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High temperature cooling systems have several beneﬁts, such as their ability to create a comfortable
indoor environment in an energy-eﬃcient way. Among these systems, those with high thermal mass
such as Phase Change Materials (PCM) in integrated components and Thermally Active Building Systems
(TABS) are of particular interest, but it is widely believed that these systems are more expensive than
traditional all-air systems.
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This study investigated the economic performance of TABS, PCM ceiling panels and an all-air system.
An open-plan oﬃce was used as a case study. The effects of different cooling loads on the economic
performance of each system was studied. The global cost and the payback period of each system was
compared, following prEN 15459-1 [1].
TABS was the cheapest option, having global costs that were 15%, 5%, 20%, 15% and 2% lower than the allair system for 24, 18, 12, 6 and 3 occupants, respectively. The costs estimated for PCM ceiling scenarios
were higher than for the all-air system, but they represent a valid alternative in situations where TABS
are not applicable (e.g., renovation projects), especially for high cooling loads, as PCM ceiling panels were
only marginally more expensive than the all-air system under high cooling loads.
© 2019 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Phase Change Materials (PCMs) and Thermally Active Building
systems (TABS) are both able to improve thermal comfort, decrease
peak loads and reduce energy use, and have the possibly of reducing overall costs [2–4]. Despite several beneﬁts of these systems,
traditional all-air systems are more often preferred, due to the misconception that these systems are too expensive to install and operate.
TABS are characterized by pipes embedded in the structural
concrete slabs of multi-storey buildings [5]. TABS activate the thermal mass of a building by water or air circulation [6–9]. Several
studies compared the performance of these radiant technologies to
the traditional air-based systems in terms of energy performance
and created thermal indoor environment [4].
Meierhans [10,11] reported a TABS installation in an oﬃce
building in Switzerland, and identiﬁed several beneﬁts of using radiant systems. These beneﬁts were higher transport eﬃciency of
∗
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water-based systems compared to air-based systems, phase shifting possibility between the peak load and its discharge to the environment, free cooling using cold night air-water heat exchanger
(eliminating compressor cooling), and reducing the required airﬂow rates of supply air. The self-regulating effect of TABS was also
identiﬁed in these studies.
The energy and thermal comfort performance of all-air, fan-coil,
radiant ﬂoor, and radiant ceiling systems in several European cities
was compared by Fabrizio et al. using EnergyPlus [12]. The authors
showed that a radiant system coupled with an appropriate heating source or sink will reduce energy use and CO2 emissions compared to all-air systems, achieving similar thermal comfort conditions. The study also showed that climates with a higher cooling
demand than heating demand will achieve the best performance.
Olesen and Mattarolo [13] compared TABS, radiant panel and
radiant ﬂoor system to a conventional all-air system in terms of
energy and thermal comfort performance using a simulation software, under climate conditions of Copenhagen, Denmark. The radiant systems provided a more comfortable thermal indoor environment than the all-air system, with reduced energy use and reduced peak loads. The study revealed that the peak power demand
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in cooling operation can be reduced by 26% with TABS, 20% with
radiant panel, and by 6% with the radiant ﬂoor system compared
to the conventional all-air system.
The thermal comfort, energy and cost performances of a radiant ceiling panel system were compared with a conventional airconditioning system by Imanari et al. [14]. The total energy use in
the case of radiant system was 10% lower than the air-conditioning
system. The cost reductions enabled by this were close to 10%.
Based on a simulation study, Kolarik et al. [15] showed that
compared to a variable air volume (VAV) system, TABS could reduce the primary energy use by 16% in a moderate climate (San
Francisco, CA), and by 50% in hot-humid (Miami, FL) and hot-dry
(Phoenix, AZ) climates.
Jeong et al. [16] compared the energy performance of a radiant panel system combined with a dedicated outdoor air system
(DOAS) to a VAV system with air-side economizer control. The authors found that radiant/DOAS system required 37% lower supply
airﬂow compared to the VAV system, hence using 29% less energy
for fans. Due to 25% lower chiller energy use than the VAV system,
the chiller size of the radiant/DOAS system was reduced by 29%.
The higher pumping power in the radiant/DOAS system compared
to the VAV system was compensated by the fan energy use reduction. In total, the authors concluded that the radiant/DOAS could
reduce system energy use by 42% compared to the VAV system.
Stetiu [17] compared radiant cooling systems to all-air systems
in commercial buildings in several US climates in terms of energy
and peak power savings. A properly designed and controlled radiant cooling system can be used at any location in US, and it was
shown that the average energy and peak power savings potentials
were 30% and 27%, respectively. The potential of peak power savings ranged between 22 and 37%, and the potential of energy savings varied between 17 and 42%, as a function of the climate.
The energy performance of a radiant ceiling cooling system coupled to a desiccant cooling system was investigated by Niu et al.
[18]. Up to 44% of the total energy use compared to a conventional
constant air volume (CAV) system can be saved by applying radiant
cooled ceiling in a hot-humid climate (Hong Kong). The combined
system used only 20% of the airﬂow rate required for the conventional system (i.e., 78% fan energy saving).
Martinez et al. [19] showed that a properly designed building
equipped with TABS can signiﬁcantly lower the energy use and
achieve high indoor environmental quality by reporting ﬁeld measurements from a low-energy oﬃce building in Madrid, Spain.
On the other hand, the use of Phase Change Materials (PCM)
increases the thermal mass of the building component which it is
applied or integrated to, such as ﬂoors, ceiling tiles, indoor terminal units or directly building materials.
Zhu et al. [20] provided an overview on previous research regarding the effects of PCMs’ integration on dynamic characteristics
and on energy performance of buildings, both for passive and active applications. In order to understand the economic feasibility
of using PCMs and take further proper actions to fully utilize them
for enhancing indoor environmental quality and overall energy efﬁciency of buildings, the authors stated that a profound knowledge
on dynamic characteristics and energy performance of buildings
containing these materials is needed.
The review conducted by Pomianowski et al. [21] focused on
discussing and identifying proper methods to characterize correctly
the thermal properties of PCMs and their composites and the procedures for determining their energy storage and energy saving potential. The study highlighted the most promising technologies for
PCM application in buildings as well as provided an indication of
in which application the potential is limited.
Engelmann et al. [22] investigated the potential of ﬁve different
ventilation and cooling strategies in terms of energy eﬃciency and
thermal comfort in different climates. This simulation study con-

sidered a 5-zone building set-up as a typical oﬃce building. A high
potential of night ventilation strategies was found in cool climates
having low ambient air temperatures. The authors also stated that
in warm and hot climates, active cooling provides satisfactory thermal comfort with high and ﬂuctuating cooling loads. Cool ground
during summer can be exploited in temperate climates by waterbased low-energy cooling strategies based on radiant cooling.
Kalnaes and Jelle [23] focused on the commercial state-of-theart products found on the market, showing some of the potential
areas of use for PCMs in building applications. The authors recognized that there is a scarcity of data about real life applications on
actual performance of PCMs in buildings. However, they reported
examples of building materials and projects realized with PCMs
and how they can be implemented. They found positive results on
energy savings resulted from many laboratory and full-scale experiments, also exploring future research opportunities and challenges
with this technology.
Zhou et al. [24] studied the thermal performance of active
heat conduction-enhanced shape-stabilized Phase Change Material (HCE-SSPCM) encapsulated boards ﬁtted with active hot/chilled
water pipes, both for side-wall cooling and for incorporation in an
under-ﬂoor heating system. This technology led to savings of 16%
in the maximum annual heating energy use compared to the room
without the HCE-SSPCM boards. The authors also observed a maximum annual cooling energy saving of 5%.
Cui et al. [25] conducted a review on Phase Change Material
application in buildings, discussing major applications, application
areas, application types, application effects and thermal-physical
properties of PCMs. They found that main PCM application areas
were concentrated into four parts of north latitude, from 25° to
60°, and south latitude, from 25° to 40°. Paraﬃn has the largest
use frequency on the market in every region (up to 88%). The melting temperature and the heat of fusion for organic materials range
between 19 °C and 29 °C, and between 120 kJ/kg and 280 kJ/kg, respectively.
In addition to these studies, some other studies compared radiant systems with other systems in terms of costs. Uponor [26] carried out a study comparing the Life Cycle Cost (LCC) analysis of an
oﬃce building with TABS to a traditional convective all-air conditioning, fan-coils, displacement ventilation and chilled beam solution. TABS lead to savings of 31% over the 15-years global cost with
respect to fan-coil units. Simmonds [27] compared the energy use
and the system costs of a radiant ceiling system, an active beam
system and a fan-coil system to a VAV system. The author showed
that the installation costs for fan-coil units and active beams were
11% higher and 2% lower compared to VAV system, respectively.
The radiant ceiling, on the other hand, revealed similar initial costs.
In addition to the different advantages of radiant systems identiﬁed by these studies, both TABS and PCM systems operate with
a small temperature difference between the circulating water and
the room, so that relatively high temperature energy sources such
as renewable or recovery sources can be used for cooling (i.e., high
temperature cooling principle) [28,29]. Coupling a ventilation system to these systems shows promising primary energy savings as
well as thermal comfort advantages [30]. Moreover, when radiant systems are used, the duct size of ventilation systems can be
reduced, thus avoiding suspended ceilings [31], which results in
either increased room height or lower storey height with corresponding savings in building materials. Peak loads can be reduced
and some of the energy needed for cooling can be used during
night time, when electricity prices may be lower [32].
Despite these potential beneﬁts of TABS and PCM systems, the
experience of building professionals in designing VAV systems has
allowed these air-based solutions to be cost effective and energy
eﬃcient in some cases [33]. On the other hand, the limited information on the cost effectiveness of radiant systems [34] and
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Table 1
The dimensions of the room used for the simulations and for the
economic analysis [36,37].

