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ABSTRACT

A novel renovation solution was proposed recently by integrating diffuse ceiling ventilation and double skin fagade. This study presents an experimental investigation
on the performance of the novel solution in a small-scale classroom. The aim of this study was to evaluate the potential in combining the diffuse ceiling ventilation
principle with the double-skin facade through the thermal comfort and passive energy performance evaluation in two operation modes: heating mode and cooling
mode. The performance of the novel solution was compared to a traditional renovation solution installed in an identical room. The results showed that the novel
solution achieved comparable or even superior thermal comfort than traditional renovation solution. In winter, the DSF is able to recover the transmission loss
through the glazing and capture the heat gain by solar radiation. The heat recovery rate can reach up to 1.2 when solar radiation was strong. In summer, the air
ventilated the DSF cavity and served as an air curtain to remove part of the heat gain. Consequently, it reduces the heat gain to the room and maintains lower indoor
temperature than the traditional solution. Benefit of the further activation of thermal mass, the novel solution can reduce the peak operative temperature and shift
the peak hour to later of the days. Further research is needed to optimize the system’s control strategies and integrate solar shading device in the control strategy.

1. Introduction

In Denmark, only a few schools are newly built, 80 % of the public
schools were built before 1980 and most of them with the Energy Label
lower than ‘D’ [1]. About 50 % of the school buildings are ventilated
naturally or only with mechanical exhaust [2]. Compared to the other
building types, school buildings have significantly higher occupancy
density and ventilation demand. There is a high risk of a poor indoor
environment associated with the lack of ventilation system or insuffi-
cient ventilation rate. A recent study showed that CO, concentrations
exceed the maximum permissible 1000 ppm in 60 % of the classrooms
[1]. Low ventilation rate triggers a significant increase in student
absenteeism and has a negative impact on the learning outcome [3-5],
as well as children’s health and well-being [6-8]. The traditional natural
ventilation strategy, for example open windows, easily causes draught in
winter or transitional seasons. In order to avoid discomfort, occupants
often choose to close the window or reduce the ventilation rate.

To address the issues above, there is a strong need for school reno-
vation to improve the indoor environment and energy performance.
Several case studies have been reported in the literatures. Morck et al.
[9] described a demonstration school within the EU project ‘School of
the Future’ where the energy renovation measures included installing a
new external facade layer, changing the glazing or windows, replacing
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fluorescent lighting with LEDs, and adding an on-site PV system.
Another renovation project of 4 daycare centers reported by Jradi et al.
[10], where the renovation solutions included installing demand
controlled ventilation, wall and roof insulation, triple glazing windows,
and LED light with daylight sensors. The two case studies align with the
statistical study by Clausen et al. [11]. By interviewing 366 schools, the
four most common renovation areas within the last 10 years are faca-
de/roof (21 %), ventilation (18 %), window (18 %) and lighting (14 %).
However, the case studies above indicated that the current renovation
solutions require significant intervention in terms of existing construc-
tion, and necessary installation space. The construction and installation
work can strongly disturb the daily activity and may require occupants
to be relocated or renovation to occur during the holiday period. At the
same time, to avoid discomfort in the occupied zone, the outdoor air is
normally heated via a heat recovery unit and heating coil. It might lead
to overheating problem in the classroom even in winter season, due to
the high internal load of occupants and equipment [12,13].

A novel renovation concept was proposed in our recent studies
[14-16], which has the potential to overcome the limitations of the
conventional renovation solutions. It is an integrated solution, which
combines double skin facade (DSF) with diffuse ceiling ventilation
(DCV). DCV uses a ceiling plenum to distribute air and the fresh air is
supplied into the occupied zone through suspended ceiling panels.

Received 6 June 2023; Received in revised form 27 October 2023; Accepted 30 October 2023

Available online 31 October 2023

0360-1323/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ok@build.aau.dk
www.sciencedirect.com/science/journal/03601323
https://www.elsevier.com/locate/buildenv
https://doi.org/10.1016/j.buildenv.2023.111000
https://doi.org/10.1016/j.buildenv.2023.111000
https://doi.org/10.1016/j.buildenv.2023.111000
http://crossmark.crossref.org/dialog/?doi=10.1016/j.buildenv.2023.111000&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C. Zhang et al.

