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ABSTRACT

Renewable energy sources for heating and cooling buildings usually have temperatures close to room
temperature and therefore a limited convertibility potential, i.e. they are of low value. To exploit low-valued
energy sources Low Temperature Heating and High Temperature Cooling (LTH-HTC) systems must be
developed.

Hydronic radiant ceiling systems with large surfaces for heat transfer are well suited for LTH-HTC. In this
paper, a suspended capillary tube ceiling placed on top of perforated gypsum ceiling panels was examined.
These panels make it possible to combine a heating/cooling ceiling with diffuse ventilation, also known as leak
ventilation, using larger surfaces to provide air into the room instead of diffusers.

Annual energy use in an office building was investigated in the dynamic building simulation tool IDA Indoor
Climate and Energy (IDA ICE). The office building contained both offices and meeting rooms. Worst-case
scenarios were investigated in the office building, considering heat gains, solar gains and the temperature offset
between supply water temperature and room air temperature.

The studies were carried out to determine whether reducing the temperature offset in near-zero energy buildings
(NZEB) to £2-4 °C would be possible without reducing the thermal comfort of building occupants, and whether
this would yield energy savings.

The results show that in an NZEB building it would be possible to provide adequate thermal comfort with a
minimum use of energy: an energy saving of 36-41 % compared to a fan coil system running with the same
temperatures was found to be possible.
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1 INTRODUCTION

Buildings are the largest energy-consuming sector and account for 40 % of the total energy
consumption and 36 % of the CO2 emission in the EU (Commission 2017). This growing
awareness of energy use has led to a requirement from the European Union that all new
buildings must be ‘nearly zero energy buildings’ (NZEB) by 2020 (European Union 2010). At
the same time, there is an increasing focus on indoor comfort and occupants’ productivity,
which leads to increased demands on heating, cooling and ventilation systems.

The energy used in buildings today is mostly produced from fossil fuels, but as the energy
system transforms towards renewable sources, low-valued energy source are being explored



(Hepbasli 2012). Low-valued energy for heating and cooling of buildings are sources with
temperatures close to room temperature, so the term Low Temperature for Heating and High
Temperature for Cooling (LTH-HTC) was introduced (Babiak and Olesen 2013).

Among these the hydronic radiant systems show considerable potential (Tario and Schmidt
2011). Hydronic radiant systems can be separated intro three types: pipes embedded in the
main structure (Thermally Active Building Systems, TABS), pipes isolated from the main
structure (radiant surface systems), and radiant heating cooling panels or pipes suspended
from the building structure (Kazanci, Olesen, and Kolarik 2016). With these radiant systems,
floors, walls and ceilings can be used as surfaces that provide heating and cooling.

Other attempts to use LTH-HTC have been explored as well. One study showed the
possibility of using active chilled beams. An active chilled beam supplies air to the room and
the room air recirculates within the chilled beam, which gives the chilled beam a higher
capacity (Butler et al. 2004). In one study, the temperature offset (the temperature difference
between supply air and room air) was £3 °C (Afshari et al. 2013; Maccarini et al. 2014). This
system was installed in an office building in Jonkoping, Sweden. The building had been in
operation for a year in which the only complaints had apparently been about the office being
too cold during the summer (Kretz 2016).

Another way to supply air to the room is the ventilation concept known as diffuse ventilation.
The system is characterized by the air being supplied to the occupied room through a
relatively large perforated surface; often a suspended acoustic ceiling made from perforated
metal ceiling tiles or perforated gypsum tiles. The supply air creates an overpressure in the
ceiling plenum that diffuses the air though the ceiling (Hviid and Svendsen 2013). One of the
advantages of using a large surface is the reduction of inlet velocity and consequently a
reduction of the risk of draught (YYang 2011).

A diffuse ventilation system can be also combined with suspended radiant ceiling panels. As
the heating/cooling source is closer to the room a suspended radiant ceiling has a shorter
reaction time than Thermo-active Building Systems (TABS).

The present paper reports an investigation of a combination of radiant panels with diffuse
ventilation, consisting of gypsum boards with capillary tube mats placed on top. The capillary
tubes were of extruded plastic (PEX) and had a small diameter, between 2-5 mm. The tubes
were structured in mats, which were evenly distributed across the ceiling.