the small number of economic studies of these systems mean that
there is a lack of knowledge and familiarity with these HVAC solutions, so they are often assumed to be more expensive.
The aim of this study was to investigate the economic performance of radiant systems compared to air-conditioning (all-air)
systems. Three cooling systems were studied: a TABS, a PCM radiant ceiling system and a variable air volume (VAV) system (all-air).
An open-plan oﬃce was used as a case study for selecting and sizing the cooling systems for each scenario and an economic comparison was then made. For each HVAC system, the analysis was
run with 3, 6, 12, 18 and 24 occupants in the open-plan oﬃce.

Room dimensions
Orientation
Height [m]
Length [m]
Width [m]

West
2.9
8.8
5.8

Plenum height [m]
Area [m2 ]
Volume [m3 ]
Total window area [m2 ]

0.5
51
148
7.4

2. . Methods
The present study was based on the design assumptions and
the cooling energy use results obtained by Allerhand [35], in which
a renovated open-plan oﬃce room at the Technical University of
Denmark was used as a case study to investigate the performance
of a new type of room terminal unit for cooling (radiant ceiling
panels with Phase Change Materials). The panels consisted of a
metal box. There were pipes inside the metal box and the pipes
were pressed into a heat-conducting proﬁle. The metal box was
ﬁlled with PCM. Water was used to discharge the PCM by circulating it through the pipes. Allerhand et al. [36,37] further developed
this panel concept by suggesting how it could be incorporated in
an open-plan oﬃce and by formulating an operation and control
strategy. By means of numerical simulations using dynamic building simulation software, the PCM ceiling’s performance in terms of
thermal comfort and energy use in the cooling season was evaluated and compared to an all-air system and a TAB system.
The thermal indoor environment created by the PCM panels
was within the limits suggested by Category II (room temperature
between 23 °C and 26 °C) of EN 16798 during 73% of the occupied
time, while 82% and 84% was achieved with the TABS and all-air
systems, respectively. The operative temperature was in the range
22 °C–27 °C (Category III of EN 16798) during 91%, 96%, and 94% of
the occupied period with the PCM, TABS, and all-air systems, respectively. Energy use was 15% lower compared to the all-air system under these thermal comfort conditions.
TABS and PCM panels had similar behaviors in terms of energy
performance (almost the same energy use, similar energy savings
and peak power reductions compared to the all-air system), created a similar overall thermal indoor environment and removed
the heat from the room in similar ways (i.e., the share of cooling load removed by the ceiling). A similar fraction of the cooling
demand was shifted to the night by both systems.
This study followed the approach proposed in prEN 15459-1
[1] to compare the three cooling systems from an economic point
of view, considering global costs and possible payback periods as
the main criteria.
Before the economic analysis, different system components to
be included in the economic analyses were selected. The components and systems were sized according to the peak thermal loads
and the ventilation requirements. Considering ﬁve different occupancy cases (3, 6, 12, 18 and 24 occupants – Allerhand [35] assumed 24 occupants in the oﬃce room) for each of the three HVAC
systems, 15 scenarios were obtained and these scenarios were simulated following the methodology described by Allerhand et al.
[36,37].

Fig. 1. The air conditioning process considered in the energy use calculations [36].

circulated was developed and was proposed as a novel way to control the thermal environment. Table 1 shows the dimensions of the
room.
All numerical simulations were performed using TRNSYS 17
[38]. TRNSYS is a simulation environment suitable for the transient
simulation of systems, including multi-zone buildings. The TMY-2
weather ﬁle for Copenhagen was used. Crawley [39] recommends
the use of this format, along with WYEC2 for energy simulations
in commercial buildings.
The simulation period was from April 30th to September 30th
corresponding to the cooling season in Copenhagen. This period
also includes transition (shoulder) periods. Although there is a
heating demand in some parts of the simulation period, no active
heating was modeled.
2.1.1. The studied cooling systems
Three cooling systems were simulated under each of the occupancy conditions. A comparison in terms of the resulting thermal
indoor environment and energy use was made to evaluate the performance of the systems. The simulated systems were:
•

•
•

A mechanical ventilation system (variable air volume system referred to as the all-air system);
A Thermally Active Building System (TABS);
Radiant ceiling panels with Phase Change Material (PCM).

The indoor environment was assessed with the categorization
based on operative temperature suggested in EN 16798 [40]. The
design criterion was to achieve 90% of occupied time within Category II of EN 16798 (operative temperatures between 23 °C and
26 °C).
The second comparison between the systems was made in
terms of primary energy use. Two energy intensive processes were
considered: the ﬁrst was the conditioning of the outdoor air by the
air handling unit in all scenarios and the second was the cooling of
the water circulated in the pipes of TABS and the PCM ceiling panels. Fig. 1 shows the air conditioning process considered for the energy use calculation. The energy use considered is the energy used
by the supply and exhaust fans, the energy used by the pump to
circulate water through the cooling coil, and the energy that the
heat pump uses to cool the water returning from the cooling coil.
Fig. 2 shows the process considered for the energy calculations of
the water circuits of the TABS and PCM systems.

2.1. Case study
The case study was described in detail by Allerhand [35]. The
room selected for study was an open-plan oﬃce. A ceiling panel
which incorporates PCM and pipes through which water can be

2.1.2. HVAC design
The internal heat gains are summarized in Table 2. The
room occupancy schedule was determined according to EN 16798
(Fig. 3).
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Table 3
TABS structure and material properties.
Property

Screed

Acoustic insulation

Concrete

Speciﬁc heat [J/kgK]
Density [kg/m3 ]
Thermal conductivity [W/mK]

1008
2000
1.4

1512
50
0.04

1008
2400
2.1

Table 4
Properties of the PCM, provided by the manufacturer.

Fig. 2. Water loop process for TABS and PCM considered in the energy use calculations [35] .

