventilation performance

4.1. Case room model

A typical office room, zone 1NC, located on an office building's
middle floor [5], was selected as the case room (see Fig. 6). The
previous hot boxmodel that excluded the guarding zone was set on
zone 1NC, of which the exterior wall facing north was regarded as
the “front wall” (see Fig. 2). The boundary conditions for the in-
ternal partitions between zone 1NC and the adjacent zones were
set as adiabatic by assuming that all adjacent zones have similar
thermal conditions. Moreover, an energy-efficient window with a
double pane construction made of 3 mm glass and a 13 mm gap
filled with argonwas located on the exterior wall. The window area
was 1.44 m2, with a total thermal transmittance of 1.06 W/m2$K,
glass solar heat gain coefficient of 0.58, and visible transmittance of
0.70. Two occupants with a load of 126 W/person and the clothing
insulation of 0.50 clowere set in zone 1 NC [45,46]. The lighting and
electrical appliance were set as 8 W/m2 and 10 W/m2, respectively
[5]. The hourly schedules for the internal heat gains were 1.0 during
the working hours (08:00e17:00) on weekdays and 0 for the
remaining periods. The typical meteorological year (TMY3) data
[47] of Copenhagen 061800 (IWEC) in summer (July 1 to September
1) was used as the weather inputs.

TheVAVACsystemintroduced inSection3.1wasalsoequipped for
the case room. The AC operated during the working hours with a
cooling setpointof 24.5 �Candanoutdoorairflowof 30m3/(h.person)
[45]. It shouldbenoticed that the typical supplyACHbyHVACsystems
to an occupied room ranges from 4 to 6 h�1 [2], corresponding to the
mean air velocity in the occupied zone of about 0.08m/s for DCV [48]
and 0.2 m/s for MV [49]. The VAV fan also served as the night me-
chanical ventilation system operated from 17:00 to 08:00 on week-
days. Table 3 shows the specification of the VAV fan and a general NV
scheme [2]. Thedesign specific fanpowerof the fan is0.86kW/(m3/s),
which fulfills the recommended ‘good-practice’ specific fanpower for
NV [50]. The night ventilationmode pressure risewas lower than the
design pressure rise since air can pass through the bypass without
flowing through the coils into the room, which was not shown in
Fig. 3. TheACHsetpointof the generalNVscheme for the roomwas10
h�1 [2],which equaled the fan'smaximumdesignflow rate. The part-
loadspecific fanpowerof theVAV fancanbeestimatedasa functionof
the fraction of maximum flow rate (r) using Eq. (4). Fig. 7 illustrates
the VAV fan performance curve (a¼ 0.3507, b¼ 0.3085, c¼�0.5413,
d ¼ 0.8719) and other performance curves defined in the technical
noteAIVC65 [50]. It can be seen that theVAV fan's performance curve
falls in between the curves of good and normal systems.

SFPpart load
SFPmax load

z aþ brþ cr2 þ dr3 ð 0:2� r�1:0Þ (4)

To compare the performance of night cooling with DCV and MV,
the same thermal mass distribution schemes should be both
adopted for DCV and MV. Therefore, the ‘Not installed’, ‘Floor’,
‘Floor þ Table’ schemes were selected, which represents that the
thermal mass (i.e., fiber plasterboards) was not installed in the
room, thermal mass was only installed on the floor, and thermal
mass was installed on the floor as well as four indoor tables were
placed in the room, respectively. The validated correlations in
Section 3 were set during the night cooling period. In comparison,

Table 1
MAE of measured and simulated plenum air temperature with different convection
algorithms.

Convection algorithm Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Simple 0.1 �C 0.2 �C 0.3 �C 0.2 �C 0.6 �C 0.1 �C
TARP 0.2 �C 0.1 �C 0.5 �C 0.5 �C 1.1 �C 0.4 �C
Ceiling diffuser 0.4 �C 0.3 �C 0.3 �C 0.1 �C 0.2 �C 0.2 �C
Adaptive 0.3 �C 0.1 �C 0.7 �C 0.6 �C 1.3 �C 0.5 �C

Table 2
MAE of measured and simulated diffuse ceiling temperature with the developed
diffuse ceiling CHTC correlation.