The objectives were:

e To investigate whether the combination of a capillary tube system and diffuse ceiling
ventilation could provide adequate thermal comfort and yearly energy savings with a
small temperature offset of only 2-4 °C

e To investigate how system performance responded to changes in heat gains, circulating
water temperature and mass flow, i.e. the sensitivity of the solution

2 METHOD

In order to investigate the CApillary Tube Ceiling (CATC) system, a one-room model was
constructed in the dynamic building simulation software, IDA Indoor Climate and Energy
(IDAICE) (Equa 2017).

The approach was to create a base unit room-model in a hypothetical office building that
could function both as a meeting room and as an office.

The room model had a net floor area of 21.6 m?, and a total room height of 3.6 m (Figure 1,
left). The office building was assumed to be placed in Copenhagen, Denmark and yearly
simulations were conducted with the Danish "Design Reference Year" (DRY) weather file
(Wang et al. 2013).



The exterior wall was assumed to have a U-value of 0.09 W/m?K and a thickness of 486 mm.
The window was South oriented and had a U-value of 0.8 W/m?K, g-value of 31 % and
visible light transmittance of 54 %; with a window area of 4.8 m? the window to floor ratio
was 22 %.

Depending on whether the room model should function as a meeting room or an office the
internal loads were as shown in Table 1. The office hours were from 7-17 each weekday,
which was also the schedule used for equipment, occupants, lighting and ventilation. The
heating and cooling were always on.

Table 1: Simulation input and internal loads during occupancy 7-17

Office Meeting room
7 m&/pers., 80% occupancy 2 m#/pers., 90 % occupancy
Occupants 2.5 persons 10 persons
1.2 MET, 0.75+0.25clo 1.2 MET, 0.75+ 0.25 clo

Equipment 3X50 W 150 W
Lighting 4 W/m? 4 W/m?
Shading Internal shading Internal shading
Shading factor 0.65 0.65
Ventilation air flow 47 /s 127 /s
Supply air 20°C 20 °C
temperature

2.1 Radiant heating and cooling ceiling

To integrate the diffuse ventilation and the CATC system the room model was divided into
two zones; an “Office” and a “Plenum” (Figure 1 to the right).

Two types of internal constructions were used. A floor of the office and a ceiling of the
plenum was modelled as a 200 mm concrete slab with screed for levelling and floor coating.
A suspended ceiling between the office and plenum was modelled as a layer of highly-
conductive perforated gypsum board containing graphite particles (A=0.45 W/m?K). On top
of the gypsum, approx. 40 mm of insulation batts (A=0.037 W/m?K) were placed.
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Figure 1: Left: 3D Model from IDA ICE, showing zone model of the office and the plenum with the window and
location in the corner of the office building. The window is facing South. Right: Airflow between plenum zone
and room zone.

The capillary tubes were modelled using the standard IDA ICE component model for
embedded heating/cooling systems (EQUA 2013). The IDA ICE component model represents
a plane with controllable temperature placed in the building construction (floor/ceiling slab).
The model allows for proportional control of heating/cooling output from the plane based on
the operative temperature. The model was then connected to component models of hydronic
heating and cooling in IDA ICE (boiler and chiller component models) in which the design
mass flow through the radiant ceiling system can be set.



Heat transfer between the embedded system and building construction was represented by a
common heat transfer coefficient according to EN 15377-1 (EN 15377 2008) (replaced by
standard EN ISO 11855). In the present work, the component model for an embedded
heating/cooling system was used to place an idealized heat conducting layer between the
gypsum board and the insulation (Figure 2).
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Figure 2: Modelling of heat transfer. Left: EN 15377-1. Right: IDA ICE modelling.

Figure 2 to the left shows how EN 15377-1 calculates heat transfer; to the right are the input
parameters in IDA ICE. From a preliminary study of a capillary tube ceiling in combination
with diffuse ventilation (Onsberg and Eriksen 2014), the power for heating and cooling was
found to be 616 W and 698 W, with a temperature difference at 4.8 K (Design Power in IDA
ICE) for a room size 21.6 m? with 60 % of the ceiling covered with mats. To allow for
lighting, fire alarms and other installations it the mats covered only 60% of the ceiling. The
total heat transfer coefficient from water to room were found by Onsberg & Eriksen to be 7
W/m2K. This was made up of transfer from water-to-pipe-to-fin, heat transfer through the
gypsum board and heat transfer to the room, shown in Table 2. The simulation of the mats in
IDA ICE was by a constant mass flow, which was the calculated design power, with a
temperature offset of only 2 °C. This yielded a mass flow of 0.083 kg/s.