Compared to conventional mixing or displacement ventilation systems,
DCV can significantly reduce draught risk due to the low momentum air
supply [17,18]. In addition, DCV does not require intensive duct work
and is able to use low pressure-drop acoustic panel as air diffusers. These
features make it easy to implement in the renovation project with low
investment cost [19,20], as well as low energy consumption due to the
possibility of utilizing natural ventilation and night cooling [21].
However, because DCV directly supply outdoor air into the room, it
might lead to high heating demand in winter or even transitional seasons
when the outdoor temperature is low or internal heat loads are minimal.
DSF concept is known for its potential in preheating the supply air,
efficient noise reduction from the outside [22]. Also, from the archi-
tectural perspective, DSF appears interesting as an alternative to tradi-
tional transparent facade solutions, and at the same time offer high
multifunctionality [23]. In this regard DSFs can also be adapted to meet
evolving building requirements and changing climatic conditions [24,
25]. This adaptability ensures that the renovated building can remain
relevant and efficient over time, mitigating the need for further major
renovations in the future. Furthermore, DSFs are well-compliant with
the passive and active strategies, including Building-Integrated Photo-
voltaic systems and other novel building-responsive technologies [23].
In terms of building retrofit, DSF solutions can be successfully adopted
as a strategy for improved building energy efficiency [23,26,27], even
have the potential to resolve structural challenges alongside their pri-
mary functions [28].

While DSF systems hold significant appeal, it is important to
acknowledge that the methods and tools for evaluating their thermal
performance and fluid behavior are not yet fully established [29,30],
which may increase the risk of poor performance [31]. Additionally, the
high initial investment and maintenance costs have led to a cautious
approach among developers when considering the adoption of this
technology [24].

The efficiency of building ventilation through a DSF, as a stand-alone
solution, can be uncertain in terms of draught risk in the heating season
and overheating during summer [32,33]. Therefore, a combination of
DSF with DCV, along with efficient design and control of the interface
between the plenum and the facade, can enhance named above poten-
tials of DSF application and reduce the risks of poor performance for
both systems. The performance of the proposed integrated solution was
evaluated in a Danish classroom setting by numerical simulations [14].
Various configurations of the novel solution, encompassing different
glazing properties and DSF cavity thicknesses were compared against a
range of traditional renovation solutions. The results showed the glazing
properties has a significant impact of the system performance than the
cavity thickness. The study also demonstrated that the proposed solution
can maximize the utilization of the passive cooling and heating resource
and save up to 11 % total primary energy consumption compared with
the traditional renovation while achieving an equal or even better in-
door environmental quality. The performance of the novel solution was
further investigated under different boundary conditions [16]. Factors
including building orientation, facade properties, future climate change,
extreme weather scenarios, and variations in occupant densities were
systematically studied. The results revealed that the proposed solution
with superior energy performance for southern orientations. It was
found that external facade characterized by high thermal mass and low
reflectance yields optimal performance. In terms of future climate sce-
narios, particularly those characterized by mild winters and moderate to
hot summers, the novel solution demonstrated superior performance
compared to traditional renovation. An equal performance was seen for
a varying occupant density.

Although the numerical simulations of the novel solution display
promising results, it is crucial to complement these findings through
experimental assessments. This study aims to build upon insights gained
from simulation-based concept development, as discussed in our previ-
ous studies [14,16], by addressing experimentally the areas not fully
explored in the simulations. While evaluating the overall energy
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performance of the integrated solution remains important, it falls
beyond the scope of this study. Our primary objective is to conduct an
initial concept assessment through evaluation of thermal comfort im-
plications and to review the attainable energy benefits resulting from
utilization of passive strategies like pre-heating and self-cooling effects.

The experiments are conducted within a mock-up classroom under
nearly realistic operating conditions, enabling a direct comparison be-
tween the integrated solution (DSF and DCV) and the traditional class-
room renovation approach.

2. Novel solution concept

The principle of the novel solution is to combine two technologies,
double skin fagcade (DSF) and diffuse ceiling ventilation (DCV). To
ensure acceptable indoor air quality, a mechanical exhaust is applied in
conjunction with DSF and DCV, to supply sufficient ventilation rate
through the system. The integrated system could operate in various
modes, depending on indoor and outdoor conditions. In this study, two
operation modes are tested, namely, heating mode and cooling mode, as
illustrated in Fig. 1.

e Heating mode: In this mode, outdoor air enters the DSF cavity from
the DSF inlet (1) at the bottom and gradually warms up as it collects
solar radiation and heat loss from indoor. The preheated fresh air
then enters the DCV plenum (4) and is distributed into the occupied
zone through diffuse ceiling panels. An exhaust fan is used to
maintain sufficient airflow rate in the room. The airflow through DSF
cavity and DCV plenum is driven by mechanical force.