Fig. 3. Room occupancy schedule.
Table 2
Internal heat gains.
Property

Value

Occupant gains [W/m2 ]
Equipment gains [W/m2 ]
Lighting [W/m2 ]
Total internal heat gains [W/m2 ]

35
32
10
77

The ﬁrst HVAC system considered was a convective system (allair system). It consists of a variable air volume system that was
temperature dependent (both on outdoor and room temperature).
The only heating measure was to passively heat the intake air from
outdoors by passing it through a heat recovery unit. The all-air system uses a variable air volume strategy that depends on the room
operative temperature and the outdoor temperature. The airﬂow
varies between a minimum value of 3.7 ACH to provide acceptable air quality as long as the room temperature is below 23 °C
and a maximum value of 8.5 ACH when the room temperature is
above 26 °C. The supply air temperature set point varies from 18 °C,
when the outdoor temperature is higher than 26 °C, to 20 °C when
the outdoor temperature is lower than 18 °C. The outdoor air is directly used and not conditioned as long as the room temperature is
below 26 °C. There is no active heating of the supply air; however,
there is a heat recovery unit. The outdoor air is able to bypass the
heat recovery, which will activate if the room operative temperature is lower than 23 °C and the exhaust air temperature is higher
than the outdoor air temperature, or when the outdoor temperature is lower than 18 °C and the exhaust air temperature is higher
than the outdoor air temperature.
The second HVAC system was a Thermally Active Building System (TABS). The cooling was provided by circulating water through
the slabs. Ventilation was provided mechanically. The ventilation
system operated with a constant air volume to provide the required ventilation rate. The ventilation system included a heat recovery unit with 85% eﬃciency. The heat recovery could be bypassed if the outdoor temperature was lower than 18 °C and the
exhaust temperature was higher than the outdoor temperature,
or if the room operative temperature was lower than 23 °C and
the exhaust temperature was higher than the outdoor temperature

Property

Value

Melting range [°C]
Freezing range [°C]
Heat storage capacity [kJ/kg]
Speciﬁc heat capacity [kJ/kgK]
Density solid [kg/m3 ]
Density liquid [kg/m3 ]
Heat conductivity [W/mK]

21–25
25–21
160
2
880
770
0.2

[35]. The TABS structure consisted of a 4.5 cm layer of screed, 2 cm
acoustical insulation, and 18 cm concrete, with the water pipes in
the middle of the concrete layer (Table 3). The pipes were spaced
at 15 cm and had a diameter of 2 cm and a thickness of 0.2 cm.
Cold water was supplied during the night and its circulation was
stopped if the room operative temperature dropped below 23 °C.
The third HVAC system consisted of radiant ceiling panels with
PCM. As for the TABS, the fresh air was provided by a mechanical
ventilation system (constant air volume) and water was circulated
during the night to discharge the PCM. The working principle is
that the PCM will store the heat gains during the day as it absorbs
heat and melts. After the occupants leave the room, cool water circulates in the pipes embedded in the radiant panels to discharge
the stored energy and solidify the PCM, so that the panel can absorb the heat gains of the following day. Table 4 shows the main
material properties obtained from the manufacturer.
As in the case of TABS, fresh air was provided with mechanical ventilation at a constant air volume. Water was circulated during the night to discharge the PCM. Cold water was supplied in a
schedule from 17:00 to 05:00 and its circulation was stopped if the
room operative temperature dropped below 23 °C. The amount of
PCM that was used for the system was determined by considering
the real boundary conditions of the room and the panel. 50% of the
ceiling area of the room was available to install PCM panels based
on the room’s actual ceiling. With a thickness of 2 cm, and 50%
ceiling coverage, 40 W/m2 can be stored in the PCM and the rest of
the cooling load will be removed by the mechanical ventilation. In
the simulation model, an overall conductivity of 1.2 W/mK was assumed, to account for the aluminum components in the panel. This
assumption was based on a different study, in which this overall
thermal conductivity was measured in a similar panel construction
to the one of this study [41].
To model the PCM panel, TRNSYS component type 399 was
used [42]. This is a validated component which simulates PCM
in wall constructions embedded with pipes [42]. The PCM panel
was modeled as a single layer of PCM in the component. The density of the PCM used was the average between the density of the
liquid and the solid states (825 kg/m3 ). The melting and freezing
curves provided by the manufacturer were used for the enthalpytemperature functions required as input for Type 399 [42,43].
The different system set points were determined by a combination of steady-state calculations and dynamic simulations. Dynamic
simulations in TRNSYS were used to optimize the water circulation
schedule and water supply temperature of the PCM and TAB systems. Table 5 speciﬁes the different systems’ set points and schedules.
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Table 5
Set points and schedules considered for the simulation study.

All-Air
TABS
PCM

Fan schedule

Minimum air ﬂow
[ACH]

Maximum air ﬂow
[ACH]

Supply air
temperature [°C]

Water supply
temperature [°C]

Water ﬂow rate
[kg/h]

08:00–17:00
08:00–17:00
08:00–17:00

3.7
3.7
3.7

8.5
–
–

18 to 20
22
20

–
19
18

–
326
326

Water circulation
schedule
–
22:00–05:00
17:00–05:00

Table 6
System primary energy use and energy savings referenced to the all-air system (24 occupants) [35].

Fans (supply and exhaust)
Pumps (cooling coil)
Pumps (TABS/PCM water loop)
Cooling (air loop)
Cooling (water loop)
Electricity
Cooling
Total

Primary energy use (kWh/m2 )

Energy savings (kWh/m2 )

Energy savings with respect to all-air

All air

TABS

PCM

TABS

PCM

TABS

PCM

15,1
0,4
0
3,2
0
15,5
3,2
18,8

9,6
0,3
0,3
1,1
4,7
10,2
5,8
16

9,6
0,3
0,9
1,3
4
10,8
5,3
16,1

5,5
0,1
−0,3
2,1
−4,7
5,3
−2,6
2,8

5,5
0,1
−0,9
1,9
−4
4,7
−2,1
2,7

37%
25%
–
66%
–
34%
–
15%

37%
25%
–
60%
–
30%
–
14%

Fig. 4. Heat removed from the room by ventilation, ﬂoor, and ceiling surfaces normalized to each system’s total [35].

2.1.3. Energy use
Electricity was the primary energy source for all components. A
primary energy factor of 1.8 was considered according to the Danish Building Regulation, BR2020 [44]. The energy use of the fans
was calculated by assuming a speciﬁc fan power of 900 J/m3 , which
is classiﬁed as SFP 3 by standard EN 13779 [45]. The same pump
type as the one in the cooling coil was assumed to be used for the
water loops of the TABS and PCM systems. For air cooling, the mass
ﬂow rate in the cooling coil was determined by assuming a supply
water temperature of 7 °C and a return temperature of 12 °C. In the
TABS and PCM water loops, the supply temperature was assumed
to be 19 °C and 18 °C, respectively.
In Table 6, the primary energy use of the systems is shown for
the case of 24 occupants [35]. The table also shows the energy savings of the systems compared to the all-air system. Fig. 4 shows
the percentage of heat removed by the ﬂoor, the ceiling and the
ventilation system during the cooling season, normalized to the total heat removed by each system.
Table 6 shows that the PCM and TABS systems used more energy for cooling than the all-air system, although the total energy use of the PCM and TABS systems was 15% lower than the
all air system. This behavior was because of the control strategy
and Copenhagenś weather characteristics. The cooling coil in the
air-handling unit of the three cooling systems is set to turn off
(i.e., stop cold water circulation in the cooling coil) when the outdoor air temperature is low enough to be directly supplied into the
room and use a form of free cooling.
The all-air system is able to supply a very high airﬂow rate of
8.5 ACH and due to the favorable outdoor conditions, is able to

beneﬁt from free cooling much more than the TABS and PCM systems can (these systems worked at a constant air volume). Another
similar study carried out under the climatic conditions of Copenhagen comparing the energy performance of a radiant system with
a VAV system found similar results and reached the same conclusion [46].

2.1.4. Thermal environment
Fig. 5 shows the operative temperature distribution during the
cooling season obtained by the different cooling systems.
The PCM system had a lower performance in the temperature
ranges of Category II of EN 16798 (room temperature between
23 °C and 26 °C) than the other two systems. The thermal indoor
environment created by the PCM panels was within Category II
during 73% of the occupied time, while 82% and 84% was achieved
with the TABS and all-air systems, respectively. The operative temperature was between 22 °C and 27 °C (Category III of EN 16798)
during 91%, 96%, and 94% of the occupied period with the PCM,
TABS, and all-air systems, respectively [36].
For all three systems, there was a considerable amount of time
(almost 10%) where the temperature was below 23 °C (mainly due
to the poor insulation of the room resulting in overcooling in the
mornings). This was the main reason that the initial design target
of 90% of time in Category II was not fulﬁlled.
The three systems performed similarly within Category III and
therefore the energy performance comparison was made based on
the assumption of a 90% Category III thermal environment. These
results were obtained for the highest internal gain (24 occupants).
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Fig. 5. The operative temperature distribution in the (a) all-air, (b) PCM and (c) TABS scenarios related to the occupancy period.

2.2. Economic evaluation procedure
The economic comparison was made following prEN 154591:2015 – Economic evaluation procedure for energy systems in
buildings [1]. This standard provides a method for the economic
calculation of systems covered by the EPB (Energy Performance of
Buildings) standards, e.g., the building envelope and other building
related systems.
The possible applications of this method are [1]:
•

•

•

•

To consider the economic feasibility of different energy saving
options in buildings;
To compare different solutions of energy saving options (e.g.,
plant types, fuels, etc.);
To estimate the economic performance of the overall design of
the building;
To evaluate the possible effects of energy conservation measures on an existing heating system, by calculating the cost of
energy use with and without each energy conservation measure.