CHTC correlation Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

�2.23ACH0.75þ2.37 0.3 �C 0.2 �C 0.8 �C 0.6 �C 1.3 �C 0.5 �C

R. Guo, Y. Hu, P. Heiselberg et al. Renewable Energy 179 (2021) 488e501

492



the ceiling diffuser convection algorithm was also set for the room
at night. For the two types of simulation cases, the ceiling diffuser
convection algorithmwas set for the roomwhen the AC operated to
eliminate the influence of various correlations on the daytime
cooling demand. It is worth noting that for the simulation cases
with the validated correlations during the daytime (supply tem-
perature as reference), the ceiling diffuse convection algorithmwas
the original version [42] (supply temperature as reference) since
the EnergyPlus cannot alter the reference temperature during the
simulation. While for the simulation cases with the ceiling diffuser
convection algorithm all day, the reformulated version (indoor/
outlet temperature as reference) [8,51] was adopted since the
reformulated algorithm was one of the algorithms built into the
EnergyPlus. Because prior experiments did not investigate the
CHTC correlation for the window, the existing window correlation
under the ceiling diffuser configuration [52] was chosen for the
window in the front wall of zone 1NC.

The total (i.e., daytime AC þ NV) cooling energy consumption
per unit floor area (TCEC) and average predicted percentage of
dissatisfied during the working hours (aPPD) were selected as the
simulation outputs to evaluate the NV performance.

4.2. Performance of night cooling with DCV and MV

Fig. 8 shows the simulated results of MV cases. When the room
was only cooled with the AC, the MV cases with two versions of
ceiling diffuser convection algorithm under the same thermal mass
distribution had similar energy use and indoor thermal comfort
level. The discrepancy can be attributed to the different reference
temperatures of reformulated and original convection algorithms
during the daytime.

Compared to the respective MV cases without night cooling in
Fig. 8a, NV saved the TCEC by 0.6 kWh/m2 (17.1%) e 1.0 kWh/m2

(26.0%) but increased the aPPD by 2.6%e9.4%. Whereas for corre-
sponding MV cases in Fig. 8b, NV reduced the TCEC by 0.3 kWh/m2

(8.6%) e 0.5 kWh/m2 (13.8%) but increased the aPPD by 2.4%e6.4%.
It can be concluded that the ceiling diffuser algorithm over-
estimated the night energy-saving potential by 0.3 kWh/m2 (8.6%)
e 0.5 kWh/m2 (13.8%) and yielded a difference in aPPD
between�0.9% and 1.5%, compared to the validated correlations for
MV. The reason causes the performance discrepancy should be that
the validated CHTC correlations induced a smaller night airflow
rate than the ceiling diffuser algorithm.

Fig. 8 also shows that the aPPD of most night-cooled cases was

Fig. 4. Comparison of measured and simulated (a) plenum air temperature and (b) diffuse ceiling temperature of selected cases.

Fig. 5. MAE between measured and simulated temperatures of interior surfaces and table surfaces with proposed CHTC correlations under (a) DCV and (b) MV.
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over 10% that was the recommended PPD of category II for me-
chanically cooled buildings [45]. Fig. 9 shows the simulated hourly
indoor air, ceiling, and floor (on behalf of all the interior surfaces)

temperatures of an MV case (‘Floor þ Table(b)’) with and without
night cooling in Fig. 8a on a typical summer day. On the selected
night, the NV significantly reduced the indoor temperatures up to
8.5 �C. At the beginning of working hours, the indoor temperatures
were all about 20.5 �C, which postponed AC's operation until 12:00
but made the occupants feel cold.