Cooling mode: In this mode, the outdoor air enters the DSF cavity
from the DSF inlet (1). The airflow through the DSF cavity removes
the solar heat accumulated in the cavity, and then the heated air can
be expelled to the outside through the DSF outlet (2). The airflow
through DSF cavity is naturally driven by wind pressure and thermal
buoyancy. Meanwhile, the outdoor fresh air is directly supplied
through the by-pass opening at the top to the DCV plenum (3 and 4),
and further distributed into the occupied zone through diffuse ceiling
panels. The airflow through by-pass opening and DCV plenum is
driven by mechanical force.

For further information regarding the system’s concept and opera-
tion modes, please refer to our previous study [14]. It should be noted
that detailed control strategies are not implemented in this study, and
the focus is on initial testing the potential of seasonal system perfor-
mance rather than performance optimization.

3. Experiment description
3.1. Test facility

The measurements are conducted in the Two Room Indoor Envi-
ronment & Energy Universal Facade (TRIUMF) laboratory. The labora-
tory faces south and is placed on top of the building with no surrounding
obstructions, Fig. 2.

The TRIUMF laboratory is separated into two rooms: one room with a
traditional renovation solution (reference room) and the other is with
the novel renovation solution DSF-DCV (test room). Both rooms have
identical floor and roof constructions and are subjected to the same
boundary conditions, including the north-facing internal walls (Fig. 3).
The test room’s position in the floor plan appears different from that of
the reference room. Specifically, the reference room is shifted to the
south. This adjustment is made to ensure equal solar exposure in both
cases. Both rooms share the same interior dimensions of 2.905 m Xx
2.735 m x 2.735 m, as shown in Fig. 3 (a). The primary distinction be-
tween the rooms lies in the presence of an external wall in the reference
room: the east-facing wall is exposed to the outdoors. To mitigate the
impact of these differences, the east-facing external wall of the reference
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Fig. 2. External facade of the TRIUMF laboratory.

room has been carefully insulated, resulting in U-value of 0.09 W/m2K.

Initially, both rooms had an identical construction of the South-
oriented facade element with U-value of 0.30 W/m?K and U-value of
the window 1.6 W/m?K. In this study both rooms undergo a trans-
formation, which corresponds to:

- Traditional renovation solution (reference room) which involves
replacing windows (resulting U-value 1.32 W/m?K), improving the
U-value of the external wall towards South (resulting U-value is 0.18
W/mzK, to meet the Danish building regulation BR18 [34]), and
installing balanced mechanical ventilation.

Novel renovation solution (test room), where the initial facade
element with the U-value of 0.30 W/m?K remains unaltered. To that
108 mm of brick is added on the exterior side, to increase the amount
of thermal mass in the DSF. Finally, an additional window skin is
added to the southern facade forming a ventilated double-skin
facade, connected to the diffuse ceiling in the room.

3.2. External fagade

Fig. 3 (b) shows the external facade of the measurement facility. DSF
external facade consists of 12 windows. 9 small windows are openable
which are used to adjust operation modes, and 3 large windows are
fixed. The DSF interior facade window has the exact dimensions as the
window in the reference room.

Table 1 outlines the window properties.

3.3. Ventilation systems

DCV is installed in the test room, as shown in Fig. 4 (a). It is
composed of suspended ceiling panels with 600 mm width, 1200 mm
length and 35 mm thickness occupying the entire ceiling area. The
ceiling panels are made of wood and cement and are known as cement-
bonded wood wool panels, which have good sound-absorbing properties
and are penetrable to air. The properties of the diffuse ceiling panels are
listed in Table 2. The ventilation system in the test room is not equipped

with heating and cooling coils or heat recovery unit. The ventilation
supply temperature to the DCV plenum depends on the air temperature
through by-pass opening or DSF cavity.