This standard can be applied to all types of new and existing
buildings, and presents a calculation method that can be used to
aggregate past, present and future costs over the period of calculation. This calculation method is also known as the “global cost”.1
When the period includes the demolition of the building, the disposal costs for deconstruction/demolition are also included.
The payback period shows the performance of the different options compared to a reference situation up to the time when the
initial investment is expected to be recovered.
The calculation method may be applied considering only selected speciﬁc cost items, products or systems, depending on the
1
The time step of the output is yearly based but can be adapted to a monthly
period. The output of the calculation method is the value of the ‘global cost’. This
value is obtained accordingly to the scenarios and boundaries as well as the data
used for the calculation.

objectives of the investor. For example, calculations regarding alternative solutions for heating systems can be performed considering only costs for the domestic hot water system and the space
heating system [1]. Data sources and cost assumptions are listed in
Appendix A.
2.2.1. Global cost calculation
The various costs and the ﬁnal (residual) value were converted
to global cost (i.e., referred to year 0) by applying the right present
value factor (or discount rate). This factor may change for different
types of costs, due to different rates of price development for energy, employment, components, etc. [1].
The total global cost was calculated by cumulating the global
costs of the initial investment, replacement, operation, services
(running costs) and energy and subtracting the global cost of the
ﬁnal (residual) value.
Considering the annual costs (referred to the starting year) for
every year i, the disposal costs and the residual value for every
component j, the calculation of global costs was performed using a
component approach [1]:

CG = C OINIT +

TC 



C Oa( j ) ( j ) ∗ 1 + RATxx(i ) ( j )
j

i=1



+ C OCO2(I ) ( j ) ∗ D_ f (i ) + C Oﬁn(TLS) ( j ) − VALﬁn(TC) ( j )

(1)

where:
•
•
•
•

•

2

CG global costs (referred to starting year T0 );
COINIT initial investment;
COa(i) (j) annual cost for year i for component or service j;
RATxx (j) price development for year i for component or service
j;
COCO2 (i) (j) CO2 emissions cost for measure j during year i ;2
Neglected.
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•

•

•
•

COfdisp(TLS) (j) ﬁnal (disposal) cost for decommissioning, deconstruction and disposal in last year of lifecycle TLS of component
j or of building (referred to starting year T0 ) ;3
VALﬁn(TC) (j) residual value of component j in year TC at the end
of the calculation period (referred to starting year T0 );
D_f(i) discount factor for year i;
TC calculation period.

The calculation may be performed either from detailed data on
costs on an annual basis or from general data on economic calculations for every component.
The annual cost consists of energy cost, maintenance and replacement cost.
The Final (residual) value by the end of the calculation period
was determined by summing up the ﬁnal value of all systems and
components. The Final value (percentage) of a speciﬁc system or
component was calculated from the remaining lifetime (by the end
of the calculation period) of the latest replacement of the system
or component, assuming linear depreciation over its lifespan. The
ﬁnal value was then determined by multiplication by the appropriate replacement cost.
In this study, the calculation of global costs was performed over
30 years.
2.2.1.1. Considered components. Only the components resulting in a
marked cost gap between the different solutions were considered
in cost analysis. These components were:
•
•
•
•
•
•
•
•

Ceiling panels;
Fans;4
Heat pumps;
Pumps;
Heat recovery units;
Pipes;
Cooling coils;
Slabs.

The components were selected with the same technical speciﬁcations as were used in the research by Allerhand [35], so that
their results could be used in this study. However, in order to obtain a cooling demand capable of showing a substantial difference
in costs between the three scenarios, 15 oﬃces identical to the
one described by Allerhand [35] were considered. The reason for
using this approach was that, for example, a single heat pump of
7.95 kW (i.e., the one chosen in the simulations) can easily cover
the demand of one oﬃce in all the three scenarios, although in a
real case, where a larger area must be covered, the actual energy
use and the size of components would be very different. Once the
demand was multiplied for 15 rooms, the components were sized
accordingly, keeping the same characteristics set in the simulations
but setting their quantity according to the actual demand.
In Table 7, the producers and the models of the components are
listed.
2.2.1.2. Initial costs. The ﬁrst step was the calculation of the initial cost of every component. When calculating the initial investment, labor costs, material costs and equipment costs were included. General costs were assumed to be 15% of the sum of labor,
materials and equipment costs. The proﬁt made by the contractor
accounts for 10% of the total, including general costs. The price per
3
In the present work, the difference in disposal costs between the three scenarios was considered negligible, hence this category was not evaluated.
4
Since the actual difference in the size of the air ducts (in relation to fan size)
between different scenarios was minimal and strongly dependent on the real case
under consideration, they were assumed to be negligible. However, this component
would possibly increase the cost of the all-air system as well as its encumbrance.

7

Table 7
The model and the producer of each component used in the calculation.
Component

Producer

Model

Pumps
Heat pumps
Fans
Heat recovery units
Cooling coils
Radiant panels
PCM (paraﬃn)
Thermally active slabs

Grundfos
Daikin
Sodeca
Daikin
Ciat
Uponor
Rubitherm GmbH
Uponor

Alpha 2L 15-60 (130)
EWAQ008BVP
CJBD 2828-4M ¾ / ½
D-AHU Modular P – 3 and 4
Comfort line 52D HEE
Varicool Spectra M standard
RT 24
–

Table 8
Cost assumptions considered for the initial investment calculations.
Item

Units

Rate

Technicians and associate professionals
Plant and machine operators, and assemblers
Construcion employees, non-managerial level
Paraﬃna
Radiant panels
Gypsum panels
Air cooled water chillers
Fans (Sodeca CJBD 2828-4M 3/4)
Fans (Sodeca CJBD 2828-4M 1/2)
Cooling coils
Heat recovery units (Daikin D-AHU Modular P – size 4)
Heat recovery units (Daikin D-AHU Modular P – size 3)
Pumps
Pipes

h
h
h
kg
m2
no.
no.
no.
no.
no.
no.
no.
no.
m

€
€
€
€
€
€
€
€
€
€
€
€
€
€

47,9
35,4
39,0
6,0
73,0
6,0
3.143,5
499,4
465,9
805,0
17.133,0
15.527,0
140,0
2,7

a
The price of PCM is strongly dependent on many factors, such as the country
of purchase or the quantity of material being ordered: ﬁnding out a single reliable
price is a challenge. Therefore, in this work the real cost (price) of our purchase
was used.

item was then multiplied by their number obtaining the total initial investment for each scenario. The rates per unit of the most
relevant components are listed in Table 8. The sources of cost assumptions are shown in Appendix A.
Slab costs were considered as an extra cost (but only costs related to the piping in the slabs, given by Uponor [26]) in the TABS
scenario, and were therefore zero for the PCM and all-air scenarios.

2.2.1.3. Annual costs. When calculating the annual energy cost
(limited to the cooling season), the primary energy use was multiplied by the electricity price for households in Denmark (2nd half
of 2017), which was almost 0.30 €/kWh [47]. This energy price,
which was the same as in Germany, was the highest in Europe.
In order to examine the sensitivity of the global costs to energy
prices, multiplying factors of 0.25, 0.5, 2 and 4 were applied to
the 0.30 €/kWh base price. The lower prices thus obtained, such as
0.08 and 0.15 €/kWh were representative of the European countries
of Macedonia and the Netherlands, respectively.
Maintenance was calculated as an annual percentage of the initial investment for each component. Maintenance accounts with
different percentages for each component, which is higher for airbased systems. Based on prEN 15459-1, annual maintenance costs
of air systems represent 4% of the initial investment for most of
the components, in contrast with the components of hydronic systems which range between 1% and 2%. Since ventilation systems
installed in PCM and TABS cases are smaller and fewer, their maintenance has a lower impact on the total costs.
Replacement costs throughout the calculation period were calculated based on timing of and costs for replacement of systems and components, based on the life span of each component
(Table 9).
In the case of slabs, maintenance and life span were also given
by Uponor [26], but no residual value was considered.
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Table 9
Lifespan of each component considered for the analysis.
Item

Life span (years)

Gypsum ceiling panels
Fans
Heat pumps
Heat recovery units
Pipes
Pumps
PCM ceiling panels
Cooling coils
TABS Slabs

