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Abstract 
More than 50 % of EU’s yearly energy demand is spent on heating and cooling systems with 

which most of its source is generated from non-renewable fossil fuel [1]. Furthermore, half of 

the EU buildings are heated with a non-efficient boiler of about 60% or less efficiency [1]. The 

report released by EU from 1990 to 2007 revealed that fuel combustion and fugitive emission 

contribute to about 79.3% of total greenhouse gas emissions in CO2 equivalents [1]. The EU-

EBPD long-term renovation strategy is to improve the energy performance of all residential 

and non-residential buildings in its member countries through supporting the renovation of the 

existing buildings into highly energy efficient and decarbonised buildings [2].  

Despite all these EU policies and efforts to replace these non-efficient heating systems, the 

main challenge is price comparison of different solutions and their efficiency in retrofitting of 

the heating old systems together with the lack of information about the functioning of those old 

systems [1]. Thus, the development of an easy to install heating system in retrofitting with low 

exergy heat supply is a significant contribution to a sustainable solution in minimizing energy 

resources depletion and environmental emission. Furthermore, efficient system control of these 

easy to install heating systems, hybrids combinations solution for retrofitting building could be 

a sustainable solution for the preservation of the existing building.  

The main objective of this work was to design an easy to install hybrid low-temperature floor 

heating system in retrofitting buildings and compare its results on energy performance, thermal 

comfort and indoor air quality with other conventional heating mainly used in the 

Mediterranean climate. This study was performed in two existing radiators heated buildings 

located in Sant Cugat del vallès in Catalonia, Spain. 

The results showed that the hybrid low-temperature heating system has the highest energy 

performance and energy saving of 48 % and 52% compared to that of existing radiator heating 

and all air heating, respectively.  However, hybrid low-temperature floor heating showed a 

slow heating response, and consequently, it showed lower operative temperature compared to 

others even though it was within the recommended standards limits. The hybrid low-

temperature heating system with demand-controlled ventilation also showed a better indoor air 

quality, while as existing radiator with its natural ventilation showed the worst indoor air 

quality. All three compared heating systems showed a better coefficient of performance with 

low-temperature heat supply and were able to operate with low-temperature heat supply. 

 

Keywords: Hybrid low-temperature floor heating, energy performance, thermal comfort and 

indoor air quality.  
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Sammanfattning  
 

Mer än 50% av EU:s årliga energibehov spenderas på värme- och kylsystem där de flesta av 

deras källor genereras från icke-förnybart fossilt bränsle [1]. Dessutom värms hälften av EU:s 

byggnader upp med en  ineffektiv panna med cirka 60% eller mindre effektivitet [1]. EU:s 

rapport från 1990 till 2007 avslöjade att bränsleförbränning och flyktiga utsläpp bidrar till cirka 

79% av de totala utsläppen av växthusgaser i koldioxidekvivalenter [1]. EU:s och EBPD:s 

långsiktiga renoveringsstrategi är att förbättra energiprestanda för alla bostäder och andra 

byggnader i dess medlemsländer genom att stödja renovering av befintliga byggnader till 

mycket energieffektiva byggnader [2]. 

Trots alla dessa EU-policyer och ansträngningar för att ersätta dessa ineffektiva värmesystem, 

är den största utmaningen prisjämförelse av olika lösningar och deras effektivitet i renovering 

av de gamla värmesystemen tillsammans med bristen på information om hur de gamla 

systemen fungerar [1]. Därför är utvecklingen av ett installationsenkelt värmesystem med låg 

värmeförsörjning av exergi ett viktigt bidrag till en hållbar lösning för att minimera 

energiresurser och miljöutsläpp. Dessutom kan effektiv systemkontroll av dessa värmesystem 

med olika kombinationslösningar för renovering av byggnaden vara en hållbar lösning för att 

bevara den befintliga byggnaden. 

Huvudsyftet med detta arbete var att utforma ett lågtemperaturgolvvärmesystem att använda 

vid renovering av byggnader och jämföra dess resultat på energiprestanda, termisk komfort och 

inomhusluftkvalitet med annan konventionell uppvärmning som huvudsakligen används i 

medelhavsklimat. Denna studie utfördes i två befintliga radiatoruppvärmda byggnadet i Sant 

Cugat del vallès i Katalonien, Spanien.  

Resultaten visade att hybridsystemet med låg temperatur har den högsta energiprestandan och 

energibesparingen på 48% och 52% för den befintliga radiatorvärme respektive luftvärme. 

Emellertid visade lågtemperaturgolvvärme ett långsamt uppvärmningssvar, och följaktligen 

visade det lägre driftstemperatur jämfört med de andra systemen trots att det låg inom de 

rekommenderade standardgränserna. Lågtemperaturvärmesystem med efterfrågningsstyrd 

ventilation visade också en bättre inomhusluftkvalitet, medan befintliga radiatorer med sin 

naturliga ventilation visade den sämsta inomhusluftkvaliteten. Alla tre jämförda 

värmesystemen visade bättre prestanda med lågtemperaturvärmeförsörjning och kunde fungera 

med lågtemperaturvärmeförsörjning. 

 

 

 

Nyckelord: Lågtemperaturgolvvärme, energiprestanda, termisk komfort och 

inomhusluftkvalitet   
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1. Introduction  

1.1 Background  
Building energy demand has been increasing in centuries due to its need in everyday life to 

keep human indoor climate liveable and comfortable. In Europe, EU’s yearly energy demand 

for heating and cooling buildings consumes half of the total energy demand, and consequently, 

much environmental waste and emissions are generated [1]. Energy consumption led to 

resource depletion and emissions that contribute to environmental contaminations and 

emissions. To minimise energy consumption, resource depletion and emission mainly in a 

living environment and household demands, special measures have been prioritised in strategic 

planning such as those in sustainable development goal 7 and 11 that aims at ensuring access 

to affordable and clean energy and by creating sustainable cities and communities (SDG 2016). 

These goals can be reached if a particular focus about usage and generation of sustainable 

energy through promoting efficient energy systems, innovation in building technologies, 

efficient building management systems, replacing fossil fuel energy supply with clean source 

energy supply in existing building and usage of lower exergy sources such as geothermal is the 

key to success.  

The European Building Performance Directive (EBPD) long-term renovation strategy to 

improve the energy performance of all residential and non-residential building in its member’s 

countries, aims at supporting the renovation of the existing buildings into highly energy 

efficient and decarbonised buildings [2]. A half of all buildings in EU countries is mainly 

heated through installed non-efficient boilers of about 60% or less efficiency with which the 

coal boiler takes about 58%, oil boiler 47% 34% direct electric heaters and individual gas boiler 

22% [1] 

Furthermore, the EU policy on replacing old heating systems of boilers and non-efficient 

energy systems with efficient methods are being performed under pressure to minimise 

building heating demand. However, the main challenges are price comparison of different 

solution and their efficiency in retrofitting of the heating old systems together with the lack of 

information about the functioning of those old systems [1].  
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Using low exergy concept in building energy usage through using a lower value energy present 

at ambient conditions and delivered through sustainable renewable sources such as geothermal, 

heat pumps and solar collector should be one of the keys to sustainability and energy efficiency 

[3]. Low exergy sources such as groundwater source, geothermal are redly occurring under 

ambient conditions with both low emission and carbon footprint. Furthermore, they can be used 

together with some newly developed heating systems technologies that use low exergy supply 

to provide a better indoor comfort and energy efficiency to sustainably replace fuel fossil 

primary sources such as oil, coal and natural gas primary systems that may offer the same 

indoor conditions. 

1.2 Research objectives 
The main objective of this work is to design an easy to install hybrid low-temperature radiant 

floor heating system in a retrofitting building and compare its energy performance, thermal 

comfort and indoor air quality results with other conventional heating systems mainly used in 

the Mediterranean climate. The comparison about these parameters will be evaluated using 

IDA ICE simulation tool and, the validation existing background conditions of the studied 

buildings with their onsite measured values will be performed. Furthermore, the comparison of 

these systems coefficient of performance will be evaluated for future geothermal heat pump 

retrofitting.  