Mixing ventilation is installed in the reference room as a traditional
mechanical ventilation solution used in renovation. The inlet is a ceiling
mounted diffuser, as shown in Fig. 4 (b). In both rooms, the exhausts are
located on the back wall facing the facade, with a diameter of 130 mm.
Exhaust fans are utilized in both ventilation systems to keep a constant
airflow rate of 6 h™! in the rooms. The ventilation supply temperature is
set up to 18 °C in summer, representing the mechanical ventilation with
a cooling coil, and 20 °C in winter, representing the mechanical venti-
lation with heat recovery unit and heating coil.

3.4. Measuring instruments and placements

To evaluate the indoor environment, we measured air temperature,
surface temperature, air velocity and airflow rate in both rooms. The
measurement equipment and their uncertainty are summary in Table 3.
The weather data is obtained from the weather station located on-site.

To measure the air temperature distribution in both rooms, the
thermocouples are placed at different heights with several measurement
poles, as shown in Fig. 5. The poles are located along the central lines of
the rooms with different distances to the facade. To mitigate the influ-
ence of solar radiation on the air temperature measurement, the ther-
mocouples exposed to the direct solar radiation are shielded by silver
foil.

The air temperatures in the DSF cavity are measured by thermo-
couples placed in each DSF section to investigate the DSF pre-heating
and self-cooling effect, see Fig. 6 (a). Thermocouples in DSF cavity are
protected from the influence of direct solar radiation by silver coated
and ventilated tube [35], as shown in Fig. 6 (c), air flow through the tube
is ensured by a mini fan. In addition, the air temperature from DSF
entering DCV plenum are measured by three thermocouples corre-
sponding to each DSF section. The air temperatures in the DCV plenum
are also measured to evaluate the temperature distribution and thermal
process in the plenum, see Fig. 6 (b).

Surface temperature of walls, floors, diffuse ceiling panels and
glazing are measured in both rooms using thermocouples glued to sur-
faces with a paste of high heat transmission property. To mitigate the
influence of direct solar radiation, thermocouples at the glazing surface
and wall surface are shielded by silver foil. Air velocities in the rooms
are measured by anemometers. The anemometers are placed at different
height, and measurement poles are located at various locations within
the room to capture both vertical and horizontal velocity profiles, see
Fig. 5.
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Fig. 3. Illustration of the measurement facility (a) Plan view (b) External facade. All dimensions in mm.

3.5. Test cases

The case study aims to represent a typical classroom. To simulate
internal heat gains from equipment, people, and lighting, four heat
sources (black columns with light bulbs inside) are placed symmetrically
in each room as shown in Fig. 4. The heat load in both rooms is scaled
down based on the room volume to that of a standard classroom,
following the guidance for indoor climate in schools [17]. The Danish
building regulation [34] recommends that the CO5 concentration is kept
below 1000 ppm for classrooms to achieve a satisfactory atmospheric
comfort. The ventilation rate is calculated to fulfill this requirement. The

occupied hour in the classroom is 8:00-16:00 to represent a typical
school schedule. Two different operation modes are tested under
different seasons, as described in Section 2. The summary of test cases
and their conditions are described in Table 4.

4. Results
4.1. Heating mode

4.1.1. Thermal comfort
The heating mode was measured for a duration of one week in
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Table 1

Window properties. Uw = U-value window, F¢ = Frame fraction, g = Solar Heat Gain Coefficient, LT = Light Transmittance.
Window type Quantity Area Uy Fe g LT

[-] [m?] [W/mK] -1 -1 -1

DSF external small window 9 3.15 1.53 0.63 0.73 0.84
DSF external large window 3 5.31 1.33 0.83 0.73 0.84
DSF internal window 2 3.64 1.6 0.88 0.63 0.8
Traditional renovation window 2 3.64 1.32 0.84 0.73 0.84

(a)

Fig. 4. Interior facade and room layout (a) Test room (b) Reference room.

winter, from 7.12.2022 to 14.12.2022. The outdoor temperature ranged
from —7.4 °C to 1.3 °C and maximum solar radiation was 311 W/m?
measured by local weather station, as shown in Fig. 7. No space heating
was provided in both rooms to investigate the passive heating effect of
the test system. However, the mixing ventilation supply temperature
was setup to 20 °C in the reference room, which represented the tradi-
tional mechanical ventilation with heat recovery unit and heating coil.