Table 2: Heat transfer coefficients used in the simulation.

Resistances Hss;fg‘li’;ngte r
[m*K/W] [W/m2K]
Heat transfer to room 0.010 100
Gypsum board 0.022 45
Water-to-Pipe-to-Fin 0.111 9
Sum 0.143 7

2.2 Ventilation

The plenum distributed ventilation air from an air handling unit (AHU) to the office below
through intentional cracks and leakages. From the office, the air was extracted and returned to
the AHU. For the simulations in IDA ICE, the standard AHU was used with a heating coil
and a heat exchanger. The heat exchanger had an effectiveness of 85 % and recovered both



heating and cooling. The specific fan power for the AHU was 800 W/(m®/s). The ventilation
rate used in the investigation was Class | from EN 15251 (2007) for the indoor air quality,
which states there should be 10 I/s per person, and 1 I/s per m2. The total ventilation rate can
be found in Table 1.

The air passage between the plenum and office was modelled in IDA ICE by utilizing the leak
component feature. The leak component is built up as a pressure flow with the Equivalent
Leakage Area (ELA) of 21.6 m. The ELA was defined by the volumetric air flow rate, the
discharge coefficient (Cd), which was 1, and the pressure difference, which was set to 4 Pa
(Edwards 2006).

2.3 Reference

A reference was created for comparison. The reference system was a CAV ventilation system
with fan coils as air terminal devices. The fan coils recirculated the air in the room in order to
provide a sufficient heating/cooling capacity. For easier comparison, the only change
introduced in the reference was the removal of the radiant ceiling and the introduction of a fan
coil as the conditioning source in the room.

The fan coil recirculated with 5.0 I/s per m2, and had an estimated pressure drop of 250 Pa
with a fan efficiency of 60 %. The system was supplied with the same water temperatures for
heating and cooling as the capillary system (22 °C), instead of the water temperatures that
would normally (12-16 °C) have been supplied to a fan coil.

3 SIMULATION SCENARIOS

Several investigations were carried out, as both the reference system and the capillary tube
system were investigated with different supply water temperatures, different window-to-floor
area and g-values. In Table 3, the scenarios are listed and commented upon.

Table 3: Simulated scenarios

Scenario  System Parameters Values Comments
Base Capillary  Mass flow m [kg/s] 0.083
case Water temperature Ty, [°C] 22

Window-to-floor area [%] 22

g-value of window [%] 31

Fan coil ~ Mass flow m [kg/s] n/a

Water temperature Ty, [°C] 22

Window-to-floor area [%0] 22

g-value of window [%] 31
Mass Capillary  Mass flow m [kg/s] of the 0.035 The mass flow of the circulating water
flow circulating water 0.020  determines the effective mean temperature

of the circulating water and therefore also
the heating/cooling capacity.

Tw Capillary  The supply temperature of 20 The heating/cooling capacity of the radiant
Fan coil  the circulating water T, 24 ceiling and the overall yearly thermal
[°C] in the radiant ceiling comfort level is dependent on the
temperature of the circulating water.
Win/flr Capillary  Window-to-floor area [%] 30 The ratio of transparent glazing to thermal
Fan coil 40 mass in the room may cause the solar gains

to be non-absorbable, in effect raising the
temperature of the room.

g-value Capillary  g-value of window [%] 25 Some of the solar heat gain from the
Fan coil 38 window could be non-absorbable,
depending on the window-to-floor area
ratio.




4 RESULTS

Simulations were performed for both office and meeting room in both corner (two facades)
and centre configuration (one facade). However, the most critical configurations were found
to be corner office and centred meeting room. This section therefore reports only these results.
The reported results are energy use, which includes lighting, room heating (district), cooling,
and fans & pumps along with the thermal indoor comfort. Thermal comfort was evaluated as
hours above 26 °C, according to EN15251 (2007); with 2610 occupancy hours, the 5 % limit
means 130 hours.