1.2 Hypothesis  
The hypothesis of this work states that low-temperature heating system with radiant floor 

heating in combination with demand-controlled ventilation provides improved thermal 

comfort, indoor air quality and energy-efficient systems compared to other conventional 

heating systems used in Mediterranean climates such as radiators and all air heating systems.  

1.3 Relevance of the project 
Most of the conventional heating systems use fossil fuels to heat up the building and to create 

a better thermal comfort and good indoor air quality for occupants. However, the extraction of 

these fossil fuels energy from natural resources, their transportation and their combustion are 

the primary sources of GHG emission and resource depletion. The annual European community 

greenhouse gas inventory revealed that only fuel combustion and fugitive emissions contribute 

to 79.3% of the total greenhouse gas emissions in CO2 equivalents in all EU during the period 

from 1990 to 2007[1]. Replacing fossil fuel in primary energy demand for heating systems with 

renewable energy from lower exergy sources will effectively reduce the amount of emitted 

GHG emissions and positively contribute to energy-saving options.  
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Finding easy to install low exergy heating system will also contribute to the conservation of 

the existing buildings such as historical building without the need to demolish or modify them 

with other heating systems such as thermally active building systems (TABS) that need to be 

embedded in the floor structure.  

1.4 Scope 
This study is limited to the heating system of the two school buildings composed of a primary 

school and a sports pavilion located in Mediterranean climate in Sant Cugat del Vallès, 

Catalonia, Spain.  The heating system focuses mainly on the secondary heating systems. The 

primary heating system supply was excluded from this study. This study focuses more on the 

heating system design, heating energy demand, thermal comfort and indoor air quality. Lastly, 

the domestic hot water (DHW) is not considered in this study as it was planned separately in 

future retrofitting. Thus, the primary system water supply is only restricted for space heating 

of the buildings. Figure 1 below shows Sant Cugat del Vallès location on the map. 

 

Figure 1: Sant Cugat del Vallès location [ Source: Google map] 
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2 Literature on low-temperature Radiant floor heating. 
History of radiant floor heating  
Radiant floor heating can be traced in both ancient Roman empire and Korea where they used 

ancient techniques to heat their building during cold seasons through a conveyed heat from a 

fireplace to a floor slab or walls [4]. In Europe, the Roman empire developed hypocausts that 

were used as heating techniques by that time. Roman hypocausts used to supply with hot gases 

from combustions under floors and cavity walls to heat the floor structure, hot smokes passed 

through the hypocausts which had very high thermal storage capacity and then exited through 

the vents to the outdoor [5]. To the East, Korean developed Ondol that used to convey hot 

smoke from fireplaces to warm up floor stones [4].  

The radiant heating systems increased in the world through different countries from the 1930s 

to 1960s, in Europe, they used to convey hot water in steel and copper pipes through floor slab 

to heat buildings [4]. However, weak building insulation technology made this system 

unsuitable and inefficient as it needs to produce very high floor temperature. As in [4], the 

interest with radiant heating has been increased year by year when the plastic tubes were 

introduced in-floor heating, and new technology in building envelope insulations have 

developed. In countries like Germany, Austria and Denmark located in Europe 30 to 50% of 

residential building use floor heating whereas the number reaches about 90% of underfloor 

heating in Korea [4][5]. Nowadays, an increase in using the floor heating system with different 

building types such as airport terminals, residential, commercials and industrial applications 

has been noticed. As in, the increase in using radiant floor heating systems reflects the provision 

of the system of increased energy-saving options, thermal comfort level and integration with 

building design. 

Low-temperature water supply in-floor heating 
The use of low-temperature heating from a low-temperature supply such as geothermal source 

is one of the central principles of exergy efficiency, defined as matching the quality level of 

energy supply with the energy demand, which increases the sustainability through reducing 

environmental impacts and CO2 emissions[6]. The low-temperature heating system is the 

heating systems that use a maximum supply water temperature of 45oC while radiant heating 

systems is the heating system in which radiant heat transfer covers more than 50% with heat 

exchange of conditioned space [7][8][9]. A study performed on low-temperature heating 

system as a based retrofitting solution for an existing Swedish multifamily house using 

ventilated radiator (VR), and baseboard radiator (BR) showed a primary energy saving of 
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12.4% and 10.2 % over the existing high temperature based conventional radiator [10]. Low-

temperature heating is suitable using radiant floor heating systems as it has a large radiant heat 

transfer area compared to radiators. 

Radiant floor heating review, standards and controls 
Radiant floor heating needs to provide an acceptable thermal comfort environment by 

considering the PMV-PPD (Percentage Mean Vote-Predicted Percentage of Dissatisfied), 

operative temperature and local thermal comforts such as floor temperature, thermal 

stratification, radiant temperature asymmetric and the draft [4]. The international standard ISO 

7730 recommends the range of floor temperature to be from 19oC to 29oc in occupied zones 

with which 29oC is the maximum temperature for heating [4].  

 The radiant heating system showed a uniform temperature condition from floor to ceiling 

(thermal stratification) measured from a test room and has advantages of reducing air humidity 

in winter period if the building is highly insulated. With high mean radiant temperature due to 

high surface temperature, less condensation, less mould growth and absence of colder corners 

do not manifest in building with radiant heating systems and consequently provide an excellent 

indoor air quality [4][5]. Furthermore, radiant floor heating showed reduced dust mites in 

building compared to other heating systems, and it also reduces the transportation of dust in 

comparison to convective systems [4].  

About control systems strategies to make radiant heating systems more energy and thermal 

comfort efficient the studies showed that the individual room temperature control in the 

building of different thermal zones is highly recommended for possible energy saving options 

[4][11]. Furthermore, to improve both thermal comfort and energy efficiency of a radiant 

heating system, the needed control strategies are such as average water temperature control be 

based on the outdoor temperature, predictive control model and hydronic balancing strategies 

[11]. Another study also suggested that the variation of internal loads from occupants, lighting 

and direct sun can be efficiently controlled with both self-control of the radiant floor heating 

systems and room thermostat [4]. Radiant floor heating system is mainly classified into three 

major groups that are radiant panels, embedded surface systems (ESS) and thermally activated 

building systems (TABS) [9] [11].   
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Relative merits of Radiant floor heating over other systems  
The comparison study performed using dynamic simulation results of indoor air quality, 

thermal comfort and space heating energy of a hybrid low-temperature systems composed with 

floor heating and radiators systems compared with other conventional heating systems in a 

three floors apartment building showed that this hybrid system provides an acceptable 

temperature range for lower water supply temperature[12]. These conventional systems were 

high-temperature radiators heating with supply and return temperature of 70oC/40oC and two-

floors heating with maximum supply temperature 40oC which was mounted with an ONOFF 

controller. One controller set to 21oC for air temperature and another for 24oC of surface floor 

temperature for floor heating. In addition to findings, the space heating energy was comparable 

to other conventional systems studied and running simulation without internal load revealed 

the effectiveness of the system in supplying required demand. However, for this study, the 

considered supply temperature of 40oC for floor heating as a conventional system is below the 

temperature specified as low-temperature heating as argued in [8].   

The comparison study of the convective and radiant heating system in intermittent space 

heating, where intermittent space heating is defined as heating when necessary, the results 

showed that the convective heating systems (all-air systems) raised the indoor temperature 

more rapidly than radiant heating systems due to needing for a long preheating time [13]. 

Furthermore, the radiant floor heating system found to be unsuitable for intermittent heating 

due to difficulties to enhance the heating capacity by merely enlarging the heating surface area 

compared to radiators (which were also part of radiant heating systems in this study) and its 

high thermal mass compared to a radiator heating. In addition to that, another study performed 

by assessing thermal comfort of radiator in contrast to floor heating systems through evaluating 

operative temperature variation with time and vertical air temperature difference revealed that 

floor heating was showing higher fluctuations in indoor air temperature than radiator systems 

even though they were within acceptable limit of ASHRAE standards 55-2004 [14]. 