Furthermore, by comparing the night-cooled MV cases, it was
found that NV saved the most energy but provided the highest
aPPD for the case with the highest thermal mass level. On the
contrary, the MV case with the low thermal mass level had the
smallest night cooling energy saving potential and the lowest aPPD.
One reason was that high thermal mass could stabilize the indoor
air temperature and store more excess heat instead of being
removed by the AC during the daytime. The stored excess heat can
then be released and removed by night cooling. Another reasonwas
that the interior surface with thermal mass had higher thermal
inertia and a larger CHTC, whose temperature grew slowly when
NV was adopted. Fig. 9 also shows that the night-cooled floor (with
thermal mass) temperature was approximately 1 �C lower than the
indoor and ceiling temperature at the beginning of working hours.
Moreover, by comparing the MV cases with tables in Fig. 8b, it was
found that the position of tables had a neglectable effect on the
performance of night cooling with MV.

Fig. 10 shows the simulated results of DCV. Since the proposed
correlations for indoor tables did not distinguish the tables’ position,
the simulation case for DCV with tables was only one. For the cases
shown in Fig. 10a, NV saved the TCEC by 0.8 kWh/m2 (21.0%) e

1.2 kWh/m2 (30.8%) but rose the aPPD by 1.7%e6.4%, compared to
the respective cases without NV. Whereas in Fig. 10b, NV cut the
TCEC by 0.5 kWh/m2 (13.2%) e 0.7 kWh/m2 (18.0%), while the aPPD
increased by 1.7%e3.8%. The ceiling diffuser algorithm overestimated
the night energy-saving potential by 0.3 kWh/m2 (7.8%) e 0.5 kWh/
m2 (12.8%) and yielded a difference in aPPD between �0.9% e 1.3%,
compared to the validated CHTC correlations for DCV.

Furthermore, by comparing the cases in Figs. 8b and 10b, DCV
consumed about 0.3 kWh/m2 more TCEC than MV for the condi-
tioned roomwithout NV since the AC took the internal heat load in
the plenum under DCV. On the contrary, night cooling with DCV

Fig. 6. Layout of the case building and the case room 1NC.

Table 3
Detailed setup information about the night mechanical ventilation system.

Night mechanical ventilation

System VAV supply fan
Design pressure rise (Pa) 600
Fan total efficiency 0.7
Specific fan power (kW/(m3/s)) 0.86
Maximum design flow rate (m3/s) 0.0972
Night ventilation mode pressure rise (Pa) 67
Minimum indoor temperature setpoint (�C) 18
Activation threshold temperature (�C) 3

Fig. 7. Illustration of performance curves of the VAV fan, poor, normal, good, and ideal
systems [50].
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saved about 0.2 kWh/m2 TCEC more than that with MV. The
reason was that the plenum was also cooled down by the cold
outdoor air at night, which can be a heat sink during the daytime.
Apart from the energy performance, night cooling with DCV
contributed to a lower aPPD of 0.9%e3.1% compared to MV. The
reasons were twofold: (1) The air velocity in the occupied zone
under DCV (0.08 m/s) was smaller than the velocity (0.2 m/s)
under MV. (2) Night cooling with DCV cooled down both the
plenum and the room, resulting in relatively high indoor tem-
peratures and a small overcooling penalty, compared to the same
case with MV.

5. Optimal design of night ventilation

5.1. Optimization setup

Simulation results of night cooling performance in Section 4
indicated that the general NV scheme can save the cooling energy
use but may also cause the overcooling penalty to make occupants
feel cold. Optimization provides a way to improve energy-saving
potential while maintaining indoor thermal comfort within a
certain level [53]. The recommended category II of PPD (<10%) in
EN 15251 [45] for designing the buildings with mechanical cooling

Fig. 8. Simulated TCEC and aPPD of MV cases with (a) ceiling diffuser convection algorithm and (b) validated CHTC correlations at night.