Lifetime
20
20
20
30
20
30
15
50

and 55% of the initial costs for the 24, 18, 12, 6, 3 occupants scenarios, respectively, and therefore, the largest part of the total. It
should be noted that the investment cost for the PCM ceiling and
TABS slabs does not change depending on the number of occupants. The all-air systems therefore performed better economically
as the number of occupants decreased, being more resizable at
lower cooling loads. However, unlike the TABS slabs, the PCM ceiling could be designed with lower amounts of paraﬃn for lower
cooling loads or could be designed to cover a smaller part of the
ceiling, leading to lower costs.
3.2. Global cost

2.2.2. Payback period calculation
The concept of the payback period is used to compare the cost
eﬃciency of two different solutions. Usually the selected option is
compared to a reference, in this case the all-air system.
The (discounted) payback period (PB) is the time when the difference between the initial investment cost for the optional and
reference case are balanced with the cumulative discounted annual
costs difference in each individual year [1]:
T PB

t=1
•

•

•
•
•

C Ft ∗



1
1 + RATdisc

t

− C OINIT + C OINITref = 0

(2)

CFt difference of annual costs (cash ﬂow difference) between
the optional case and the reference case in year t;
TPB last year for payback period (time when the sum is stopped
when equation becomes negative or equal to 0);
RATdisc discount rate;
COINIT initial investment costs;
COINIT,ref initial investment costs for reference case (is 0 for option doing nothing).

3. Results and discussion
3.1. Initial costs
The ﬁrst step of the analysis consisted of calculating the initial
costs. Fig. 6 shows a graphical summary of the initial costs calculations (detailed data are listed in Appendix B, Table B.1).
Except for the case of 3 occupants, the TABS scenario was the
cheapest solution, yielding cost savings of 10.2%, 0.2%, 14.9% and
9.4% for 24, 18, 12 and 6 occupants5 compared to the all-air system, respectively, and requiring an extra investment of 2.7% in the
case of 3 occupants (compared to all-air scenario).
The PCM ceiling system, on the contrary, was more expensive than the other solutions, with an initial cost that was 5.2%,
19.1%, 7.4%, 16.9% and 33.0% higher than the all-air reference for
24, 18, 12, 6 and 3 occupants, respectively. This difference between
the PCM and TABS scenarios were mainly due to the signiﬁcantly
higher cost of the PCM radiant ceiling compared to the extra cost
of the slabs in the TABS scenario. However, it is worth noting that
PCM represents 37.9% of the net amount of the PCM ceiling cost,
which is almost the same percentage of the radiant panel itself
(38.2%). This suggests that a large part of the cost is not only due
to the PCM (i.e., what increases thermal inertia), but to the fact
that a ceiling panel cooling system is being used.
Heat recovery units accounted for the largest proportion of the
initial investment in the all-air and TABS scenarios. In the PCM
scenario, the PCM ceiling panels represented 41%, 45%, 50%, 54%
5
The fact that the increasing or decreasing of initial costs is not linear with the
number of occupants is due to a non-linear change in thermal loads, as well as to
the fact that also small changes in cooling and ventilation demands can lead to a
change in the number of plants (components), leading to very different costs.

The global costs for the PCM scenario were 2.0%, 16.1%, 5.7%,
17.3% and 37.5% higher than for the all-air scenario, for 24, 18, 12,
6 and 3 occupants, respectively. It should be noted that in the case
of 6 and 3 occupants the PCM system is even more expensive in
terms of global cost than in terms of initial investment, meaning
that the annual costs are also higher than in the all-air scenario.
The percentage of the PCM itself over the 30-years global cost is
4%.
In contrast, the TABS global costs were 14.5%, 5.1%, 19.8%, 14.7%
and 1.5% lower than for the all-air reference scenario (for 24, 18,
12, 6 and 3 occupants, respectively), and the savings in the initial
investment further increase when calculating the global cost.
It is worth noting that over 30 years, energy accounts for only
from 5% (in the case of 3 occupants) to 17% of the global cost
(in the case of 24 occupants) with similar percentages among the
three HVAC systems. Although the primary cooling energy savings
achieved by PCM and TABS in comparison with all-air are around
15%, in terms of cost savings they amount to only 3–4% of the
global cost. As shown in Fig. 7, energy is the lowest cost component. Maintenance and replacement annual costs both remain at
24–34% for all scenarios.
For an occupancy of 24 people, an energy price four times
lower (factor 0.25) leads to a decrease in global costs of 13%, 11%
and 13% for all-air, PCM and TABS scenarios, respectively, whereas
if the energy price was only half of what it was in Denmark (as
it was in the Netherlands), the decrease in global costs was 8%, 7%
and 8% for all-air, PCM and TABS scenarios, respectively. Applying a
factor of 0.25 and 0.5, the PCM scenario costs 4.3% and 3.4% more
than the all-air, respectively, instead of the 2.0% for Denmark.
With 24 occupants, doubling the energy price increases the
global costs by 17%, 14% and 17% for the all-air, PCM and TABS scenarios, respectively. If the energy price is four times higher, global
costs increase by 51%, 43% and 50% for the all-air, PCM and TABS
scenario, respectively. Finally, applying a factor of two and four, the
PCM scenario costs 0.4% and 3.5% less than the all-air, respectively,
instead of 2.0% more, as in the case of the Danish energy price.
Regardless of the energy prices, in contrast to PCM, the TABS
scenario was always approximately 14.5% cheaper than the all-air
system.
In general, when energy prices are the quarter, the half, the
double and the quadruple of Denmark, energy costs represent 4–
5%, 8–9%, 25–29% and the 40–45% of global costs, respectively.
In Figs. 7–9, graphical summaries about global cost and its components are shown; detailed data about global costs and their
components are reported in Appendix B, Table B.2 (including the
initial costs). In particular, Fig. 9 shows the sensitivity of global
costs to energy prices; detailed data are listed in Appendix B,
Table B.3.
3.3. Payback period
Since residual values do not affect the payback period calculation, comparisons using this parameter do not accord exactly with
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Fig. 6. Initial costs for the three HVAC solutions in the case of (a) 24, (b) 18, (c) 12, (d) 6 and (e) 3 occupants.

global cost results. For example, the global cost for the PCM system
calculated over 30 years proved to be slightly higher than for the
all-air system, while the payback period for the PCM scenario was
only 20 years (Fig. 10). In fact, the larger number of plants used in
the all-air system provide an advantage in terms of residual values
with respect to other scenarios. This fact stresses the importance
of a reliable estimation of ﬁnal values, and an understanding of
the real measure of the prices that each component will have at
the end of the calculation period.
The calculation of payback period was carried out only for the
PCM scenario with 24 occupants, since it is the only case in which
a higher initial cost is recoverable within 30 years.

3.4. Previous studies
The results of the studies carried out by Uponor [26] and Simmonds [27] were compared to the results obtained in the present
study (for the case of 24 occupants), although the systems considered had some differences.
Uponor’s report considered a fan-coil unit system (FCU) and a
TAB system consisting of thermally active slabs. The study of Simmonds, on the other hand, analyzed a variable air ventilation system (VAV), an FCU system, a radiant ceiling panel system (RAD)
and an active beam system (BEAM).
In order to make a possible comparison with Uponor’s study,
the global cost was calculated over 15 years. The costs and rel-
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Fig. 7. Components of the global cost over 30 years for the three scenarios in the cases of (a) 24, (b) 18, (c) 12, (d) 6 and (e) 3 occupants. On the right columns, the weight
of the residual value on the global cost is shown.

ative savings between different systems are reported in Table 10
(note that these studies considered more components than in the
present study, e.g., ducts, controls, diffusers etc.).
Due to these differences in the quantity and quality of the components considered, a signiﬁcant difference in cost estimations can
be noticed. Uponor found higher costs, in particular for maintenance, and in general for the FCU system. The overall results show
a similar trend, in which TABS and active beam systems (BEAM)
have the best economic performance. Considering the higher relative savings in the case of Uponor’s study, it should be noted that
the reference was the FCU system, which can be a more expensive

solution than the VAV system used in the present study (as shown
by Simmonds’ analysis [27]).

3.5. Overall discussions
This study focused mainly on the cooling period. Future studies
should study and test these system under a yearly operation (including periods outside of the cooling period, i.e., heating period
and transition periods), as the PCM cannot be decoupled from the
room and will inﬂuence the operation and conditions during the
entire year.
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Fig. 8. Components of the global cost (including residual values) over 30 years depending on the number of occupants in the case of (a) all-air, (b) PCM and (c) TABS
scenarios.