As shown in Fig. 7, the average operative temperature in the test
room was around 15 °C, while in the reference room it was about 17 °C.
Neither room fulfilled the comfort criteria as recommended by ISO 7730
[36], due to the lack of space heating. However, overheating was
observed in both rooms in the noons when the solar radiation was
strong, which indicates that shading devices are needed even during
winter season to avoid overheating problem. Even though solar

(b)

radiation plays important roles in both rooms, the mechanisms of heat
gain from solar radiation are different. In the reference room, the solar
heat gain is transferred through the facade. While, in the test room, heat
gain is partly from the solar radiation transmission though DSF, and
partly by warming up the ventilation air in the DSF cavity. Therefore,
the supply air is already pre-heated in the test room before entering the
DCV plenum, as observed from DCV plenum inlet temperature, see
Fig. 7. The DCV plenum inlet temperature was influenced by both out-
door temperature and solar radiation. Without solar radiation, the inlet
air to DCV plenum was in general 10 °C warmer than outdoor air. While
the temperature difference can reach up to 25 °C with solar radiation.
Upon closer inspection of the operative temperature during two
sunny days, 7.12-8.12, it can be observed that the slopes of the opera-
tive temperature curves differed slightly between the two rooms.

Table 2
Properties of diffuse ceiling panel.
Parameter Density Thermal conductivity Porosity
Unit kg/m? W/m.K -
Value 359.13 0.085 65 %
Table 3
Measurement equipment and uncertainties.
Variable Location Equipment Uncertainty
Surface temperature Walls, ceilings, and floors in both rooms Thermocouples type K shielded by silver foil +0.09 °C
DSF glazing
DCV Plenum surfaces
Air temperature DSF cavity Thermocouples type K with shielding tubes +0.09 °C
Air temperature DCV plenum Thermocouples type K shielded by silver foil +0.09 °C
Occupied zone in both rooms
Inlets and exhausts
Airflow rate Exhausts Lindab Ultralink +5%
Air velocity Occupied zones in both room Anemometers +2 % for 0-1 m/s + 5 % for 1-5 m/s
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Test cases and conditions.
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Case Period Internal heat load

Ventilation rate Occupied hour

07.12.2022-14.12.2022
16.06.2022-27.06.2022

396 W or 50 W/m?
396 W or 50 W/m?

Heating mode
Cooling mode

132 m%/h or 6h !
132 m%/h or 6h !

8:00-16:00 (10.12.2022-11.12.2022 are weekend)
8:00-16:00 (20.06-2022-27.06.2022 are holiday)

Temperature [°C]

100

Solar radiation [W/m?]

50

-10

12/7 12/8 12/9 12/10

12/11

12/12 12/13 12/14 12/15

Date

Test operative temp

....... DCV plenum inlet

Ref operative temp

....... Mixing inlet

Outdoor temp

Solar radiaton

Fig. 7. Operative temperatures and inlet temperatures in both rooms in winter (grey column indicates weekend or holidays; green column indicate comfort criteria
recommended by ISO 7730 category B). Solar radiation is the global solar radiation. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

Specifically, the test room exhibited lower slopes in the operative tem-
perature variation, and the peak temperature hour was shifted when
compared with the reference room. This can be attributed to the fact that
the ventilated air was compelled to undergo convective heat transfer
with ceiling slabs within the DCV plenum, which further activated the
thermal mass. The room was cooled down during unoccupied hours due
to the low outdoor temperature and lack of heat gains from internal load
and solar radiation, which resulted too low operative temperature in the
next morning. Ventilation should be turned off during the unoccupied
hour to avoid discomfort and save energy in winter season.

The vertical temperature differences between head and ankle were
measured in both rooms. Due to the instrument error, the temperature
difference in the wall pole was not reported here. As shown in Fig. 8, the
vertical temperature differences in both rooms were within the comfort
range of 3 °C as recommend by ISO 7730 [36]. A high temperature
difference up to 3 °C was observed in the test room on 7th Dec, which
was caused by high inlet temperature from W/m2K inlet temperature
reached to 26 °C due to the strong solar radiation and low positioned
sun. As reported by our previous studies [37,38], a high risk of

Test room

355
3.0
2.5
2.0
1.5

Vertical temperature
difference [°C]
difference [°C]

1.0

Vertical temperature

0.5

%+ﬁé+¥*&*x**¥‘*

12/8 12/9 12/10 12/11 12/12 12/13 12/14 12/15
Date

0.0

12/7

(@)

temperature stratification may occur when DCV supply warm air into
the room. Due to the low momentum supply, the warm air will stag-
nantly stay in the upper zone without entering the occupied zone, which
will cause high vertical temperature difference and low air quality in the
occupied zone. A good mixing was observed in the test room in the rest
of the week, and the vertical temperature difference was less than 0.5 °C.
In the reference room, slightly higher vertical temperature differences
were observed at the window pole compared to those at the middle pole.
This could be due to the downward draught from the cold window
surface, resulting in lower air temperatures at ankle level. However, no
discomfort was caused by the vertical temperature differences in either
room.