Another study performed to assess if the hydronic radiant heating/cooling systems provide 

better, equal or lower thermal comfort than all-air systems concluded that there is no solid 

answer to be given nevertheless there is a suggestive evident for equal or better thermal comfort 

with radiant systems other than all-air systems[9]. This study reviewed 73 papers by comparing 

the two heating systems with their building performance simulation, physical measurement in 

laboratories, human subjective testing and occupants-based survey.  
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This study also revealed that testing involving subject testing and occupant based on the survey 

were most relevant for assessing thermal comfort than other methods. However, there were 

some issues associated with this study, such as scarcity of papers comparing these systems and 

multiplicities with different researchers about systems and conditioning strategies involved in 

both radiant and all air heating systems. Furthermore, Radiant floor heating systems have 

shown various merits over other systems such as non-interference with room decorations as it 

is hidden in the floor nevertheless with its issues in the maintenance of the pipes [8].  

As a conclusion, most of this literature review on radiant floor heating systems relative merits 

over other conventional heating systems with different background controls showed no clear 

evidence that floor heating system provides a better energy performance and indoor climate 

than other systems. On the other hand, other studies were mainly focusing on low-temperature 

heating systems using other heating units such as radiators, even if some few showed a 

combination of floor heating with a low-temperature supply but at a small scale such as a part 

of the building, i.e. bathrooms. The remaining studies performed were only providing 

information about the efficiency of floor heating systems, standards, controls and design 

processes. However, there is no study showed to a large scale using a low-temperature floor 

heating hybrid floor solution and compare its efficiency on energy, thermal comfort and IAQ 

with other convention systems. Furthermore, there is a need to study the effectiveness of this 

system in the Mediterranean climate in contrast to other previous studies performed in a 

different climate. 
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3. Methodology. 
The main method used in this study is simulation using a model representation of the existing 

conditions of the school buildings. The main reason for using the simulation method in this 

study was to allow an easy set of some variables and parameters from data collection. Another 

reason was to enable different model manipulation and intervention on representation through 

controlling some background variables and hence produce a comparable heating systems 

scenario. Furthermore, it eases results observation thus making less of a problem for the 

internal validity of this study. The time constraint for this study and economic factors played a 

key role in methodology choice. As it would be expensive and time-consuming in case of onsite 

experiment or making a physical model of these buildings. Apart from simulations, data 

collections from existing conditions were recorded from 2014 to 2017 and other data were 

collected during November 2018 site visit and with installed measuring instruments in March 

2019. The literature on low-temperature floor heating system through different published 

papers and different standards such as ASHRAE, ISO and EN were also used in support to this 

comparative study. The methodology used in a flow chart can be summarised in figure 2 below. 

 

Figure 2: Chart flow diagram of the methods used 
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3.1 Data collection on Sant Cugat del Vallès school 
The two school buildings investigated are located in Sant Cugat del Vallès in Barcelona, Spain 

in the Mediterranean climate. These buildings take a large part of the total built area of the 

school compared to the other buildings. The primary school building is two floors building 

with a surface area equal to 1235.2 m2 while as sports pavilion has 415.4 m2 floor area. The 

primary school is divided into a different number of rooms depending on their functionalities 

such as classrooms, dining room, toilet, tutorials and corridors. Those rooms also differ from 

their occupancies, lighting, equipment and occupant schedules. The building heating system is 

composed of water radiators that are connected to a primary heating system composed of a 

natural gas boiler. The boilers convey directly high temperature-based water through radiators 

in each heated room. The buildings use natural ventilation to provide fresh air through a 

window opening. No cooling systems available in the whole buildings except some cooling 

devices installed in computer rooms.  

Data collection consisted of file records about monthly energy billing, information on building 

renovations, heating system specifications, geological information and climate data. 

Furthermore, a study visit was performed in November 2018 to collect some visual data that 

were important in this study. This visit also allowed a better understanding of the area and 

gathering other non-recorded data by doing interviews with locals. Lastly, an instrument was 

installed in the primary school building to measure some indoor parameters such as 

temperatures, humidity and CO2 ppm. Figure 3 shows Sant Cugat primary school aerial view 

while Table 1 shows building information measured and recorded between 2014 and 2017.  

 

Figure 3: Aerial view of Sant Cugat Escola pins del vallès 
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Table 1: Data collection and records information about the school building. 

Item  Primary school and Sport pavilion  

Size Sant Cugat del Vallès school was constructed in 1979. 

The total built area is 3894 with which the primary school occupies 

1235.2 m2 and sport 415.4 m2 pavilion  

Climate Mediterranean climate/ Barcelona airport database/ASHRAE 2013 

Building envelope:  

U-values, Glazing, 

materials 

• Ceramic wall 30 cm wide in Primary school building U value: 0,83 

W/ m2K before renovation 

• Concrete block 25 cm in sports pavilion. U value: 1,12 W/ m2K 

Windows in the primary school building (Aluminium window with 

double glazing and shutters PVC). 

Wall renovation: 

• Ceramic wall 30 cm ETICS system in Primary school building, New 

U value after renovation: 0,27 W/ m2 · K 

• Concrete block 25 cm + ETICS system in sport pavilion, New U 

value: 0,29 W/ m2 · K 

• Non-specified data are considered as default values from IDA 

ICE 

Schedules, Operation, 

occupancy 

• Classroom: 9:00 AM to 12:30 PM and 3:00 AM to 4:30 PM,  

• Extra activities: 7:30 AM to 8:45 AM and 4:30 PM to 6:00 PM 

(sport included) 

• Sports pavilion: 7.30 AM-12.30 PM and 1.30 PM to 6.00 PM 

• Schedules for other zones such as toilet, dining room, library, 

computer-room were estimated [15] 

HVAC systems  • Central heating systems monitored (Natural gas); 3*126 kW 

standard boiler for primary school, administration and sports 

pavilion with cast iron radiators 

• No mechanical Air conditioning systems, it is only performed 

through natural ventilation. 

• No central cooling system present except some electric cooling 

devices in the computer room and sports pavilion hall. 

Internal loads Equipment: 15 W/m2 

Lighting:  12W/m2 

Metabolism: varies 1-4MET depending on activity level in zones 

Source: ASHRAE 55-2010, [15] 

Heating-energy 

demand 

Around 280000kWh/year, by which annually spending per square 

meter of 73,51kWh/m2/year. This energy was recorded through a 

monthly energy meter billing. The billing period starts every 25th of the 

previous month. This heating energy demand was recorded from 2014 

to 2017. 
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3.2 Model creation and validation 
The building was created and modelled in IDA ICE by complying to its size, dimensions, 

geographical location, and building materials properties using information from data 

collection. All the validation process was performed in IDA Indoor Climate and Energy (IDA 

ICE). IDA ICE is a mathematical model for calculation, predicting and analysing indoor 

climate and energy performance that uses a dynamic simulation of heat transfer and airflow 

principles [7] [16].  

Some missing information was added by referring to ISO,  EN, ASHRAE standards, scientific 

paper peer review in the literature and local database measured in Sant Cugat school. The 

number of zones created in IDA ICE were 42 in the primary school building and 3 in the sports 

pavilion. The total created zones in both buildings were 45 and zones with the same 

functionality or with the same north/south geographical direction were merged to minimise the 

simulation time.  

The setpoints were adjusted to the measured values with installed devices in the primary 

schools that record the indoor temperature, CO2 ppm, pressure, and Humidity. However, there 

was only one connected device in the whole primary school building precisely near the library 

zone on the first floor. The choice for device location was strategic to get average value as it is 

in the middle of the building. The climate profile data used in IDA ICE database from 

ASHRAE fundamental 2013 was Barcelona (airport) which is approximately 30 Km from Sant 

Cugat del éès school.  

The internal load data inputs such as lighting, equipment and other unknown occupancy loads 

which were not in data collection have been replaced based on recommended values and 

scientific paper review data [15], ASHRAE 55-2010. Furthermore, some other parameters that 

were needed for validation and have not found in data collection such as infiltration rate, wind 

pressure coefficients of the building were assumed based on ASHRAE fundamentals [17], [18] 

and [19].  
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Figure 4 below shows models created in IDA ICE for both primary school and sports pavilion. 

 

Figure 4: Model representations in IDA ICE of sports pavilion (up) and primary school (below). 