Fig. 9. Energy costs in the case of 24 occupants at different energy prices (x0.25, x0.5, x2, x4 compared to the Danish price) and its percentage over the global cost, for (a)
all-air, (b) PCM and (c) TABS scenarios.
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Fig. 10. Net income for PCM and TABS systems with respect to all-air reference. The payback period for PCM is 20 years, while the proﬁt is immediate in the case of TABS.
Table 10
Results of the annual costs and primary energy use comparison. The differences are shown as a percentage increase/decrease
with respect to the all-air systems used as the reference.
Installation costs (€/m2 )

Maintenance (€/m2 )

Primary energy use (kWh/m2 )

Global cost (€/m2 y)

THIS STUDY (24 occupants)
VAV
282
PCM (RAD)
296
5%
TABS
246
−13%

9,7
9,2
8,3

−6%
−14%

18,8
16,1
16

−14%
−15%

40,3
41,5
34,2

3%
−15%

UPONOR [26]
FCU
513
TABS
362

−29%

28,2
20,0

−29%

17,0
14,0

−18%

64,0
44,0

−31%

SIMMONDS [27]
VAV
335
FCU
371
RAD
335
BEAM
328

11%
0%
−2%

3,9
3,9
3,6
3,7

0%
−8%
−5%

14,0
17,0
14,2
14,6

21%
1%
4%

The effects of PCM panels in the heating season will depend on
different factors such as if there is a heating demand, how much
the heating demand is, the choice of heating system (e.g., if the
same PCM panels are used to provide heating similar to ceiling
heating or if there should be another heating system separate from
the PCM panels such as radiators, convectors, etc.) and so forth.
As the results in Chapter 3.1 indicated, a more precise sizing of
the TABS and more speciﬁcally the PCM panels (e.g., ceiling coverage ratio, amount and thickness of PCM, type of PCM itself and
so forth) could result in TABS and PCMs being economically more
feasible.
The construction ﬁeld is moving towards an industrialization
and prefabrication frontier, also supported by digital tools, such as
Building Information Modeling (BIM) [48]. This standardization and
digitalization will allow not only easily modeling and sizing complex HVAC solutions, but also planning cheaper construction paths,
especially in new buildings. These tools and trends lay the foundations to a cheaper design of PCM solutions, possibly leading to a
decrease also in the price of the material, due to a widespread use
of this technology in the market.
Future research should be addressed to investigate an entire
renovation path of a real case (e.g., an open-plan oﬃce, a school,
etc.), comparing the costs of PCM and all-air systems. This would
be an interesting opportunity to evaluate the economic perfor-

mance of a PCM ceiling when sized accurately based on the thermal loads and on the features of a real case scenario. The same
study could also be carried out considering the case of a new oﬃce
building. This could allow including also TABS and radiant ceiling
panels without PCM in the study to make a wider comparison.

4. Conclusions
The economic performance of a PCM radiant ceiling system and
a TAB system was investigated and compared to that of an all-air
system for cooling an open-plan oﬃce. Global cost (over 30 years)
and possible payback period were selected as the parameters of
the comparison, following prEN 15459-1:2015.
TABS proved to be the cheapest option, having global costs
14.5%, 5.1%, 19.8%, 14.7% and 1.5% lower than the all-air reference
for 24, 18, 12, 6 and 3 occupants, respectively. The costs for the
PCM ceiling scenario were 2.0%, 16.1%, 5.7%, 17.3% and 37.5% higher
than for the all-air system, for 24, 18, 12, 6 and 3 occupants, respectively. The cost difference between PCM ceiling panels and the
reference all-air system decreased with increasing cooling loads
and under high cooling load condition (24 occupants), PCM ceiling
panels were only marginally more expensive (2.0%) than the all-air
system. The use of PCM panels and TABS becomes more feasible
compared to all-air systems, with increasing energy prices.
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TABS allowed savings in the initial investment of 10.2%, 0.2%,
14.9% and 9.4% with 24, 18, 12 and 6 occupants, respectively, and
required an extra investment of only 2.7% in the case of 3 occupants (compared to all-air). At a high cooling load, PCM ceiling
panels required only 5.2% higher initial investment than the all-air
system.
The cooling energy was the lowest cost component of the global
costs (14–17% for 24 occupants) in all scenarios, suggesting that
the economic focus must be mainly on initial costs, maintenance
and replacement, in order to obtain substantial economic savings.
Moreover, as the energy price of Denmark is the highest in Europe
[47], energy costs would represent an even smaller part of the total
in other countries, e.g., 8–9% with the energy price for the Netherlands (which is half that of Denmark or Germany).
It has been shown earlier that the PCM ceiling panels work
like TABS in terms of energy performance, operation and heat removal characteristics, and the resulting indoor thermal environment [36,37]. PCM ceiling panels and TABS both provide several
beneﬁts compared to all-air systems in terms of system operation,
energy-eﬃciency and indoor thermal environment [4]. Therefore,
although the PCM ceiling system was found to be the most expensive solution, it can be considered as a viable alternative in situations where TABS is not applicable, e.g., in renovation projects or
lightweight buildings, especially for high cooling loads.

13

agreement No. 723649. We thank Anne Caminade from Lemon
Consult AG and Wim Boydens from Boydens Engineering for their
feedback on the economic calculations. We also thank Prof. David
P. Wyon for his comments and help in editing the manuscript of
this article.
Appendix A. - Sources and cost assumptions
Table A.1.
Table A.1
List of sources and values of the economic and ﬁnancial data.
Data

Source

Discount rate
Evolution of energy prices
Evolution of products prices
Life spans (replacement costs
and residual values)

prEN 15459-1:2015 [1]
prEN 15459-1:2015 [1]
prEN 15459-1:2015 [1]
prEN 15459-1:2015 [1]; National
Association of Home Builders [28];
Uponor® Technical Brochure [26]
Maintenance
prEN 15459-1:2015 [1]
Energy price for householders Eurostat website [49]
in Denmark (2nd semester
2017)
Statistics Denmark website [50]
Labor costs for Denmarka
a
The labor cost percentage estimation of the components has been based
on some considerations deduced also from the pricelists for construction
and facilities of region Liguria of 2018 [51] and 2014 [52].

Declaration of Competing Interest
None.
Acknowledgment

Appendix B. – Costs data

This project has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant

Tables B.1–B.3.

Table B.1
Speciﬁcs about initial costs calculation in the case of 24 occupants.
All-air
Item
Gypsum Ceiling panels
Fans
Heat pumps
Heat recovery unit
Pipes
Pumps
PCM Ceiling panels
Cooling coils
Slabs
TOTAL

TABS

PCM

Units

Qty.

Rate (€)

Initial cost (€)

Qty.

Rate (€)

Initial cost (€)

Qty.

Rate (€)

Initial cost (€)

2

765
10
5
5
0
5
0
5
0

€
€
€
€
€
€
€
€
€

€
€
€
€
€
€
€
€
€
€

765
6
8
3
100
23
0
3
765

€
€
€
€
€
€
€
€
€

€
€
€
€
€
€
€
€
€
€

382,5
6
5
3
100
20
382,5
3
0

€
€
€
€
€
€
€
€
€

€
€
€
€
€
€
€
€
€
€

m
no.
no.
no.
m
no.
m2
no.
m2

75
687
4.761
23.774
21
353
241
1.291
0

57.748
6.875
23.807
118.867
0
1.765
0
6.457
0
215.519

75
641
4.761
21.575
21
353
241
1.291
19,47

57.748
3.848
38.092
64.726
2.139
8.118
0
3.874
14.895
193.440

75
641
4.761
21.575
21
353
241
1.291
0

28.874
3.848
23.807
64.726
2.139
7.059
92.326
3.874
0
226.654

14

L. Bergia Boccardo, O.B. Kazanci and J. Quesada Allerhand et al. / Energy & Buildings 205 (2019) 109527

Table B.2
Speciﬁcs about global costs and relative percentages to compare scenarios and
different cost components.
24 Occupants
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS

Global costs
€ 679.987
€ 693.258
€ 581.473
Initial investments
€ 215.519
€ 226.654
€ 193.440
Energy costs
€ 114.469
€ 98.238
€ 97.628
Maintenance costs
€ 195.619
€ 184.661
€ 173.215
Replacement costs
€ 210.511
€ 220.594
€ 159.770