Fig. 9. Simulated indoor air, ceiling, and floor temperatures of the selected MV case with and without NV on a typical summer day (August 1 to August 2).
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was selected as the constraint for indoor thermal comfort. There-
fore, the optimization problem can be formulated as a single
objective with a single constraint problem expressed by Eqs. (5)
and (6)

min TCEC (5)

subject to aPPD<10% (6)

The genetic algorithm was also adopted by coupling the Ener-
gyPlus with MATLAB (see Appendix A). The population size for the
genetic algorithm was set to 200, and the maximum generations
were set to 200 [44,54]. The DCV and MV cases without thermal
mass distribution (i.e., ‘Not installed’) were selected as the base
cases.

Table 4 summarizes the parameters to be optimized. O1 pro-
vided the flexibility to investigate the optimal night cooling airflow
and duration [40]. The hourly ACH setpoint did not range between
0 and 0.2 as the minimum fraction (i.e., r in Eq. (4)) of maximum
flow rate for the VAV fan was 0.2. O2 and O3 had an interactive
effect on the energy use and thermal comfort. Increasing the value
of O2 can reduce the risk of the overcooling penalty but decreased
the utilization of night cooling, requiring the value of O3 to be lower
to maintain the indoor thermal comfort and use more cooling en-
ergy, vice versa. The range of O3 originated from the maximum
temperature range for the cooling setpoint in summer [45]. In
contrast, the range of O2was from theminimum cooling setpoint in
Ref. [45] and the lowest setpoint in Ref. [9]. A step of 0.5 �C was set
for the O2 and O3 due to the general precision of temperature
measurement and control precision for HVAC systems. Based on the
validated proposed CHTC correlations, four thermal mass distri-
bution schemes for DCV were ‘Not installed’, ‘Floor’, ‘Table’,
‘Floor þ Table’. Because the indoor tables' position had a limited
influence on the cooling energy use and indoor thermal comfort

under MV, only the position of ‘Table(c)’ was selected due to the
relatively low TCEC and aPPD. Therefore, the candidate schemes for
MV can be the combination of the ceiling with thermal mass or not,
floor with thermal mass or not, right wall with thermal mass or not,
with indoor tables or not. Thanks to the EP-Macro program of
EnergyPlus [55], O4 can be set separately from the base cases and
inserted in the base cases during the optimization.

5.2. Optimal design solutions

Fig. 11 shows the parameters of the optimal cases as well as the
base cases with the general NV scheme. Both the optimal DCV and
MV cases were equippedwith their maximum investigated thermal
mass level and had the maximum allowed AC cooling temperature
setpoint (i.e., 27 �C). This can be explained that a higher AC tem-
perature setpoint can reduce the cooling energy use during the
daytime and leave more excess heat stored in the high thermal
mass level, which can be removed by night cooling without causing
the overcooling penalty. In comparison with the optimal MV case,
the optimal DCV case had a lowerminimum indoor air temperature
setpoint (i.e., 16 �C) for NV. It indicated that DCV allowed a larger
night cooling potential due to the excess heat stored in the plenum
were removed at night and the lowair velocity in the occupied zone
during the daytime. The hourly night ACH setpoints of the two
optimal cases varied significantly and were both smaller than the
general NV scheme (i.e., 10 h�1). A general trendwas that the hourly
ACH setpoints were high in the first half of the night to cool down
the building effectively and then decreased before the next working
hours to reduce the risk of overcooling penalty.

Fig. 12 shows the simulated results of the research cases.
Compared with the respective base cases (i.e., without thermal
mass and NV), the optimal DCV and MV case significantly saved the
TCEC by 1.1 kWh/m2 (29.0%) and 0.9 kWh/m2 (25.7%), respectively,

Fig. 10. Simulated TCEC and aPPD of DCV cases with (a) ceiling diffuser convection algorithm and (b) validated CHTC correlations at night.
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while maintaining the aPPD within the prescribed limit (i.e., 10%).
The performance of DCV improved more after the optimization,
especially the investigated highest thermal mass level for DCV was
smaller than that for MV.