The heating capacity of radiator QW is calculated as shown in (1), Urad and LMTD are heat 

transfer coefficient, and logarithmic mean temperature difference of water radiator temperature 

variation (TW, in and TW, out) indoor air temperature Tind [20] 

 Qw= Urad *Arad* LMTD                                                                                                       (1) 

Where,     

LMTD = (TW, in - TW, out) / ln (TW, in - Tind   / TW, out - Tind)                                                             (2) 

Radiator heat transfer depends mostly on the surface area, more large area more heat released, 

the material composing the radiator surface transfer coefficient and the water supply 

temperature.  Figure 5 shows the heat transfer method of radiators, while figure 6 shows an 

existing radiator heating system in Sant Cugat. 
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Figure 5: Heat transfer principles of a conventional radiator [20] 

 

 

Figure 6: Radiator heating in Both dining room (Left)and Classroom (Right) 
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Figure 7 below shows the radiators installed in sports pavilion on the left and the existing three 

natural gas boiler of about 126 kW each in Sant Cugat del éès school. 

 

Figure 7: Radiator heating in a sports hall (Left) and Three existing natural gas boiler (Right)  

The validation using simulation was performed to deliver the results equivalent to or 

comparable to onsite conditions and measured data.  The methods of Heating degree days 

(HDD) was applied to measure the real energy consumption using simple ration-based 

normalisation from the period 2014 to 2017. This study considered measured heating energy 

demand as heating energy demand recorded through a monthly billing system in that period. 

The weather climate records in Sant Cugat del vallès were also used to calculate HDD. As 

heating energy consumption depends more on the outdoor temperature, the colder outdoor air 

temperature, the more heating demand needed to provide acceptable thermal comfort. The 

weather normalisation using HDD helps in a fair comparison of normalised figures as it allows 

to adjust energy-consumption figures to factor out the variations of outdoor air temperature 

[26]. 

The Heating degree days (HDD) is defined and calculated using the formula below, 

HDD= ∑ 𝒃𝒂𝒔𝒆 𝑻 − 𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝒅𝒂𝒊𝒍𝒚 𝑻𝒏
𝒊=1                                                                              (3) 

Where; (𝑏𝑎𝑠𝑒 𝑇 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑎𝑖𝑙𝑦 𝑇) > 0 
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The average daily temperature was calculated as an average of the maximum and minimum 

daily temperature whereas the base temperature is threshold value below which indicate the 

need for heating and, this implies that the base temperature is considered as the outdoor 

temperature at which both internal and solar gains offset heat losses [21]. The base temperature 

is calculated to be equal to 65oF (Fahrenheit) or around 18.3oC (Celsius); this is mainly 

considered for building with good insulations [21].   

As recently, these two buildings have undergone a renovation that was supposed to increase 

the thermal efficiency of the external wall to minimise heat losses through its walls. The 

primary school external wall and sport pavilion improved U-values were 0,27 W/ m2 · K and 

0,29 W/ m2 · K from 0,83 W/ m2K and 1,12 W/ m2K respectively. This recent external wall 

thermal efficiency renovation leads to the creation of scenarios basing on the renovated U-

values for future implementations of the efficiently competing heating system strategy.  

After validation, the next step was to upgrade the U-values of renovated external walls for both 

primary school and sports pavilion and then simulate the models. It is expected that the 

simulation of these U-value upgraded models would show an impact on both building envelope 

and energy performance.  
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3.3 Building setpoints, standards and assumption 
The modelling of the heating-ventilation systems of the created scenarios was based on some 

building regulations and standards such as EN 15251:2006 (indoor environment input 

parameters for design and assessment of energy performance of building-addressing indoor air 

quality, thermal environment, lighting and acoustics), ASHRAE Standard 62-2001 (ventilation 

for acceptable indoor air quality) and ASHRAE Standard 55-2010 (thermal environmental 

conditions for human occupancy) [22],[18][23].  

The purpose of considering these regulations was to design an acceptable value of thermal 

living conditions and satisfactory indoor air quality in newly designed heating systems. The 

main indoor thermal comfort design set-points and indoor air quality were summarised in Table 

2.  The minimum recommended value for ventilation in a school building was about 0.6 L/s/m2 

and 1.5 L/s/m2 for both primary school and sports pavilion respectively.  Floor surface 

temperature in with a floor heating system should not be above 29oC so as not to cause 

discomfort in case of barefoot walking. 

The temperature in occupied zones cannot be lower than 20oC in sports pavilion and 21oC in 

primary school. The considered heating temperature setpoint was 21oC. The CO2 ppm 

concentration in each occupied zone will indicate its indoor air quality. The maximum value 

was set to be 1200 ppm CO2 ppm, while the maximum allowable relative humidity was set to 

be 80 % in both buildings.  

Table 2: Scenarios indoor climate set points 

Condition   Limits 

Temperature 21oC/Primary school and 20oC/sport pavilion 

CO2 concentration 400 ppm<Set points<1200 ppm 

Minimum ventilation for primary school 0.6 L/s/m2 most of the zones 

Minimum ventilation for sport pavilion 1.5 L/s/m2 only in the sports hall 

Cooling temperature Not in scope 

Maximum allowed relative humidity 80% 

Surface floor temperature < 29OC mainly for floor heating system 
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These systems compared use different heat propagations methods. Floor heating and radiator 

heating mostly transfer heat by both radiation and convection while all air system heat transfer 

is only through convection. Figure 8 illustrates the difference between all air heating system 

and floor heating system heat transfer methods in a single occupied zone. 

 

Figure 8: Heating transfer methods for all three systems in a zone source [27][28] 

In modelling all the three scenarios representing an existing conventional radiator heating, low-

temperature floor heating and all air heating system, inputs parameters, assumptions and 

system controls used are shown Table 3 below. The primary hot water supply to all compared 

scenarios was through a default boiler in IDA ICE and with same controls such as working 

schedule and water temperature supply controls. The main reason is to make a fair comparison 

between these heating systems. 
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Table 3: Assumptions and standards used in three scenarios cases 

Input/assumptions 

and standards 

Scenario 1: CR heating 

+ natural ventilation 

Scenario 2: LTH- floor 

heating + DCV 

Scenario 3: Air-

Heating/ventilation 

The primary system 

in IDA  

(simplicity) 

Water from a default 

boiler, gradually 

supply/ ambient 

outdoor temperature 

+ Always ON 

 Water from a default 

boiler, gradually supply/ 

ambient outdoor 

temperature 

+ Always ON 

 

Water to air supply from 

a default boiler, Supply/ 

ambient Outdoor air 

supply to a heating coil 

in AHU  

+ Always ON 

Primary system 

water supply 

controller 

 outdoor temperature Outdoor temperature Outdoor temperature 

Secondary heating 

system 

Radiator Radiant Floor heating Air handling unit 

External wall –

envelope 

Renovations 

New U-value New U-value  New U-value 

System controls  ON/OFF radiator 

heating 

ON/OFF floor heating 

system 

Return Air temperature 

control 

Windows opening Schedule-operating Closed Closed 

Ventilation system Natural ventilation Demand controlled 

ventilation 

Constant air volume 

Heating recovery 

system 

                 - 0.85 heat exchange co-

efficiency 

0.85 heat exchange co-

efficiency 

 Heating, ventilation 

comfort set-points 

and standards. 

EN 15251:2006, and 

ASHRAE Standard 62-

2001, actual onsite 

measurement and 

ASHRAE Standard 55-

2010 

EN 15251:2006, and 

ASHRAE Standard 62-

2001 and +EN15377-1 

and EN 1264 and 

ASHRAE Standard 55-

2010 

EN 15251:2006, and 

ASHRAE Standard 62-

2001 and ASHRAE 

Standard 55-2010 

Occupant-schedule, 

Holidays, internal 

load, equipment, 

and lighting 

Unchanged Unchanged Unchanged 

Climatic data Mediterranean Mediterranean Mediterranean 
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Figure 9: Boiler supply water temperature vs Outdoor air temperature 

This primary system boiler supplies hot water to the secondary system with respect to the out-

door air temperature, as shown in figure 9. As the lowest outdoor air temperature in Sant Cugat 

del vallès does not go below zero degrees Celsius (0oC) and hence water supplied by primary 

systems can be considered as low-temperature heating supply. In ASHRAE database used in 

IDA ICE indicate that the minimum temperature recorded was equal to 1.2oC. The boiler di-

rectly supplies water in both cases of conventional radiator heating and radiant floor heating 

system.  In all air heating system, the heating coil in the air handling unit receives hot water 

supply from the boiler to heat outdoor fresh air supply in zones.  