Perc. Over all-air
+2,0%
−14,5%
Perc. Over all-air
+5,2%
−10,2%
Perc. Over all-air
−14,2%
−14,7%
Perc. Over all-air
−5,6%
−11,5%
Perc. Over all-air
+4,8%
−24,1%

Perc. Over
+32%
+33%
+33%
Perc. Over
+17%
+14%
+17%
Perc. Over
+29%
+27%
+30%
Perc. Over
+31%
+32%
+27%

global cost

global cost

global cost

global cost

18 occupants
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS

Global costs
€ 516.451
€ 599.739
€ 490.194
Initial investments
€ 171.804
€ 204.617
€ 171.402
Energy costs
€ 82.009
€ 70.797
€ 72.427
Maintenance costs
€ 149.585
€ 161.454
€ 150.009
Replacement costs
€ 152.968
€ 191.585
€ 130.761

Perc. Over all-air
+16,1%
−5,1%
Perc. Over all-air
+19,1%
−0,2%
Perc. Over all-air
−13,7%
−11,7%
Perc. Over all-air
+7,9%
+0,3%
Perc. Over all-air
+25,2%
−14,5%

Perc. Over
+33%
+34%
+35%
Perc. Over
+16%
+12%
+15%
Perc. Over
+29%
+27%
+31%
Perc. Over
+30%
+32%
+27%

global cost

global cost

global cost

global cost

12 occupants
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS

Global costs
€ 489.553
€ 517.261
€ 392.451
Initial investments
€ 171.804
€ 184.485
€ 146.156
Energy costs
€ 55.110
€ 49.541
€ 51.057
Maintenance costs
€ 149.585
€ 140.441
€ 123.795
Replacement costs
€ 152.968
€ 164.519
€ 96.963

Perc. Over all-air
+5,7%
−19,8%
Perc. Over all-air
+7,4%
−14,9%
Perc. Over all-air
−10,1%
−7,4%
Perc. Over all-air
−6,1%
−17,2%
Perc. Over all-air
+7,6%
−36,6%

Perc. Over
+35%
+36%
+37%
Perc. Over
+11%
+10%
+13%
Perc. Over
+31%
+27%
+32%
Perc. Over
+31%
+32%
+25%

global cost

global cost

global cost

global cost

6 occupants
All-air
PCM
TABS

Global costs
€ 388.581
€ 455.798
€ 331.376

Perc. Over all-air
+17,3%
−14,7%
(continued on next page)
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Table B.2 (continued)
24 Occupants

All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS

Initial investments
€ 145.816
€ 170.417
€ 132.088
Energy costs
€ 33.782
€ 31.121
€ 33.023
Maintenance costs
€ 122.589
€ 125.811
€ 109.166
Replacement costs
€ 117.626
€ 145.434
€ 77.878

Perc. Over all-air
+16,9%
−9,4%
Perc. Over all-air
−7,9%
−2,2%
Perc. Over all-air
+2,6%
−10,9%
Perc. Over all-air
+23,6%
−33,8%

Perc. Over
+38%
+37%
+40%
Perc. Over
+9%
+7%
+10%
Perc. Over
+32%
+28%
+33%
Perc. Over
+30%
+32%
+24%

global cost

global cost

global cost

global cost

3 occupants
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS
All-air
PCM
TABS

Global costs
€ 319.813
€ 439.585
€ 315.142
Initial investments
€ 126.182
€ 167.857
€ 129.528
Energy costs
€ 23.886
€ 22.584
€ 24.466
Maintenance costs
€ 101.913
€ 123.116
€ 106.470
Replacement costs
€ 91.781
€ 142.064
€ 74.508

Perc. Over all-air
+37,5%
−1,5%
Perc. Over all-air
+33,0%
+2,7%
Perc. Over all-air
−5,5%
+2,4%
Perc. Over all-air
+20,8%
+4,5%
Perc. Over all-air
+54,8%
−18,8%

Perc. Over
+39%
+38%
+41%
Perc. Over
+7%
+5%
+8%
Perc. Over
+32%
+28%
+34%
Perc. Over
+29%
+32%
+24%

global cost

global cost

global cost

global cost

Table B.3
Speciﬁcs about global and energy costs at different energy prices for 24
occupants (factors 0.25, 0.5, 2 and 4).
0,08 €/kWh (x0.25)
All-air
PCM
TABS
All-air
PCM
TABS

Global cost
€ 594.135
€ 619.580
€ 508.252
Energy cost
€ 28.617
€ 24.560
€ 24.407

Perc. Over all-air
+4,3%w%
−14,5%
Perc. Over all-air
−14,2%
−14,7%

Perc. Over base price
−13%
−11%
−13%
Perc. Over global cost
+5%
+4%
+5%

0,15 €/kWh (x0.5)
All-air
PCM
TABS
All-air
PCM
TABS

Global cost
€ 622.753
€ 644.139
€ 532.659
Energy cost
€ 57.234
€ 49.119
€ 48.814

Perc. Over all-air
+3,4%
−14,5%
Perc. Over all-air
−14,2%
−14,7%

Perc. Over base price
−8%
−7%
−8%
Perc. Over global cost
+9%
+8%
+9%

0,6 €/kWh (x2)
All-air
PCM
TABS
All-air

Global cost
€ 794.456
€ 791.496
€ 679.100
Energy cost
€ 228.937

Perc. Over all-air
−0,4%
−14,5%
Perc. Over all-air

Perc. Over base price
+17%
+14%
+17%
Perc. Over global cost
+29%
(continued on next page)
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Table B.3 (continued)
0,08 €/kWh (x0.25)
PCM
TABS

€ 196.476
€ 195.256

−14,2%
−14,7%

+25%
+29%

Perc. Over all-air

Perc. Over base price
+51%
+43%
+50%
Perc. Over global cost
+45%
+40%
+45%

1,2 €/kWh (x4)
All-air
PCM
TABS
All-air
PCM
TABS

Global cost
€ 1.023.393
€ 987.972
€ 874.356
Energy cost
€ 457.875
€ 392.952
€ 390.511

−3,5%
−14,6%
Perc. Over all-air
−14,2%
−14,7%

Appendix C. – Uncertainties
The approach followed in this work starts from the energy data
of building simulations, which considered an open-plan oﬃce. Although multiplying the previous loads and facilities for a major
number of oﬃces and components of the same type was considered to be the best way to consider as reliable these starting
data, such method is still virtual, and does not reﬂect a real case
scenario (in which, for example, an air handling unit would have
been installed instead of several separate heat pumps, heat recovery units etc.).
The cost of labor force for every component has been estimated
in two different ways depending on the available information. In
the cases where this has been calculated as a percentage of material costs the data sources are not Danish, hence the impact of
labor force can result slightly different. In the case of calculations
based on Danish labor costs per hour, on the other hand, the data
may not be pertinent and should be checked [1].
General costs and proﬁt of the contractor have been considered
the same of Italian legislation, hence have to be updated in case
they are different from them [40].

References
[1] CEN (European Committee for Standardization), prEN 15459-1:2015 – heating
systems and water based cooling systems in buildings — energy performance
of buildings — part 1: economic evaluation procedure for energy systems in
buildings. 2015.
[2] J. Babiak, B.W. Olesen, D. Petras, REHVA Guidebook No 7: Low Temperatureheating and High Temperature Cooling, 1st ed., Federation of European Heating and Air-conditioning Associations, Belgium, 2009.
[3] B.W. Olesen, Using building mass to heat and cool, ASHRAE J. 54 (2) (2012)
44–52.
[4] O.B. Kazanci, Low Temperature Heating and High Temperature Cooling in
Buildings, Technical University of Denmark, 2016.
[5] J. Babiak, et al., Cooling with thermally-active mass in extreme climatic conditions, in: Proceedings of the 10th World Clima 2010 Congress, 2010.
[6] M. De Carli, G. Hauser, D. Schmidt, P. Zecchin, R. Zecchin, An innovative building based on active thermal slab systems, in: Proceedings of the 58th ATI National Conference, San Martino di Castrozza , Italy, 2003.
[7] H.E. Feustel, C. Stetiu, Hydronic radiant cooling – preliminary assessment, Energy Build. 22 (3) (1995) 193–205.
[8] M. Santamouris, D. Asimakopoulos, Passive Cooling of Buildings, James&James
Science Publisher Ltd., London, 1996.
[9] J.E. Braun, Load control using building thermal mass, J. Sol. Energy Eng. 125
(3) (2003) 292–301.
[10] R.A. Meierhans, Slab cooling and earth coupling, ASHRAE Trans. 99 (2) (1993)
511–520.
[11] R.A. Meierhans, in: Room air conditioning by means of overnight cooling of
the concrete ceiling (No. CONF-960254-), American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc., Atlanta, GA (United States), 1996.
[12] E. Fabrizio, S.P. Corgnati, F. Causone, M. Filippi, Numerical comparison between
energy and comfort performances of radiant heating and cooling systems versus air systems, HVAC R Res. 18 (4) (2012) 692–708.
[13] B.W. Olesen, L. Mattarolo, Thermal comfort and energy performance of hydronic radiant cooling systems compared to convective systems, in: Proceedings of the 9th International Conference and Exhibition Healthy Buildings
2009, HB 2009, 2009.