Additionally, the base cases with the general NV scheme were
also simulated to demonstrate the optimization effect. The night-
cooled base cases also saved the cooling energy, increased the
aPPD, and the aPPD remained below 10%. In contrast, the optimal
cases can further save energy by 0.6 kWh/m2 (18.2%) for DCV and
0.6 kWh/m2 (18.6%) for MV, respectively, without violating the
thermal comfort requirement. When the DCV case and MV case
were equipped with respective maximum thermal mass levels (i.e.,
same as their optimal cases) and the general NV scheme, the
cooling energy further reduced, but the aPPD exceeded the 10% up
to 17.1%, compared with respective night-cooled base cases. After
optimizing those cases, the optimal cases saved the TCEC by
0.5 kWh/m2 (15.6%) for DCV and 0.3 kWh/m2 (10.4%) for MV and
significantly reduced the aPPD.

6. Conclusions and future work

This study presents a holistic approach to validate the experi-
mentally proposed convective heat transfer (CHTC) correlations for
night cooling with diffuse ceiling ventilation (DCV) and mixing
ventilation (MV), simulate, and optimize the performance of night
cooling with DCV and MV. Based on the results of the case study,
the following conclusions can be made.

� For DCV, the empirical ceiling diffuser convection algorithmwas
able to predict the plenum air temperature accurately.
Furthermore, the correlation for the suspended ceiling panel
was developed to precisely predict the ceiling temperature.

Finally, the proposed correlations for MV and DCV were appli-
cable to predict the interior surface temperature accurately.

� DCV consumed about 0.3 kWh/m2 total cooling energy con-
sumption per floor area (TCEC) more than MV for the condi-
tioned room. However, a general night cooling schemewith DCV
offers a larger energy-saving potential and better indoor ther-
mal comfort, saving about 0.2 kWh/m2 TCEC more and
contributing to the average predicted percentage of dissatisfied
during the working hours (aPPD) as low as 3.1% than that with
MV.

� The empirical ceiling diffuser convection algorithm over-
estimated the night energy-saving potential up to 0.5 kWh/m2

(13.8%) TCEC and yielded a difference in a PPD up to 1.5%,
compared to the validated correlations for DCV and MV.

� Optimization for MV and DCV tends to equip the roomwith the
higher thermal mass level and daytime air conditioning cooling
setpoint but the lower minimum indoor air temperature set-
point and hourly night air change rate setpoint. Compared with
the respective base cases, the optimal DCV and MV case can
significantly save TCEC by 1.1 kWh/m2 (29.0%) and 0.9 kWh/m2

(25.7%), respectively, while maintaining indoor thermal com-
fort. The performance of night cooling with DCV improved more
after the optimization.

It is worth noting that the validated CHTC correlations can also
be leveraged to investigate the performance of all-day mechanical
ventilation with DCV and MV. The investigated correlations for the
plenum and diffuse ceiling provide the potential to study the
annual energy and thermal performance of the DCV principle,
where few studies focused on this area. The optimization method
allows architects or engineers to improve the night cooling per-
formance at the building level, with different climate conditions,
cooling systems, and thermal comfort requirements.

Table 4
Range and distribution of parameters for optimization.

Parameter Unit Range

O1 NV hourly ACH setpoint h�1 0 or D [2e10] with a step of 0.1 h�1 at each hour of per weekday night
O2 Minimum indoor temperature setpoint �C D [16e22] with a step of 0.5 �C
O3 AC temperature setpoint �C D [22e27] with a step of 0.5 �C
O4 Thermal mass distribution schemes - 4 schemes for DCV and 16 schemes for MV

Note: D: discrete distribution (levels).