As one of the primary objectives of this study is to compare the energy efficiency of these 

different heating systems scenarios, a need to calculate and compare the coefficient of perfor-

mance (COP) of these systems is necessary. Knowing the COPs of these systems will be useful 

to predict the heat pump efficiency of this low-temperature source supply in the future geother-

mal retrofitting. The COP of these scenarios will be calculated based on equation 4, where the 

evaporation temperature chose to be -7oC or 266.15K and the Carnot efficiency was selected 

to be 0.5 of high efficiency residential and commercial units [24][10]. 

𝐶𝑂𝑃 = 0.5 ∗ (
Ө𝑠𝑢𝑝𝑝𝑙𝑦

Ө𝑠𝑢𝑝𝑝𝑙𝑦−Ө𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛
 )                                                                                    (4) 
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3.4. Scenario 1: Conventional radiator heating system with a natural ventilation 
This scenario is a copy of an existing validated heating system conditions but with little 

difference about external wall U-value upgrade and a default boiler water supply with its new 

working schedule. The heating system is mounted with a conventional water radiator which is 

directly connected to a default water supply boiler with supply temperature control to outdoor 

air temperature. This system uses natural ventilation based on existing building conditions. The 

U-value modifications on this scenario changed from 0,83 W/ m2K to 0,27 W/ m2 · K for 

primary school external wall and from 1,12 W/ m2K 0,29 W/ m2 · K for sports pavilion external 

walls. The boiler in existing conditions was supposed to operate only during weekdays, and 

hence it was creating some high peaks during the start of the day or week. To fix this problem 

and at the same time to create a fair comparison to other scenarios. The boiler operation 

schedule was modified from weekly day operation to Always ON schedule. Here, the holidays 

for the school and other days-off during the studying period were not modified from the 

existing conditions. 

 

3.5 Scenario 2: A hybrid low-temperature floor heating system with a DCV  
Low-temperature heating system scenario is composed of a floor heating system and a demand 

control ventilation (DCV). The radiator heating was replaced by floor heating while demand 

control ventilation replaced natural ventilation. The primary heating system is low temperature-

based water supply while the ventilation system is made only by a mechanical outdoor fresh 

air supply.  

The radiant floor heating system specifications used in this scenario is UPONOR’s Siccus floor 

heating figure 10, which is primarily used in retrofitting purpose to replace other existing 

heating systems. It is easier to implement and does not need the building’s floor to be 

demolished instead is laid over the building floor. Uponor Siccus floor heating is composed of 

suspended timber floor of the minimum height of 55 mm in which the pipes are mounted. It is 

comprising of four components such as mounting sheet, conducting plate, pipes and PE foil. 

Some of the advantages of Siccus is its low static weight about 25kg/m2, suitable to be used in 

the retrofit project as it is quick to install, ideal for composite pipe and its fast response 

temperature control [29][30].  
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Figure 10: Uponor Siccus source [30] 

The floor heating systems are mainly classified into different types depending on the location 

of pipe in the floor layers (A, B and C), pipes as microcapillary grids of channel (D), pipe 

embedded in wooden construction(G) and pipes embedded in a massive concrete slab (E) such 

as Thermal Active Beams (TABS). The heat flow density q depends on some parameters such 

as pipe thickness(T), thickness (Su) from the floor surface to centre of the pipe, thermal 

conductivity (λΕ) of inwards layer of the pipes, thermal resistance of the covering such tiles 

and carpet(RλB), pipes external diameter da and, heating conducting devices properties. The 

universal single power function to calculate the heating capacity of floor heating systems A, B, 

C and D using simplified equations according to EN15377-1 and EN 1264 is simplified in 

equation 5 below.  

                                       q (W/m2) = B. Πi(ai
mi). ΔӨH                                                            (5) 

Where, B depends on the type of systems; the product links (Πi(ai
mi)) is the product of different 

factors such as surface covering aT, pipe diameter aD, screed covering aU, heat conductive 

devices aWL, contact factors aK and, other factors such as pipes spacing mT= 1-T/0.75, covering 

thickness mu=100(0.045-su) and pipe diameter mD=250(D-0.020).  The differential 

temperature is calculated as following with ӨV, ӨR and Өi as supply water temperature, return 

water temperature and standard inside temperature (usually operative temperature) 

respectively. 

                                              𝛥𝜃𝐻 = |
𝜃𝑣−𝜃𝑅

𝑙𝑛
𝜃𝑣−𝜃𝑖
𝜃𝑅−𝜃𝑖

|                                                                       (6)             
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Uponor Siccus floor heating systems heat capacity is calculated using thermal resistance 

methods that also is applied for a G-type floor heating system. Heating resistance method is 

calculated using EN 15377-1 standards and is mainly dependent on the presence and effect of 

its heat-conducting plate [25]. Three main important parameters using heating resistance 

method are thermal resistance in the heating conducting layer, from conducting plate to heating 

area Ri thermal resistance beneath the layer Re and thermal resistance from a heating medium 

such as water in this case to the conducting layers RHC. Figure 11 shows a simplified diagram 

of how the resistance methods are calculated from floor heating systems. 

The heat output for heating resistance method is calculated as: 

                                           qi= KH*ΔӨH W/m2                                                                     (7) 

 where,   

KH=1/(RHC+Ri) W/m2 oC and RHC = T*R’R+T*R’R, con+O.5 T*R’U+RCL                                      (8)  

 

Figure 11: Thermal resistance method for floor radiant heating source [3]. 

The Uponor’s Siccus radiant floor heating power is calculated using equation 3. The knowledge 

about different parameters such as pipe spacing, thermal resistance, the differential temperature 

of supply water temperature in the pipe and the conditioned temperature, depth of pipes to the 

conditioned space floor surface and its thermal conductivity can be used to calculate heating 

power using figure 12. 
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Figure 12: Uponor chart diagram for heating power calculation Source [UPONOR 2018] 

 

This floor heating system using Uponor’s Siccus were connected to a primary source with a 

supply water temperature that does not exceed 40.4oC as according to figure 9. The control 

strategy of this low-temperature heating systems was only limited to an ON/OFF control and 

to improve necessary thermal comfort and energy-saving options, individual zones room 

temperature was controlled as operative temperature for heating supply as shown in Figure 13 

below. 
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Figure 13: Floor heating input data in IDA ICE 

This scenario was mounted with an air handling unit with demand-controlled ventilation 

(DCV) to provide necessary ventilation to occupied zones to minimise and control air 

pollutants in those zones. Each zone was supplied with a minimum ventilation airflow to reduce 

CO2 ppm air contamination, condensation and, to meet the necessary standards as 

recommended by EN 15251:2006 and ASHRAE Standard 62.1-2001. The heating and cooling 

coils were turned OFF so that it does not provide any heating/cooling supply to the overall 

floor heating systems. To reduce the risk of cold outdoor air temperature and energy wastage 

from the zone, a heat recovery system of about 85% was mounted to this system.  
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3. 6 Scenario 3:  All air systems/forced ventilation 
All-air heating and ventilation system, also known as forced ventilation, was is composed of a 

standard air handling unit with an active heating coil, heat exchanger, fans and air terminals. 

The outdoor air is supplied to the inside by passing through a heating coil to be heated up before 

being supplied to the zone’s air terminals in zones.  After heating/ventilation process, return 

air passes through a heat recovery system before being exhausted with a fan to the outdoor.   

This system was mounted with an air handling unit with a default boiler hot water supply as 

figure 15 shows. This scenario was a return air temperature control to ensure an efficient heat 

supply through the zones. The main reason for this scenario is that all air heating/ventilation 

system is primarily used in a Mediterranean climate. 

A heat recovery system in the air handling unit of about 85% was used to make all air heating 

system more efficient. All the design parameters were used based on the recommended values 

for minimum ventilation in EN 15251:2006 and ASHRAE Standard 62-2001.  