[14] T. Imanari, T. Omori, K. Bogaki, Thermal comfort and energy consumption of
the radiant ceiling panel system. comparison with the conventional all-air system, Energy Build. 30 (2) (1999) 167–175.
[15] J. Kolarik, J. Toftum, B.W. Olesen, K.L. Jensen, Simulation of energy use, human
thermal comfort and oﬃce work performance in buildings with moderately
drifting operative temperatures, Energy Build. 43 (11) (2011) 2988–2997.
[16] J.W. Jeong, S.A. Mumma, W.P. Bahnﬂeth, Energy conservation beneﬁts of a dedicated outdoor air system with parallel sensible cooling by ceiling radiant panels, ASHRAE Trans. 109 (2003) 627.
[17] C. Stetiu, Energy and peak power savings potential of radiant cooling systems
in us commercial buildings, Energy Build. 30 (2) (1999) 127–138.
[18] J.L. Niu, L.Z. Zhang, H.G. Zuo, Energy savings potential of chilled-ceiling combined with desiccant cooling in hot and humid climates, Energy Build. 34 (5)
(2002) 487–495.
[19] F.J.R. Martínez, M.A. Chicote, A.V. Pe Ñ Alver, A.T. González, E.V. Gómez, Indoor
air quality and thermal comfort evaluation in a spanish modern low-energy
oﬃce with thermally activated building systems, Sci. Technol. Built Environ.
21 (8) (2015) 1091–1099.
[20] N. Zhu, Z. Ma, S. Wang, Dynamic characteristics and energy performance of
buildings using phase change materials: a review, Energy Convers. Manag. 50
(12) (2009) 3169–3181.
[21] M. Pomianowski, P. Heiselberg, Y. Zhang, Review of thermal energy storage
technologies based on pcm application in buildings, Energy Build. 67 (2013)
56–69.
[22] P. Engelmann, D. Kalz, G. Salvalai, Cooling concepts for non-residential buildings: a comparison of cooling concepts in different climate zones, Energy
Build. 82 (2014) 447–456.
[23] S.E. Kalnæs, B.P. Jelle, Phase change materials and products for building applications: a state-of-the-art review and future research opportunities, Energy
Build. 94 (7491) (2015) 150–176.
[24] Y. Zhou, S. Zheng, H. Chen, G. Zhang, Thermal performance and optimized
thickness of active shape-stabilized pcm boards for side-wall cooling and under-ﬂoor heating system, Indoor Built Environ. 25 (8) (2016) 1279–1295.
[25] Y. Cui, J. Xie, J. Liu, J. Wang, S. Chen, A review on phase change material application in building, Adv. Mech. Eng. 9 (6) (2017) 1–15.
[26] Uponor, Life cycle cost comparison of tabs vs. other HVAC (UK): technical
brochure, 2013.
[27] P. Simmonds, A comparison of energy usage and system costs between a radiant ceiling system, an active beam system and a fan coil system compared to
a vav system, Marina Del Rey, California, USA, 2014.
[28] B.W. Olesen, Hydronic radiant heating and cooling of buildings using pipes
embedded in the building structure, in: Proceedings of the 41st AICARR Conference, 20 0 0.
[29] L. Carnieletto, O.B. Kazanci, M. De Carli, B.W. Olesen, Why couple renewable
energy sources with radiant systems: current trends, limitations and potential,
in: Proceedings of the Roomvent & Ventilation, 2018, pp. 965–970.
[30] G.P. Henze, C. Felsmann, D.E. Kalz, S. Herkel, Primary energy and comfort performance of ventilation assisted thermo-active building systems in continental
climates, Energy Build. 40 (2) (2008) 99–111.
[31] J. Ü. Pfafferott, S. Herkel, D.E. Kalz, A. Zeuschner, Comparison of low-energy
oﬃce buildings in summer using different thermal comfort criteria, Energy
Build. 39 (7) (2007) 750–757.
[32] D.O. Rijksen, C.J. Wisse, A.W.M. van Schijndel, Reducing peak requirements for
cooling by using thermally activated building systems, Energy Build. 42 (3)
(2010) 298–304.
[33] Paciﬁc Gas and Electric Company, Advanced variable air volume system design
guide, 2007.
[34] J.D. Feng and H. Cheng, Comparison of construction and energy costs for radiant vs. vav systems, 2018.
[35] J.Q. Allerhand, Energy and Thermal Comfort Performance Evaluation of PCM
Ceiling Panels for Cooling a Renovated Oﬃce Room, Technical University of
Denmark, 2018.
[36] J.Q. Allerhand, O.B. Kazanci, B.W. Olesen, Energy and thermal comfort performance evaluation of pcm ceiling panels for cooling a renovated oﬃce room,
in: Proceedings of the CLIMA2019, 2019.
[37] J.Q. Allerhand, O.B. Kazanci, B.W. Olesen, Investigation of the inﬂuence of op-

L. Bergia Boccardo, O.B. Kazanci and J. Quesada Allerhand et al. / Energy & Buildings 205 (2019) 109527

[38]
[39]
[40]

[41]

[42]
[43]
[44]
[45]

eration conditions on the discharge of pcm ceiling panels, in: Proceedings of
the CLIMA2019, 2019.
S.A. Klein, et al., TRNSYS. Getting Started, Solar Energy Laboratory, 2009.
D.B. Crawley, Which weather data should you use for energy simulations of
commercial buildings? ASHRAE Trans. 104 (1998) 498–515.
European standards committee, EN 16798-1:2015 indoor environmental input
parameters for design and assessment of energy performance of buildings addressing indoor air quality, thermal environment, lighting and acoustics, 2015.
M. Koschenz, B. Lehmann, Development of a thermally activated ceiling panel
with PCM for application in lightweight and retroﬁtted buildings, Energy Build.
36 (2004) 567–578.
TRNSYS TYPE 399, 2013. [Online]. Available: [Accessed 01-May-2018]. http://
www.trnsys.de/download/de/ts_type_399_en.pdf.
Rubitherm RT24. [Online]. Available: [Accessed 03-Dec-2018]. https://www.
rubitherm.eu/media/products/datasheets/.
Danish Ministry of Transport, Danish executive order on building regulations
2018 (BR18). 2018.
CEN (European Committee for Standardization), prEN 13779 – ventilation for
non-residential buildings - Performance requirements for ventilation and room
conditioning systems. 2005.

17

[46] L.F. Nielsen, E. Bourdakis, O.B. Kazanci, B.W. Olesen, The inﬂuence of a radiant
panel system with integrated phase change material on energy use and thermal indoor environment, in: Proceedings of the ASHRAE Winter Conference,
2018.
[47] Eurostat, Electricity prices for household consumers - bi-annual data (from
2007 onwards), 2018. [Online]. Available: [Accessed 23-Jan-2018]. http://
appsso.eurostat.ec.europa.eu/nui/submitViewTableAction.do.
[48] Integrated bim workﬂows in modular prefabricated construction: concept to fabricate. [Online]. Available: https://medium.com/autodesk-university/
integrated- bim- workﬂows- in- modular- prefabricated- construction- concept- tofabricate-2cff9b3573e1.
[49] Eurostat. [Online]. Available: [Accessed 05-Nov-2018]. https://ec.europa.eu/
eurostat/statistics-explained/index.php/Electricity_price_statistics.
[50] Statistics Denmark. [Online]. Available: [Accessed 05-Nov-2018]. http://www.
statbank.dk/byg.
[51] R. Liguria, Prezzario opere edili ed impiantistiche. 2018.
[52] R. Liguria, Prezzario opere edili ed impiantistiche. 2014.