Fig. 11. Parameters related to cooling systems of the research cases.
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Since the CHTC correlations with the supply reference temper-
ature are only available for the mechanical cooling system in the
latest version of EnergyPlus, which limits the application of those
validated correlations in the natural ventilation system. Moreover,
the optimal solutions are based on the TMY3 data. Therefore, future
climate change should be taken into account to make the optimal
solutions more resilient.
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Appendix A. Optimization framework

Fig. A1 shows the proposed optimization framework in this
study. The first step was to construct the model. The Input Data File
(IDF) files contained themodel information in EnergyPlus and were
simulated to offer the results to comma-separated value (CSV) text
files. The second step was to build a coupling engine in MATLAB
that loaded the IDF files as the data structure in MATLAB and tuned
the parameters in the IDF files based on the decision variables of the
optimization problem in each iteration. The modified IDF files were
then sent back to EnergyPlus for simulation to return the simula-
tion results evaluated by the objective functions and or constraints.

To speed up the optimization, the Parallel Computing Toolbox™
[56] in MATLAB was used to distribute tasks parallelly rather than
distributing tasks serially. In the third step, one optimization al-
gorithm of the Global Optimization Toolbox™ [44] in MATLAB,
genetic algorithm, was leveraged to obtain the optimal solutions.
The process was repeated until the genetic algorithm converged to
offer the optimal solution for the optimization problem [57].

Fig. A1. Proposed optimization framework.

Appendix B. Experimental description

Table B1 shows the main features of the guarded hot box
[32,33]. There were 25 design cases for the DCV experiment and 48
design cases for the MV experiment. Those design cases differed in
supply ACH, supply temperatures, and thermal mass (i.e., fiber
plasterboards) distribution schemes. For each design case, an air
handling unit continuously supplied the conditioned at the speci-
fied airflow rate and air temperature to the unoccupied room for
8 h to simulate the night cooling. Another air handling unit sup-
plied the conditioned air to the guarding zone for a stable outdoor

Fig. 12. Simulated TECE and aPPD of the research cases.
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environment by maintaining the zone air temperature at 22 �C. The
18 mm fiber plasterboards (r ¼ 1150 kg/m3, Cp ¼ 1100 J/kg$K,
l ¼ 0.32 W/m$K) were installed on other room's interior surfaces
for different design cases. Besides, some design cases had the
furniture (i.e., four indoor tables), of which each table was made up
of two fiber plasterboards. The thickness and area of each table was
36 mm and 1.08 m2, respectively. Fig. B1 shows the positions of
indoor tables.

Tables B2 to B5 list the proposed CHTC correlations (with supply
reference temperature) for night cooling with DCV and MV. The
dash in the Tables indicated that the correlation was not proposed.
The correlations for interior surfaces (i.e., Table B2, Table B4) were
also developed based on the same experimental CHTCs using the

same nonlinear least square method as in Refs. [32,33]. The dif-
ference was that the proposed correlations in this study were only
based on the criteria of one surface had thermal mass or not rather
than taking into account the conditions of other surfaces. They will
provide high flexibility to investigate more thermal mass distri-
bution schemes than the experimentally investigated schemes. It is
worth noting that the correlation for the diffuse ceiling was not
developed in the DCV experiment due to the complex heat transfer

through the porous diffuse ceiling panel, which needed BES for
further investigation in Section 3. It is also worth noting that the
correlations for tables under MV depended on the location of tables
and the table's face orientation, while those correlations for tables
under DCV only depended on the table's face orientation.

Table B1Main features of the guarded hot box.

Dimensions

Plenum 4.2 m (L) � 3.6 m (W) � 2.5 m (H)
Room 4.2 m (L) � 3.6 m (W) � 1.1 m (H)
Guarding zone 5.1 m (L) � 4.6 m (W) � 4.6 m (H)
Original envelope of the

room
Front wall Three layers (outside to inside: 150 mm foam boards, 12 mm wood panel, and 100 mm foam boards) with total thermal transmittance of

0.15 W/m2$K
Right wall, left wall, and

floor
Four layers (outside to inside: 15 mm wood panel, 225 mm expanded polystyrene, 15 mm wood panel, and 50 mm foam boards) with total
thermal transmittance of 0.14 W/m2$K