The air velocities in the occupied zone in winter were presented in
Fig. 9. Based on ISO 7730 [36], the maximum mean air velocity should
be lower than 0.16 m/s in winter. In the test room, the max mean ve-
locities were below 0.16 m/s in all the positions except at 0.1 m near the
end wall. The velocities in the reference room were similar at all loca-
tions, and all of them were within the comfort criteria. No downward
draught from the external windows were observed in both rooms.

Reference room

35

w

N
n

LSS}

B Window pole
[H Middle pole

—
wn

—

i '
OZ* gtsétégg
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Date

(b)

Fig. 8. Vertical temperature difference between head and ankle in winter (grey column indicates weekend or holidays) (a) Test room (b) Reference room.
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Fig. 10. Air temperature distribution in the DSF cavity under heating mode (a) Case with high solar radiation (b) Case with low solar radiation (The temperatures are

hourly average value at specific hours).

4.1.2. Pre-heating effect of DSF

The pre-heating performance of the tested solution can be observed
through the air temperature distribution in the DSF cavity. Two sce-
narios are analyzed here, one is with high solar radiation, Fig. 10 (a),
and the other is with low solar radiation, Fig. 10 (b). During the heating
mode operation, outdoor air entered the DSF cavity from the bottom

inlet. Although the outdoor temperatures were similar, the air temper-
atures at the DSF inlet were significantly different in the two scenarios.
The DSF inlet was placed in close proximity to a black- W/m2K sur-
rounding of the test and reference room was also painted black, thus
resulting in an increase in the local outdoor temperature during sunny
conditions.
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When the solar radiation was strong, Fig. 10 (a), the outdoor air was
warmed up by the surface due to convection before entering the DSF
inlet. Therefore, even though the outdoor temperature at the weather
station was —0.2 °C, the air temperature was approximate 21 °C at the
DSF inlet, and then raised to 26 °C at the top of the cavity. The by-pass
opening was closed during the heating mode, the air at the top of DSF
cavity entered the DCV plenum and further supplied into the room.

When the solar radiation was low, Fig. 10 (b), the air temperature at
DSF inlet was still higher than outdoor temperature but not as much as in
the strong radiation scenario. The air was slightly warmed up in the
cavity (average 1 °C) mainly by the heat loss from the room. On the
other hand, horizontal temperature gradients were observed in both
scenarios, which was due to the solar incidence angle and presence of
the thermal mass of bricks in the cavity. The solar radiation was from
east in the morning and hit the left corner of DSF and caused high air
temperature locally.

The pre-heating performance of the DSF could be evaluated by the
heat recovery rate, which is calculated by equation (1):

T; et ™ L outdoor
HR = inlet tde (1)

Tinaoor — Toutdoor

Where: HR is heat recovery rate; Ty, is inlet temperature to the DCV
plenum; Toyedoor is outdoor temperature; Tingoor iS indoor temperature.

Fig. 11 shows the heat recovery rate of the test solution as a function
of global solar radiation during periods of solar exposure. The heat re-
covery rate reaches up to 1.2. Under dynamic measurement conditions,
it is influenced by various parameters, including indoor and outdoor
temperatures, the distribution of direct/diffuse solar radiation, wind
direction, the shape of the openings, and other factors of heat transfer
within the cavity. There is a relationship between the heat recovery rate
and global solar radiation, however, the slope is not very significant. The
modest slop is partly due to the thermal inertia of the DSF and partly due
to the relatively high airflow rate in relation to the DSF cavity size.
Despite these complex relations, the results indicated that the system has
good pre-heating performance and can supply air to the plenum of the
diffuse ceiling at a moderate temperature, thereby reducing the need for
implementation of the heat recovery system.