Furthermore, other background parameters and systems have been kept constant such as 

internal loads, materials properties. The windows opening schedule was set to a ¨never open¨. 

All windows were set to be closed during the operation of this system to reduce heat losses 

through the outdoor and hence make the system more efficient. The air handling unit supplies 

a constant air volume in a range between 0.7 l/s.m2 to 4.2 l/sm2 depending on each zone 

requirements as recommended in EN 15251:2006. 
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Figure 14 shows a simplified diagram of all air system heating/ventilation used to heat up 

both primary school and sports pavilion. 

 

Figure 14: All air heating/ ventilation systems used in this scenario in IDA ICE 

The controller setpoint for heating for this system was kept to 21oC on returned air, below this 

temperature, the supply air temperature from AHU should be maximum of 30oC and above that 

the supply temperature should be minimum of 15oC. The cooling coil has been shut down for 

this scenario due to the scope of this study. The heat exchanger system and fan operation 

schedule were assumed to always operate with some minimum achievable indoor temperature 

of 13oC during the unoccupied period (night-time) and except during holidays where all the 

system are considered not to be in operation. 
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4. Results and discussion 
4.1 Validation and U-value renovation 
The heating demand validation is measured through a yearly heating period with a non-heating 

period from 1st of June to the 22nd of September was indicated through figure 15. It shows 

normalised measured energy consumptions compared to simulated in IDA ICE. From January 

to May and October to November, there is a slight deviation between measured and simulated 

values and shows that in most of the monthly values the simulated values are slighter higher 

than measured. However, when it comes to December, there is a significant difference in 

values. The possible explanation to those errors can be explained into two aspects which are, 

the used measurement methods and uncertain ratio percentage of heating demand contribution 

to each of these buildings to the total heated area including the administration building itself.  

The normalised heating energy demand for primary school and sports pavilion together was 

assumed to be proportional to the heating demand as per floor area which takes about to 90.4 

% of the total energy measured as a total to Sant Cugat school. However, this judgement was 

not adequately representing the reality of individual heating demand of these buildings because 

different parameters that contribute to energy consumption in building such as heated 

area/volume, internal loads, activity level, building geographical location and building thermal 

envelope performance are not the same. Even though this assumption does not seem to 

represent the reality of heating demand proportions, it is the best alternative as the total yearly 

energy demand is also measured in kWh/m2. 

Another explanation to this is that most of the energy consumption records were taken through 

a billing system which was measured starting on 25th of the preceding month and considered 

to be for the next month. This billing system to record heating demand could have been the 

source of errors and deviations from the real monthly heating demand. In addition to that, most 

of the calculated/simulated values based on using assumptions and standards, that were 

sometimes not reflecting the reality in case some onsite data were missing. As an example, no 

information was found during data collection about thermal transmittance of building internal 

walls and roof, zone air change per hour and wind pressure coefficients. 
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Figure 15: Measured vs simulated energy demand 

After the validation process, the building energy demand and wall transmission simulations 

result to see an impact of U-value upgrade has been observed to be significant as it showed in 

figure 16. There is a significant decrease in heat transmission through the walls mainly in cold 

months as from the existing heating system, and this has a positive impact in decreasing heat 

losses and hence a better energy performance. 

 

Figure 16: Wall heat transmission before and after U-values renovation 
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The simulation made after upgrading U-values in both primary schools, and sports pavilion 

showed a decrease in the energy performance of the buildings up to about 38%. Figure 17 

below explains the monthly comparison of heating demand before and after external walls u-

value renovation. 

 

Figure 17 Heating demand saving after U-values renovation 

4.2 Energy performance 
The yearly heating energy demand for the three scenarios is shown in figure 18. The figure 

shows that hybrid-Low temperature floor heating (LTH-floor+DCV) energy performance is 

higher than both conventional radiators with natural ventilation (CR+NV) and all air heat-

ing/ventilation system. In most of the months of the years, it shows heating energy demand 

saving is about 42% and 51 % compared to radiator heating and all air heating system respec-

tively. 
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Figure 18: Comparison of heating demand by heating systems 

It can be observed in figure 19 and figure 20 that the weekly average supply temperature for 

both the primary school building and sports pavilion are generally slightly high with hybrid 

low-temperature floor heating as compared to other heating systems. However, the maximum 

supply water temperature recorded with LTH-Floor is 40.3oC while it is 40.3oC and 40.4oC for 

both All air and conventional radiator heating systems respectively. This clearly agrees with 

the definition given for a low-temperature heating system defined as the supply temperature 

with a maximum water temperature of 45oC [6]. 
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Figure 19: Water supply temperature vs outdoor air temperature (sports pavilion) 

 

 

Figure 20: Water supply temperature vs outdoor air temperature (primary school) 

Figure 21 shows the calculated COP of different heating systems and reveals that all air system 

shows a high COP compared to other heating systems. There is a slight difference among their 

COP values and does not differs too much because all these three heating systems are from a 

low-temperature supply source. The yearly average COPs are 4.35, 4.4 and 4.5 for hybrid low-

temperature floor heating, conventional radiator heating and all air heating system respectively. 
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Figure 21 Weekly average COP comparison 

4.3 Thermal comfort and indoor air quality  
The primary focus was also to compare different heating systems on thermal comfort, and it 

was expressed and compared as the operative temperature in the most north-faced zone of the 

building. Generally, the results revealed that all the three-heating system were providing an 

acceptable thermal comfort as defined in set points and fall within recommended standards 

values. Hybrid low-temperature floor heating showed a lower operative temperature compared 

to the other heating systems. There are different reasons for this; one main reason is that this 

heating method involves a slow response heating transfer in the case when the occupant’s 

schedule starts compared to the conventional radiator that quickly covers up the heating needed 

in a couple of minutes. The need for preheating time for floor heating system is significant 

compared to other heating systems compared. Figure 22 shows the operative temperature in 

one zone of the primary school where all the heating systems compared were above the mini-

mum heating setpoint throughout the year. However, figure 23 shows a slight difference with 

low-temperature floor heating as at some point it was unable to provide the required heating in 

a very cold outdoor air temperature. An explanation that can be provided to this issue is that in 

sports pavilion there are too much heat losses through window and air infiltration that make 

difficult for a slow response heating system to counter those losses. 
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Figure 22 Operative temperature in the most north-faced zone (primary school) 

 

Figure 23: Operative temperature in sports hall zone (sports pavilion) 

The indoor air quality has been measured by considering the amount of CO2 ppm in the worst 

zone in primary school, and a sports hall in the showed pavilion which has a capacity of about 

44 occupants during operation. Figure 24 shows this comparison in the worst zone of primary 
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school and figure 25 compares CO2 ppm in the sports hall. The existing conventional radiator 

heating in combination with natural ventilation poorly ventilate this building, and as a result, it 

was showing high CO2 concentration with a maximum recorded of 2852 ppm and other values 

above 1200 ppm in most of the zones. This high CO2 ppm concentration was due to lack of 

some window connection for some rooms to the fresh outdoor air and others for a short time 

opening in primary school in cases of cold period. Opening large percentage of windows in 

cold period may result in heat loss to the outdoor and make the heating demand increasing as 

planned.  In sports pavilion, the indoor air quality was somehow comparable to that in religio 

but due to possibility to open most of the windows (which has high window/volume ratio com-

pared to primary school) high internal load gains from occupancy can balance heat losses 

through windows. However, LTH floor with a demand control ventilation hybrid showed a 

better indoor air quality while as all air heating/ventilation system was the best among the three 

compared scenarios. 

 

Figure 24: CO2 ppm comparison worst zone (primary school) 
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Figure 25: CO2 ppm comparison in the sports hall 

4.4. Further observation and discussions 
During the modelling and simulation, some observations were made about all the three heat-

ing/ventilation system scenarios: 

• The results showed that it was hard to reach a lower average PPD value less than 10% 

in all three heating/ventilation scenarios in sports pavilion of 44 occupants with an ac-

tivity level equivalent to 4MET (ASHRAE 55-2010 suggest for sports activities). The 

average value reached in all scenarios was above 12 %. Due to this fact, an assumption 

that not all occupants in sports pavilion have the same activity level since some occu-

pants are playing and others are seated as spectators. Hence the average MET was as-

sumed to equivalent to some dancing in the hall of about 2.4 MET since most of the 

occupants are kids and cannot be compared to an athlete in sports arena.   

