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SUMMARY

This paper presents an investigation regarding a thermal comfort study carried out in an office
building located in Jonkdping, Sweden. The particularity is that, in authors’ knowledge, this is
the first building equipped with a novel active beam system that operates a water loop with
temperatures close to room temperature all year round.

Indoor climate parameters such as air temperature and air velocity were measured at four
heights in two locations within the occupied zone of a room in the building. Two measuring
campaigns were performed: one in winter and one in summer. Both experiments lasted for a
continuous period of 24 hours.

The daily monitoring of the thermal environment showed that the room air temperature was
between approximately 21 °C and 23 °C all year round. No significant vertical air temperature
difference was noticed, and the draught rate was below 10% for most of the cases.
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1 INTRODUCTION

With the consolidation of the demand for thermal comfort, HVAC systems have become an
unavoidable asset in buildings. The operation of these systems is, however, responsible for the
largest energy end use both in the residential and commercial buildings, accounting for almost
half the energy consumed in buildings (Pérez-Lombard et al, 2008). Therefore, the challenge
facing engineers and researchers is to design innovative HVAC systems able to provide ac-
ceptable levels of thermal comfort while reducing energy use.

Low-exergy building energy systems are defined as systems that provide heating and cooling
at temperatures close to room temperature (Hepbasli, 2012). This allows the employment of
low valued energy, which can be delivered by sustainable energy sources such as waste heat,
river/lake water, solar energy, geothermal applications and heat pumps with a high coefficient
of performance (COP). Therefore, the use of low-exergy systems can reduce the
environmental impact of buildings. In the context of low-exergy systems, several works have
studied the potential of active beam systems.

Active beam systems have been used for more than 20 years in Europe, mainly for cooling
purposes, and interest in these systems has increased in North America and Asia during the
last decade (REHVA, 2004). These systems incorporate active beams as terminal units.

Active beams are devices able to provide outdoor air, sensible heating and sensible cooling to
a space. Figure 1 shows the schematic diagram of a typical active beam. To fully understand
the performance of active beam systems, several research studies have been conducted in the
past years. These studies mainly focused on the description of fundamentals performance,
energy use, thermal comfort and air distribution.

In particular, when it comes to thermal comfort and air distribution, Melikov et al.
(2007) studied the importance of heat load and airflow pattern control for occupants’ thermal
comfort in a test room ventilated with chilled beams.
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Figure 1 Schematic diagram of an active beam unit

It was found that the percent of subjects dissatisfied due to thermal conditions and draught
increased with the increase of the heat load.

Rhee et al. (2015) investigated the thermal uniformity when an active chilled beam system is
applied to an open-plan office. Experiments in a test bed showed that chilled beams can pro-
vide an acceptable thermal uniformity, with less air flow rate than conventional air distribu-
tion systems. Koskela et al. (2010) analyzed the air flow patterns in an open-plan room in
Finland. The experiments were conducted with different internal heat loads assuming
summer, winter, and spring/autumn conditions. It was shown that the internal heat loads had a
significant influence on flow patterns and draught risks.

Generally, it is noted that previous studies focused on the performance of conventional active
beam systems, operating only in cooling mode with conventional water temperatures of about
14 °C.

This paper presents a study on thermal comfort in a building equipped with a novel active
beam system capable of providing simultaneous heating and cooling of buildings by operating
a water loop with temperatures of about 22 °C all year round. Previous studies conducted by
the authors (Maccarini et al, 2016) (Maccarini et al, 2017) focused on investigating the energy
performance of such a system, but no study was carried out regarding thermal comfort condi-
tions.

Active beam system configurations

According to Figure 2, an active beam system consists of two main parts: a dedicated outdoor
air system (DOAS) to satisfy latent loads and ventilation requirements, and a water circuit to
meet sensible heating and cooling loads.

The water circuit is typically available in a four-pipe configuration, which includes two
supply pipes and two return pipes. As a consequence, some zones can receive cold water
while other zones receive hot water, meaning that heating and cooling can be provided
simultaneously.

The characteristic of the novel system is its ability to provide simultaneous heating and
cooling by using only two pipes. Supply water temperature of about 22 °C is delivered to all
the thermal zones in the building, no matter whether a single zone needs heating or cooling.
Outlet water from the zones is mixed together, and as a result the system only has to cool or
heat the water to stabilize the supply temperature. The overall effect is that the system is able
to distribute the excess heat from warm to cold zones when simultaneous heating and cooling
demand occurs in the building.
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Figure 2 conventional four-pipe system (left) vs. novel two-pipe system (right)

2 METHODS

The Munksjotornet (Figure 3) is a sixteen-storey office building located in Jonkdping, Swe-
den. It was constructed in 2015 and it has a total floor area of approximately 8500 m?. In au-
thors’ knowledge, this is the first building equipped with the novel two-pipe active beam sys-
tem illustrated in this work.