The daylight factor in the rooms was checked in accordance with the Danish building
regulations standard of a minimum daylight factor of 2 % (“The Danish Building Regulations
- 6.5.2 Dagslys” 2017), which was achieved in all simulations. This means that the reported
window-to-floor area ratios and/or g-value combinations (and corresponding visible light
transmittances) do not compromise the level of incoming daylight.

In all simulations, the fan coil system used more energy than the capillary system. Figure 3
shows that the fan coil system used approximately three times more energy on the fans and
pumps. Figure 4 show that the fan coil used double the amount for fans and pumps. The fan
coil had to be kept running in order to maintain a comfortable temperature in the room.

In general, the accumulated hours above 26 °C were higher with the fan coil system. For both
systems, the accumulated hours were highest with a water temperature of 24 °C and all
exceeded the maximum permitted (130 hours).
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Figure 3: Corner office energy use and overheating. Left: Radiant ceiling system. Right: Fan coil system. Bars of
energy use from dark to light grey: Lighting, District heating, Cooling and Fans & Pumps. Solid lines are
accumulated hours of operative temperature >26 °C during occupancy
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Figure 4: Centred meeting room, energy use and overheating. Left: Radiant ceiling system. Right: Fan coil
system. Bars of energy use from dark to light grey: Lighting, District heating, Cooling and Fans & Pumps. Solid
lines are accumulated hours of operative temperature >26 °C during occupancy.

For the corner office the base case, with a mass flow of 0.035 kg/s, a water temperature of 20
°C and a win/flr area ratio of 30 %, was well within the requirement of a maximum 130 hours
with temperatures above 26 °C. For the centred meeting room the simulations that fulfil the
requirement of a maximum of 130 hours were with a water temperature of 20 °C and the
lower g-value.

The energy use for the capillary system varied only slightly between cases. Changing the
water temperature to 20 °C caused energy use to increase by 10 %, although it did make it
possible to achieve comfort in the meeting room. Changing the g-value did not affect the
energy use, but did affect the number of overheating hours.

5 DISCUSSION

A conventional fan coil system would operate with a temperature offset of 10 °C. In this
investigation, the temperature offset was only 2-4 °C. As a result, the fan coil system was less
effective than would be expected. If the supply water temperature had been lowered to 12-16
°C, the fan coil system would probably out-perform the radiant ceiling in terms of thermal
comfort, at the expense of much higher energy use for cooling and probably increased risks of
draught, and it would not be able to utilize most renewable energy sources.

Diffuse ventilation is difficult to simulate in dynamic simulation programs such as IDA ICE.
Two approaches were possible; one was the leak model, which ensured that the airflow was
only one way, while the other wouold have been to assume large vertical openings in which
the airflow would have been in both directions and not controllable. The limitation of the
leakage model is that it is not possible to include the transfer of heating and cooling as the air
passes through the surface, or to control the residence time of the air in the plenum before it is
supplied to the office.

The resistances were chosen on the basis of the preliminary experimental studies with
capillary tube ceiling systems and diffuse ventilation. However, the heat transfer coefficient
had only been reported as a value from water to the room. An in-depth study of the individual
resistances, convective, conductive and radiative, that make up the total heat transfer of a
radiant ceiling in combination with diffuse ventilation, should be conducted to validate heat
transfer coefficients assumed in this paper.



6 CONCLUSIONS

Simulations were performed for a radiant ceiling system in combination with diffuse
ventilation and a reference case with conventional fan coil units, in which only a few
parameters were changed, ignoring the fact that a fan coil system normally operates with
higher temperature differences. It was shown that the radiant system had a higher capacity for
heating and cooling. The radiant systems were found to have great potential when combined
with diffuse ventilation.

e The simulations showed that it was possible to create a system that can provide
adequate thermal comfort with minimal energy use.

¢ Significant energy savings were realized in the capillary system compared with the fan
coil system, between 36-41 %.

e Temperature offset of 2 °C for office spaces and 4 °C for meeting rooms is enough to
keep the overheating at an acceptable level below 130 hours, with only small
differences in energy use.

e Sensitivity was evaluated in terms of thermal comfort: the meeting room was very
sensitive to parameter changes and fulfilled the overheating requirements only with
the lowest simulated water temperature and the lowest g-value. The office was more
robust and tolerated higher heat gains and lower mass flows.
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