4.2. Cooling mode

4.2.1. Thermal comfort

The cooling mode was measured for a duration of 10 days in summer
season, from 16.6.2022 to 27.6.2022, while 21.6.2022-27.6-2022 were
holidays and there was no internal heat load in both rooms. The outdoor
temperature varied from 10 °C to 28 °C and the maximum solar radia-
tion was 1195 W/m?, as shown in Fig. 12. The ventilation supply tem-
perature was setup to 18 °C in the reference room, which represents the

1.4
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o 1.0
e
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Fig. 11. Heat recovery rate of the test system as a function of global solar ra-
diation for all data points with Igopal>30 W/m?2.
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mechanical ventilation with cooling coil. No mechanical cooling was
used in the test room, and no shading device was installed in both rooms.

As shown in Fig. 12, both rooms experienced overheating. Only 19 %
of the operating hours in the reference room had the operative tem-
perature within the comfort level category B, while the corresponding
value in the test room was 24 %. The impact of solar radiation was more
significant in the reference room than the test rooms, with the maximum
operative temperature reaching 33 °C in the former and 29.5 °C in the
latter. This can be attributed to the fact that ventilation through the DSF
cavity removed some of the solar heat gain, but also due to reduced solar
heat gain into the room in general, which is caused by the double layer
of fenestration in the test room and resulting in the reduced g-value of
the combined system. These results underscore the critical role of
shading devices in maintaining comfortable indoor temperatures during
summer, even with a mechanical cooling system. Similar to the heating
mode, the novel system reduced the peak overheating temperature and
shifted the peak hour due to the activation of thermal mass.

In the cooling mode, the outdoor air was supplied into the DCV
plenum through the by-pass opening located at the top of DSF. There-
fore, the inlet temperature to the DCV plenum was directly related with
outdoor temperature. There is a high risk of overheating in the test room
if the outdoor temperature is above the comfort level, for example 6/25.
Even though there was no internal heat load on 6/25, the operative
temperature in the test room still reached 28 °C due to the high outdoor
temperature and strong solar heat gain.

The vertical temperature differences between head and ankle under
cooling mode are shown in Fig. 13. Low vertical temperature difference
was observed in both rooms, indicated good mixing was achieved in the
occupied zones. In the test room, the vertical temperature difference was
less than 0.5 °C and the air temperature was uniform in the horizontal
direction as no big variation between the two poles. The vertical tem-
perature difference was slightly higher in the reference room especially
near the window, where the maximum values reached 1.9 °C and a
larger variation was observed within a day.

The air velocities in the occupied zone in summer season are shown
in Fig. 14. In the test room, even though higher air velocities were
observed near the window (window pole 0.6 m and 1.1 m), the
maximum mean air velocity was 0.16 m/s and still lower than the
comfort criteria of 0.19 m/s recommended by ISO 7730 for summer
[36]. In the reference room, due to instrument issue, only the air ve-
locities in the middle of the room at height 0.1 m and 0.6 m were
recorded. No draught risk was identified in the reference room.

4.2.2. Self-cooling effect of DSF

The self-cooling performance of DSF was investigated in two
different summer conditions, see Fig. 15. When the test system operates
with cooling mode, the outdoor air enters the cavity from DSF inlet at
the bottom and leaves from the DSF outlet in the upper zone. The
ventilation is supply through by-pass opening directly into DCV plenum.

Fig. 15 (a) represents the scenario with strong solar radiation, where
the solar radiation was 843 W/m? and outdoor temperature was 21 °C.
The air in the DSF cavity was warmed up by solar radiation to approx-
imate 35 °C, especially in the middle of the cavity. The air ventilated the
DSF cavity and severed as an air curtain to remove part of the heat gain
out of the cavity, as the mean air temperature decreased to 31 °C at the
DSF outlet. However, there was still a large part of solar heat gain
transmitted through glazing to the room. Fig. 15 (b) represents the
scenario with low solar radiation of 35 W/m? and outdoor temperature
was 14.5 °C. The air temperature distribution was rather uniform in the
DSF cavity, and a slightly higher air temperature was observed at the left
side due to the incidence angle of the solar radiation. In both cases, the
air temperature at the by-pass opening was strongly determined by the
outdoor temperature. However, the solar radiation still had certain
impact on the supply air temperature because the air could be warmed
up by the black-painted surface before entering the by-pass opening (see
Fig. 2). It indicated the thermal mass and absorptance of external facade
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play an important role to the system performance, which was observed
by our previous simulation study [16].