Figure 3 Munksjotornet building in Jonképing (Sweden)

Design and sizing the system

The novel system was designed in order to maintain a room air temperature of 21°C in winter
and 23 °C in summer.

As previously mentioned, the system consists of two parts: a DOAS and a hydronic circuit.
The DOAS comprises supply and return fans, heating and cooling coils, and a heat recovery
unit. Primary air is delivered from the DOAS to each beam with a constant mass flow rate of
0.03 kg/s and a constant temperature of 21 °C. As a consequence, no sensible heating energy
is provided by the primary air to the spaces in winter, and only a little amount of sensible
cooling energy is provided in summer. Therefore, sensible heating and cooling loads are al-
most entirely met by the water circuit.



The water circuit was designed to operate with a constant water mass flow rate (0.04 kg/s per
each beam), and a variable supply water temperature according to outdoor air temperature. In
particular, at extreme cold temperatures, a maximum supply water temperature of 23 °C was
set. At extreme warm conditions, a minimum supply water temperature of 20 °C was set. A
linear correlation is used between the two extreme points.

In terms of sizing, a total amount of approximately 550 active beam units named SOLUS
(Lindab A/S 2016) was installed in the building. Each unit has a capacity of approximately
400 W and 700 W respectively in heating and cooling mode, according to the design values of
temperatures and mass flow rates previously mentioned. Note that, due to the low temperature
difference between room air and water, the two-pipe system required approximately
four-times more active beam units than a four-pipe system operating with conventional water
temperatures. On the other hand, the two-pipe system needed only one water pump and fewer
pipes.

An added benefit of operating the water circuit at temperatures close to room temperature is
that the rate of heat transfer is very sensitive to changes in room temperature. This is known
as a self-regulation effect (Maccarini et al, 2017). Thanks to this effect, control complexity
can be reduced, and therefore no individual room temperature feedback controls were
required in the building.

Experiments

The measurements were carried out on the 10™ floor of the building, which was still unoccu-
pied at the time the experiment was performed. The winter experiment was performed during
a typical cold day in February 2017 in a north-oriented room. The summer experiment was
performed during a typical warm day in August 2017 in a south-oriented room. Both rooms
present the same floor area of 20 m?.

Air temperature and air velocity were measured using two vertical poles located in two posi-
tions in each office room. Along the length of these poles, probes were disposed as shown in
Figure 4. Measurements were carried out for a continuous period of 24 hours using 5 min
time-averaged values. Local thermal discomfort due to draught and vertical temperature dif-
ference was assessed.

The rooms were intended to be a double office room. Therefore, a desk with two computers
was placed in the rooms to simulate the heat loads from office equipment. Heat loads from
people were simulated by using dummies. Total heat loads were 50 W/m? and they were
turned on between 8:00-12:00 and 13:00-17:00. Two active beam units were mounted in the
room.
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Figure 4 Distribution of probes along the vertical poles (left) and location of poles and heat
sources (right)



Air temperature was measured using Indoor Climate Meter (operative range -40 °C to 125 °C,
accuracy = 0.3 °C ), and air velocity was measured using Dantec 54R103 probes (operative
range 0.05 m/s to 5 m/s, accuracy + 0.02 m/s +2% of reading). The technical properties of the
measurement equipment are compliant with 1SO standard 7726 (ISO 7726:1998).

As the measurements were conducted during actual operation of the system, test conditions
varied dynamically throughout the experiments. This was mainly due to the fluctuation of
supply water temperature (regulated as described above), internal heat gains (turned on-off)
and outdoor climate conditions.

3 RESULTS AND DISCUSSION

Daily monitoring of air temperature

Figure 5 illustrates the air temperature values recorded during the winter day for both vertical
poles. The minimum air temperature was 20.9 °C and was obtained for P1 in the early morn-
ing at 0.1 m above the floor. The maximum air temperature was 22.8 °C and was obtained for
P1 in the late afternoon at 1.1 m above the floor.

Figure 6 shows the air temperature values recorded during the summer day for both vertical
poles. The minimum air temperature was 21 °C and was obtained for P1 in the early morning
at 1.7 m above the floor. The maximum air temperature was 23 °C and was obtained for P1 in
the late afternoon at 0.6 m above the floor.
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Figure 5 Air temperature profiles for the winter day — 28" of February: P1 (left) and P2 (right)
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Figure 6 Air temperature profiles for the summer day — 22" of August: P1 (left) and P2 (right)

Generally, the room air temperature is confined between 21 °C and 23 °C all year round.
Therefore, it can be concluded that the actual operation of the system matches the predicted
operation, as calculated during the sizing of the system. Note that the low air temperatures



observed in summer during non-working hours are due to the continuous operation of the sys-
tem. At night, water at about 20 °C circulates in the system, providing cooling energy to the
building. As a consequence, as shown in Figure 6 for P2, early mornings might be slightly too
cold, with room air temperatures below 22 °C.