• The ON/OFF control of the floor heating showed a significant improvement in thermal 

comfort when controlled with operative temperature than surface temperature or air 

temperature. During the simulation, generally 2oC increase with zone controlled with 

operative temperature than those with surface temperature or air temperature. 
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• The use of low-temperature water supply revealed that all the three systems can operate 

below a supply temperature of 40.4oC, provided a better thermal comfort within the 

recommended limits and with a better COP. 

• The condensation problem that was highly present with radiator heating with natural 

ventilation was removed in all zones with both LTH-floor heating and all air 

heating/ventilation systems. The previous condensation was due to lack of air 

circulation in different zones to remove humid air. 

• Furthermore, it has been revealed that the boiler operation schedule to always ON is 

the best solution to avoid some heating demand peak values that were present during 

the beginning of the day, week or after holidays in case the boiler operates on daily, 

weekly basis and OFF during weekends. This peak presence has been minimised by 

setting the boiler water supply schedule to always ON or continuously working. 

• The External wall U-value renovation showed a high decrease in energy demand, and 

it is believed to have improved the performance of hybrid low-temperature floor heating 

as it performs well with the high performing building envelope. 

• The yearly average floor surface temperatures of hybrid low-temperature floor heating 

were within the recommended limits values in ISO 7730. 
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6. Conclusions 
 

The study performed on hybrid low-temperature floor heating with demand control 

ventilation (LTH-Floor +DCV) showed high energy performance compared to other 

conventional systems mainly used in the Mediterranean climates such as all air and radiator 

heating. The heating energy demand saving was about 42% and 51 % for both radiator and all 

air heating system, respectively. All three heating systems showed good coefficients of 

performance when supplied with low-temperature heat supply. All the three-heating systems 

also showed an acceptable operative temperature within a minimum recommended in 

ASHRAE Standard 55-2010. The hybrid low-temperature heating system showed slightly 

lower values (but within the recommended ones) than other heating systems due to its slow 

response in heat transfer. The indoor air quality compared in terms of CO2 ppm concentration 

indicated that both hybrid low-temperature heating with a DCV and all air heating/ventilation 

system provide a better indoor air quality (that is within the recommended acceptable limit 

according to EN 15251:2006 and ASHRAE Standard 62-2001) than the existing conventional 

radiator with natural ventilation. 
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1. Measured/bill energy consumption during period 2014-2017 

 

IDA ICE energy report on all  

2. IDA ICE results on delivered energy and system energy 

• Validation-primary school 

 

Delivered Energy Report  

Project  Building  

   Model floor area  3650.7 m2  

Customer  GEOFIT   Model volume  10439.7 m3  

Created by  Boumediene Bizimana   Model ground area  1235.3 m2  

Location  Barcelona (Airport)_081810 (ASHRAE 2013)  Model envelope area  4667.3 m2  

Climate file  [Default]  Window/Envelope  10.4 %  

Case  primary school with boiler changed to default  Average U-value  0.8266 W/(m2 K)  

Simulated  2019-07-25 11:37:19  Envelope area per Volume  0.4471 m2/m3  

Building Comfort Reference 

Percentage of hours when operative temperature is above 27°C in worst zone  3 %  

Percentage of hours when operative temperature is above 27°C in average zone  1 %  

Percentage of total occupant hours with thermal dissatisfaction  7 %  

 

 

 

Delivered Energy Overview 

MONTHS 2014 2015 2016 2017 MEAN

January 67 417,85 75 708,53 43 376,88 68 151,67 63 663,73

February 49 643,08 61 728,83 45 035,66 37 123,85 48 382,85

March 46 945,10 32 113,03 41 752,32 25 519,20 36 582,41

April 0,00 20 461,46 13 255,68 15 746,64 12 365,95

May 0,00 1 249,97 9 793,09 7 971,99 4 753,76

June 0,00 0,00 0,00 0,00 0,00

July 0,00 0,00 0,00 0,00 0,00

August 0,00 0,00 0,00 0,00 0,00

September 0,00 0,00 0,00 0,00 0,00

October 2 190,42 3 686,64 2 012,98 0,00 1 972,51

November 25 544,60 28 026,78 24 329,42 26 777,76 26 169,64

December 34 922,50 37 214,40 25 048,80 45 546,48 35 683,04

TOTAL 226 663,53 260 189,65 204 604,83 226 837,59 229 573,90

Gas (kWh PCS)

kWhPCS kWhPCS kWhPCS kWhPCS kWhPCS
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Purchased energy  Peak demand  

kWh  kWh/m2  kW  

██  Lighting, facility  12265  3.4  11.57  

██  Electric cooling  0  0.0  0.0  

██  HVAC aux  3368  0.9  1.78  

   Total, Facility electric  15633  4.3     

   
 

     

██  Fuel heating  285681  78.3  348.0  

██  Domestic hot water  0  0.0  0.0  

   Total, Facility fuel*  285681  78.3     

   Total  301314  82.5     

██  Equipment, tenant  8039  2.2  8.22  

   Total, Tenant electric  8039  2.2     

   Grand total  309353  84.7     

*heating value  

 

Monthly Purchased/Sold Energy 

 

 

 

 

• Validation sport pavilion 
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Delivered Energy Report  

Project  Building  

   Model floor area  412.4 m2  

Customer     Model volume  1756.9 m3  

Created by  Boumediene Bizimana   Model ground area  415.4 m2  

Location  Barcelona (Airport)_081810 (ASHRAE 2013)  Model envelope area  1216.1 m2  

Climate file  [Default]  Window/Envelope  2.6 %  

Case  Sport pavillion boiler default  Average U-value  0.5989 W/(m2 K)  

Simulated  2019-08-06 14:38:10  Envelope area per Volume  0.6922 m2/m3  

Building Comfort Reference 

Percentage of hours when operative temperature is above 27°C in worst zone  3 %  

Percentage of hours when operative temperature is above 27°C in average zone  2 %  

Percentage of total occupant hours with thermal dissatisfaction  14 %  

Delivered Energy Overview 

 

Purchased energy  Peak demand  

kWh  kWh/m2  kW  

██  Lighting, facility  3192  7.7  2.8  

██  Equipment, facility  3990  9.7  3.5  

██  Electric cooling  0  0.0  0.0  

██  HVAC aux  121  0.3  0.15  

   Total, Facility electric  7303  17.7     

   
 

     

██  Fuel heating  33919  82.2  40.41  

██  Domestic hot water  0  0.0  0.0  

   Total, Facility fuel*  33919  82.2     

   Total  41222  99.9     

*heating value  

 

Monthly Purchased/Sold Energy 
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• New U-VALUE  +PRIMARY SCHOOL 

 
 

Delivered Energy Report  

Project  Building  

   Model floor area  3650.7 m2  

Customer  GEOFIT   Model volume  10439.7 m3  

Created by  Boumediene Bizimana   Model ground area  1235.3 m2  

Location  Barcelona (Airport)_081810 (ASHRAE 2013)  Model envelope area  4667.3 m2  

Climate file  [Default]  Window/Envelope  10.4 %  

Case  primary school with boiler ALWAYS ON New Uvalue  Average U-value  0.6285 W/(m2 K)  

Simulated  2019-08-09 15:50:19  Envelope area per Volume  0.4471 m2/m3  

Building Comfort Reference 

Percentage of hours when operative temperature is above 27°C in worst zone  5 %  

Percentage of hours when operative temperature is above 27°C in average zone  1 %  

Percentage of total occupant hours with thermal dissatisfaction  7 %  

Delivered Energy Overview 
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Purchased energy  Peak demand  

kWh  kWh/m2  kW  

██  Lighting, facility  12264  3.4  11.57  

██  Electric cooling  0  0.0  0.0  

██  HVAC aux  2730  0.7  1.78  

   Total, Facility electric  14994  4.1     

   
 

     