Back wall Four layers (outside to inside: 15 mmwood panel, 225 mm expanded polystyrene, 15 mmwood panel, and 100 mm foam boards) with total
thermal transmittance of 0.12 W/m2$K

Ceiling For DCV: one layer (25 mm wood-cement board with the 65% porosity) with total thermal transmittance of 3.4 W/m2$K
For MV: two layers (outside to inside: 15 mm wood panel and 50 mm foam boards) with total thermal transmittance of 0.68 W/m2$K

Original envelope of the
plenum

Walls and ceiling Three layers (outside to inside: 15 mmwood panel, 225 mm expanded polystyrene, 15 mmwood panel) with total thermal transmittance of
0.24 W/m2$K

Floor For DCV: one layer (25 mm wood-cement board with the 65% porosity) with total thermal transmittance of 3.4 W/m2$K
For MV: two layers (outside to inside: 50 mm foam boards and 15 mm wood panel) with total thermal transmittance of 0.68 W/m2$K

Envelope of the guarding
zone

Walls, ceiling, and floor Three layers (outside to inside: 15 mmwood panel, 225 mm expanded polystyrene, 15 mmwood panel) with total thermal transmittance of
0.24 W/m2$K

Fig. B1. Positions of indoor tables (a) in the middle, (b) close to walls, and (c) close to the corners or the walls of the room [32,33].
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Table B2
CHTC correlations for interior surfaces under night cooling with DCV [32].

With thermal mass or not Front wall Right wall Back wall Left wall Floor

Yes e e e e 0.17ACH0.8þ0.67
No 0.15ACH0.5þ0.1 0.17ACH0.5-0.11 0.08ACH0.8-0.08 0.08ACH0.8-0.07 0.08ACH0.8þ0.11

Table B3
CHTC correlations for indoor furniture under night cooling with DCV
[32].

Table surface Correlation

Facing upward 0.19ACH0.65þ0.11
Facing downward 0.1ACH0.65-0.21

Table B4
CHTC correlations for interior surfaces under night cooling with MV [33].

With thermal mass or not Front wall Right wall Back wall Left wall Floor Ceiling

Yes e 0.12ACH0.8þ0.13 e e 0.28ACH0.8þ0.36 1.07ACH0.5-0.94
No 0.1ACH0.8-0.01 0.22ACH0.8þ0.46 0.55ACH0.5-0.41 0.08ACH0.8þ0.07 0.06ACH0.8þ0.2 0.92ACH0.5-1.17

Table B5
CHTC correlations for indoor tables under night cooling with MV [33].

Table's
Position

Table 1 upward-
facing surface

Table 1 downward-
facing surface

Table 2 upward-
facing surface

Table 2 downward-
facing surface

Table 3 upward-
facing surface

Table 3 downward-
facing surface

Table 4 upward-
facing surface

Table 4 downward-
facing surface

Table(a) 0.19ACH0.8-0.5 0.16ACH0.8-0.09 0.12ACH0.8-0.35 0.53ACH0.5-0.46 0.14ACH0.5-0.19 0.11ACH0.8-0.07 0.08ACH0.8-0.13 0.12ACH0.8-0.04
Table(b) 0.14ACH0.8-0.02 0.16ACH0.8-0.2 0.16ACH0.8-0.01 0.16ACH0.7-0.11 0.03ACH0.8-0.02 0.31ACH0.5-0.39 0.02ACH0.8þ0.2 0.12ACH0.8-0.06
Table(c) 0.12ACH0.8-0.06 0.13ACH0.8-0.29 0.04ACH0.8-0.25 0.59ACH0.5-0.62 0.07ACH0.8-0.11 0.34ACH0.5-0.46 0.01ACH0.8þ0.24 0.15ACH0.8-0.05

Table B6
Selected representative design cases in the DCV experiment.

Design case Thermal mass distribution ACH (h�1) Tsup (�C)

1 Floor 10 12
2 Floor 10 17
3 Floor 5 12
4 Floor 5 17
5 Floor 2 12
6 Floor 2 17
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