Vertical air temperature difference

Thermal stratification that results in the air temperature at the head level being warmer than at
the ankle level may cause thermal discomfort. The vertical air temperature difference is
shown in Figure 7 for two representative values of air temperature at each height. These two
representative values are the average temperatures occurring during the periods 10:00-11:00
and 15:00-16:00, which are treated as a steady-state periods (temperature cycles <1 K and
temperature ramps <2 K/h).

Considering the difference between head level (1.1 m, seated) and ankle level (0.1 m), it is
noted that, with regards to the morning period, the temperature increases upward only for P1
in winter. The vertical temperature difference is 0.31 °C. With regards to the afternoon period,
the temperature increases upward for P1 in winter and for both P1 and P2 in summer. The
vertical temperature difference is 0.37 °C, 0.01 °C and 0.25 °C for P1 in winter, P1 in summer
and P2 in summer, respectively.

Therefore, according to 1SO standard 7730 (ISO 7730:2005), all the four cases fall within the
thermal environment defined as category A - vertical air temperature difference less than
2 °C. The other cases present a thermal stratification that occurs in the opposite direction. This
situation is usually perceived more favorable from occupants, and, therefore, it is not ad-
dressed. Generally, it can be concluded that the room is well-mixed, and there is no significant
thermal stratification in the space.
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Figure 7 Vertical air temperature differences for the morning period (red) and the afternoon
period (black): P1 winter (a), P2 winter (b), P1 summer (c), P2 summer (d).

Daily monitoring of air velocity and draught rate

Figure 8 shows the air velocity values recorded during the winter day for both vertical poles.
The minimum air velocity was 0.045 m/s and was obtained for P2 in the early morning at 0.6
m above the floor. The maximum air velocity was 0.15 m/s and was obtained for P1 in the late
afternoon at 0.6 m above the floor.

Figure 9 illustrates the air velocity values recorded during the summer day for both vertical
poles. The minimum air velocity was approximately 0.025 m/s and was obtained for P1 in the
early morning at 1.1 m above the floor. The maximum air velocity was approximately 0.19
m/s and was obtained for P2 in the afternoon at 0.1 m above the floor. It is noted that the val-
ues recorded during the summer day present high fluctuation. This might be due to high turbu-
lence intensity.



Recommendations for air velocity and draught rate (DR) in spaces are given in several inter-
national and national documents. 1SO standard 7730 (Table A.5) provides following design
criteria for office environment:

e Category A (DR 10%): summer 0.12 m/s, winter 0.10 m/s
e Category B (DR 20%): summer 0.19 m/s, winter 0.16 m/s
e Category C (DR 30%): summer 0.24 m/s, winter 0.21 m/s

Therefore, in terms of maximum air velocity, the thermal environment provided by the novel
two-pipe system would fall in Category B.

With regard to draught, this is defined as unwanted local cooling of the body caused by air
movement. Draught rate is calculated from Equation 1:

DR = (34 —T) (i — 0.05)°¢2(0.37 - i - Tu + 3.14) (1)

where T is the air temperature, u is the main air velocity and Tu is the turbulence intensity.
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Figure 8 Air velocity profiles for the winter day: P1 (left) and P2 (right)
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Figure 9 Air velocity profiles for the summer day: P1 (left) and P2 (right)
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Table 1 shows the DR for the two vertical poles for both winter and summer days. The results
were averaged during the period 15:00-16:00.

It is noted that most of the draught rates fall into category A (<10%). In few cases, the draught
rate falls into category B. In particular, these are P1 at 0.6 m above the floor in winter and
summer, P1 at 1.7 m above the floor in summer and P2 at 0.1 m above the floor in summer.



Table 1 Draught rates

P1 winter (%) P2 winter (%) P1 summer (%) P2 summer (%)
0.1m 8.7 8.4 3 14.3
0.6 m 11.6 8.2 11.1 9.8
1.1m 8 8 5.8 4.7
1.7m 8 7.9 10.3 4.4

4 CONCLUSIONS

This paper presents a thermal comfort study of a novel HVAC system that operates a hydronic
circuit with water temperatures near room temperature. The measurements were carried out in
two office rooms of an existing building. Two vertical poles were used for the experiments.
Along the length of these poles, air temperature and air velocity probes were disposed. Two
measurement sessions were performed: one in winter and one in summer. Both sessions lasted
for a continuous period of 24 hours. Two local discomfort parameters were assessed: discom-
fort due to draught and vertical air temperature difference.

The daily monitoring of air temperature showed that the room air temperature in the space
was between approximately 21 °C and 23 °C all year round, which is in accordance with the
assumed sizing of the system. No significant vertical air temperature difference was noticed,
and the draught rate was below 10% for most of the cases.

Generally, the system maintains a quite constant room air temperature throughout the year (22
°C £1 °C), without the use of any feedback controller. This behaviour is known as self-
regulation effect, and it is due to the continuous operation of the system with water tempera-
tures close to room temperature.

Further studies will investigate the overall perceived thermal comfort in occupied spaces of
the building. In addition, the energy performance of the system is currently under monitoring.
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