██  Fuel heating  181205  49.6  251.7  

██  Domestic hot water  0  0.0  0.0  

   Total, Facility fuel*  181205  49.6     

   Total  196199  53.7     

██  Equipment, tenant  8039  2.2  8.22  

   Total, Tenant electric  8039  2.2     

   Grand total  204238  56.0     

*heating value  

Monthly Purchased/Sold Energy 

 

 

• NEW U-VALUE + SPORT PAVILION 
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Delivered Energy Report  

Project  Building  

   Model floor area  412.4 m2  

Customer     Model volume  1756.9 m3  

Created by  Boumediene Bizimana   Model ground area  415.4 m2  

Location  Barcelona (Airport)_081810 (ASHRAE 2013)  Model envelope area  1216.1 m2  

Climate file  [Default]  Window/Envelope  2.6 %  

Case  Sport pavillion.idm with new U value(boiler renewed)  Average U-value  0.3577 W/(m2 K)  

Simulated  2019-08-12 15:25:54  Envelope area per Volume  0.6922 m2/m3  

Building Comfort Reference 

Percentage of hours when operative temperature is above 27°C in worst zone  4 %  

Percentage of hours when operative temperature is above 27°C in average zone  2 %  

Percentage of total occupant hours with thermal dissatisfaction  13 %  

Delivered Energy Overview 

 
Purchased energy  Peak demand  

kWh  kWh/m2  kW  

██  Lighting, facility  3190  7.7  2.8  

██  Equipment, facility  3988  9.7  3.5  

██  Electric cooling  0  0.0  0.0  

██  HVAC aux  53  0.1  0.11  

   Total, Facility electric  7231  17.5     

   
 

     

██  Fuel heating  17039  41.3  28.61  

██  Domestic hot water  0  0.0  0.0  

   Total, Facility fuel*  17039  41.3     

   Total  24270  58.9     

*heating value  

 

Monthly Purchased/Sold Energy 
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• LTH FLOOR-PRIMARY SCHOOL  

 

Delivered Energy Report  

Project  Building  

   Model floor area  3650.7 m2  

Customer  GEOFIT   Model volume  10439.7 m3  

Created by  Boumediene Bizimana   Model ground area  1235.7 m2  

Location  Barcelona (Airport)_081810 (ASHRAE 2013)  Model envelope area  4667.6 m2  

Climate file  [Default]  Window/Envelope  10.4 %  

Case  six simulation floor heating och DCV  Average U-value  0.6308 W/(m2 K)  

Simulated  2019-08-14 14:57:51  Envelope area per Volume  0.4471 m2/m3  

Building Comfort Reference 

Percentage of hours when operative temperature is above 27°C in worst zone  4 %  

Percentage of hours when operative temperature is above 27°C in average zone  1 %  

Percentage of total occupant hours with thermal dissatisfaction  9 %  

Delivered Energy Overview 
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Purchased energy  Peak demand  

kWh  kWh/m2  kW  

██  Lighting, facility  12707  3.5  11.57  

██  Electric cooling  8288  2.3  12.45  

██  HVAC aux  295  0.1  0.35  

   Total, Facility electric  21290  5.8     

   
 

     

██  Fuel heating  98365  26.9  99.24  

██  Domestic hot water  0  0.0  0.0  

   Total, Facility fuel*  98365  26.9     

   Total  119655  32.8     

██  Equipment, tenant  8328  2.3  8.22  

   Total, Tenant electric  8328  2.3     

   Grand total  127983  35.1     

*heating value  

 

Monthly Purchased/Sold Energy 
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• LTH-FLOOR HEATING SPORT PAVILION 

 

Delivered Energy Report  

Project  Building  

   Model floor area  412.4 m2  

Customer     Model volume  1756.9 m3  

Created by  Boumediene Bizimana   Model ground area  415.4 m2  

Location  Barcelona (Airport)_081810 (ASHRAE 2013)  Model envelope area  1216.1 m2  

Climate file  [Default]  Window/Envelope  2.6 %  

Case  Sport pavillion Floor heating och DCV same Boiler 
control  

Average U-value  0.3577 
W/(m2 K)  

Simulated  2019-08-19 18:16:44  Envelope area per Volume  0.6922 
m2/m3  

Building Comfort Reference 

Percentage of hours when operative temperature is above 27°C in worst zone  1 %  

Percentage of hours when operative temperature is above 27°C in average zone  0 %  

Percentage of total occupant hours with thermal dissatisfaction  12 %  

Delivered Energy Overview 

 
Purchased energy  Peak demand  

kWh  kWh/m2  kW  

██  Lighting, facility  3993  9.7  3.5  

██  Equipment, facility  3194  7.7  2.8  

██  Electric cooling  0  0.0  0.0  

██  HVAC aux  1632  4.0  1.91  

   Total, Facility electric  8819  21.4     

   
 

     

██  Fuel heating  16538  40.1  16.28  

██  Domestic hot water  0  0.0  0.0  

   Total, Facility fuel*  16538  40.1     

   Total  25357  61.5     

*heating value  
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Monthly Purchased/Sold Energy 

 

 

• All air heating system primary school 

 

Delivered Energy Report  

Project  Building  

   Model floor area  3650.7 m2  

Customer  GEOFIT   Model volume  10439.7 m3  

Created by  Boumediene Bizimana   Model ground area  1235.3 m2  

Location  Barcelona (Airport)_081810 (ASHRAE 2013)  Model envelope area  4667.3 m2  

Climate file  [Default]  Window/Envelope  10.4 %  

Case  six simulation all air systems  Average U-value  0.6291 W/(m2 K)  

Simulated  2019-08-19 17:37:16  Envelope area per Volume  0.4471 m2/m3  

Building Comfort Reference 
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Percentage of hours when operative temperature is above 27°C in worst zone  4 %  

Percentage of hours when operative temperature is above 27°C in average zone  1 %  

Percentage of total occupant hours with thermal dissatisfaction  8 %  

Delivered Energy Overview 

 
Purchased energy  Peak demand  

kWh  kWh/m2  kW  

██  Lighting, facility  10483  2.9  10.36  

██  Electric cooling  0  0.0  0.0  

██  HVAC aux  130431  35.7  15.18  

   Total, Facility electric  140914  38.6     

   
 

     

██  Fuel heating  217966  59.7  131.4  

██  Domestic hot water  0  0.0  0.0  

   Total, Facility fuel*  217966  59.7     

   Total  358880  98.3     

██  Equipment, tenant  8326  2.3  8.22  

   Total, Tenant electric  8326  2.3     

   Grand total  367206  100.6     

*heating value  

Monthly Purchased/Sold Energy 
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• All air heating system -sport pavilion 

 

Delivered Energy Report  

Project  Building  

   Model floor area  412.4 m2  

Customer     Model volume  1756.9 m3  

Created by  Boumediene Bizimana   Model ground area  415.4 m2  

Location  Barcelona (Airport)_081810 (ASHRAE 2013)  Model envelope area  1216.1 m2  

Climate file  [Default]  Window/Envelope  2.6 %  

Case  Sport pavillion All air sytem  Average U-value  0.3577 W/(m2 K)  

Simulated  2019-08-19 18:05:44  Envelope area per Volume  0.6922 m2/m3  

Building Comfort Reference 

Percentage of hours when operative temperature is above 27°C in worst zone  0 %  

Percentage of hours when operative temperature is above 27°C in average zone  0 %  

Percentage of total occupant hours with thermal dissatisfaction  12 %  

Delivered Energy Overview 

 
Purchased energy  Peak demand  

kWh  kWh/m2  kW  

██  Lighting, facility  3191  7.7  2.8  

██  Equipment, facility  3988  9.7  3.5  

██  HVAC aux  18022  43.7  2.1  

   Total, Facility electric  25201  61.1     

   
 

     

██  Fuel heating  17636  42.8  16.93  

██  Domestic hot water  0  0.0  0.0  

   Total, Facility fuel*  17636  42.8     

   Total  42837  103.9     

*heating value  
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Monthly Purchased/Sold Energy 

 

3. Pictures taking during data collection 

  

School outside looking 

 

Boilers specification 
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Classrooms 

  

Sport pavilion (left) and outside sport facility (right) 

 

4. Weather/climate in Sant cugat del vallès 2014-2017
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