5. Discussion and conclusion

This study presents an experimental investigation on the perfor-
mance of a novel renovation solution integrating DSF and DCV in a

10

small-scale classroom. The performance was evaluated in term of ther-
mal comfort and passive energy effect under 2 scenarios, with different
operation modes and weather conditions. A traditional renovation so-
lution was installed in an identical room and measured during the same
period, which was used as reference cases.

The results showed that the novel solution achieved comparable or
even superior thermal comfort than traditional renovation solution,
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while consuming less energy. In winter, neither solution could provide
comfort indoor temperature during entire occupied hours due to the
absence of space heating. On the other hand, overheating problem was
observed in both rooms in winter when solar radiation was strong.
Compared with the traditional solution, the novel solution can reduce
the peak operative temperature and shift the peak hour to later of the
days, because the ventilation was forced to go through DCV plenum and
enabled to further activate the thermal mass of ceiling slabs.

In summer, the novel solution provided more comfort hours than the
traditional solution. However, both rooms suffered from significant
overheating due to the absence of shading devices. The novel solution
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was able to reduce the peak operative temperature in summer by
expelling a portion of the solar gain from the ventilated cavity to
outside, and the activation of thermal mass mitigated the peak operative
temperature and shift the peak hour similar to the winter scenario.

In terms of local comfort, the test room with novel solution exhibited
alow vertical temperature gradient for most of the measurement period.
However, there is a risk of temperature stratification when supply
warmer air by diffuse ceiling ventilation, due to the low momentum
from the inlet. Low draught was observed in all scenarios.

Energy efficiency is a key consideration in building design, the novel
solution presented a high potential on utilization of natural and passive
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resources. In winter, the DSF is able to recover the transmission loss
through the glazing and capture the heat gain by solar radiation, despite
the absence of a heat recovery unit. The heat recovery rate can reach up
to 1.2 when solar radiation was strong. In summer, the air ventilated the
DSF cavity and severed as an air curtain to remove part of the heat gain.
Consequently, it can reduce the heat gain to the room and maintain
lower indoor temperature than the traditional solution.

The performance of the novel solution is more sensitive to the out-
door and indoor conditions, as well as design parameters compared with
the traditional solution, which was also documented by our numerical
studies [14,16]. For example, the optical properties (absorbance)of
material of external facade play an important role in the system’s per-
formance. The outdoor air might be warmed up by the external facade
before entering DSF cavity or DCV plenum, which could have opposite
impacts in winter and summer season. The simulation results show that
the dark surface with (high absorptance) could significantly reduce the
heating demand in winter but lead to a high overheating risk in summer.
Furthermore, the passive cooling effect can only work when the outdoor
temperature is lower than 18 °C. When the outdoor temperature is high,
the system can not remove the surplus heat out of the room due to the
lack of natural cooling capacity.

At least, the measured results indicate seasonal control is not enough
for the novel solution. An advanced control strategy should be devel-
oped by considering the real-time variations (hourly or even higher time
interval) on weather condition (outdoor temperature, solar radiation)
and indoor condition (occupant density and schedule). Solar shading
device should be applied and included in the advanced control.

6. Limitations and future study

The current study presented several limitations. First of all, the
ventilation effectiveness regarding the air quality was not investigated,
since no contaminant sources were setup in this study. Therefore, the
ventilation rate was kept constant and same values in both rooms and no
measurement on the fan power neither. Secondly, the primary focus of
this study was on assessing thermal comfort implications and exploring
the attainable energy benefits of passive strategies, such as pre-heating
and self-cooling effects, Therefore, the study does not include a
comprehensive evaluation of the overall energy performance of the in-
tegrated solution when compare against the traditional renovation so-
lution. The broader analysis of the integrated solution’s overall energy
efficiency is not within the scope of this research. This limitation should
be considered when interpreting the findings of this work, as a more
comprehensive assessment of energy performance, but also the draught
rate may be necessary for a complete understanding of the system’s
capabilities and limitations. This expanded evaluation should encom-
pass not only air velocity but also air temperature to provide a fair
assessment of the draught rate. Finally, this study did not delve into the
specifics of control strategies, it contributes to the broader knowledge
and understanding of the system’s performance under different opera-
tion modes and conditions. Further research is needed to optimize the
system’s control strategies to achieve optimal energy efficiency and
indoor environmental quality.
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