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Abstract 

 

The European Union has adopted a plan to decrease 20 % of total energy consumption 
through improved energy efficiency by 2020.  One way of achieving this challenging goal 
may be to use efficient water-based heating systems supplied by heat pumps or other 
sustainable systems. The goal of this research was to analyze and improve the thermal 
performance of water-based baseboard heaters at low-temperature water supply. Both 
numerical (CFD) and analytical simulations were used to investigate the heat efficiency of the 
system. An additional objective of this work was to ensure that the indoor thermal comfort 
was satisfied in spaces served by such a low-temperature heating system.  

Analyses showed that it was fully possible to cover both transmission and ventilation heat 
losses using baseboard heaters supplied by 45 °C water flow. The conventional baseboards, 
however, showed problems in suppressing the cold air down-flow created by 2.0 m high 
glazing and an outdoor temperature of – 12 °C. The draught discomfort at ankle level was 
slightly above the upper limit recommended by international and national standards. On the 
other hand, thermal baseboards with integrated ventilation air supply showed better ability to 
neutralize cold downdraught at the same height and conditions. Calculations also showed that 
the heat output from the integrated system with one ventilation inlet was approximately twice 
as high as that of the conventional one. The general conclusion from this work was that low-
temperature baseboards, especially with integrated ventilation air supply, are an efficient 
heating system and able to be combined with devices that utilize the low-quality sustainable 
energy sources such as heat pumps.    
 

Keywords: Baseboard (skirting) heating, Low-temperature heating, Thermal comfort, Heat 
transfer, CFD 
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1. Introduction 
 

Energy used in the building sector stands for a large proportion of the total energy 
consumption and carbon dioxide (CO2) emissions in most countries. Buildings usually 
account for 20 to 40 % of total primary energy use [1]. According to the International Energy 
Agency (IEA), in 2002 buildings stood for nearly 14 % of global CO2 emissions [2]. 
Unfortunately the international CO2 emissions have not yet started to decrease. On the 
contrary, total emissions are still increasing. In this context it should also be mentioned that 
global greenhouse gas emissions have increased by 75 % since 1970. The main reason for this 
is the combustion of the fossil fuels such as coal, oil and natural gas. Strategies must be found 
and put into practice to break this pattern and create more energy sustainable society. In 
March 2007 the Governments of European Union agreed to adopt so called 20-20-20 plan that 
would mean:    

• 20 % reduction of greenhouse gas emissions by 2020;  
• 20 % reduction of energy consumption through improved energy efficiency by 2020; 
• 20 % increase of the renewable energy use by 2020; 

compared to 1990 levels. In order to meet this challenging plan investment in improvements 
and innovations within the building sector is necessary.  

One way of meeting some part of these targets and cutting energy consumption produced by 
fossil fuels, and thereby the CO2 emissions, is to use suitable water-based heating systems 
served by heat pumps or other sustainable systems. All energy consumed in buildings has to 
be produced from somewhere, and with the use of the heat pump technology, free heat from 
renewable sources such as surrounding air, ground, ground-water and waste heat can be 
utilized for useful heating. The efficiency of the heat pump is mainly affected by two 
parameters. First, the temperature level of the primary thermal source (i.e. air, ground-water) 
used for useful heat production and second, the temperature level of the water supply 
delivered to the heating system (radiators, convectors, floor panel). The higher the thermal 
source temperature and the lower the supply water temperature the higher the heat pump 
efficiency. Usually, this “free energy” is not adequate for all building heat demands, and 
additional electric power must be added to the heat pump to fulfil thermal requirements. The 
ratio between the produced useful heat and the consumed driving energy (electric power) by 
the heat pump is known as Coefficient of Performance (COP). The COP level is the measure 
of the system performance, the higher the COP the better the system efficiency. A rough 
estimation is that a suitable heating system with a heat pump can cover 50 to 90 % of the 
annual thermal demand in the European residential sector. Here it should be noted that a heat 
pump alone is often incapable of overcoming the heating peak loads, which is why an 
auxiliary heating system must be used. Due to the fact that thermal conditions during the 
heating season are highly variable, the heat pump COP levels will vary as well. Therefore a 
Seasonal Performance Factor (SPF), which is an average COP level taken over the whole 
heating season, is a more comprehensive measure of system performance. IEA Heat Pump 
Centre have found that if 80 % of the homes in the Organisation for Economic Co-operation 
and Development (OECD) countries changed their oil boilers to a heat pump with SPF of 3.5, 
approximately 2000 mega tones of CO2 emissions could be saved. This would reduce the 
global CO2 emission by nearly 8.5 % [3]. The question is how to achieve this SPF rate. 
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As detailed earlier, the energy efficiency of a heat pump depends on the source temperature 
and the supply temperature to the heat-emitter. The thermal energy from the source is 
relatively constant over the year but the supply flow temperature to the heating system is 
usually in line with its thermal performance and building heat demand. The lower the building 
heat losses and the higher the thermal efficiency of the heating system, the lower the supply 
temperature that is required. Table 1 demonstrates the impact of supply flow temperature on 
SPF level. Calculations were performed with commercial code Vitocalc [4].   

Table 1. Table shows variation of SPF for a water-to-water heat pump at different supply and return flow 
temperatures. A detached single-family house, built between 1980 and 1989 with annual outdoor conditions for 
the Stockholm region was taken as reference. The power of the heat pump was adjusted to cover 95-100 % of the 
annual heat demand. Thermal source: ground water of 5 °C, with return flow of 2 °C. 

Heat demand and supply Design temperatures Efficiency Heating 

Annual heat 
demand 

Heat pump 
power 

Design 
outdoor 

Annual 
outdoor 

Indoor Supply Return SPF 
System 

classification 

kWh/year kW °C °C °C °C °C – – 

15000 4.3 –12 6.5 21 55 50 (45) 3.2 (3.1) Medium-
temperature 15000 4.3 –12 6.5 21 50 45 (40) 3.3 (3.2) 

15000 4.3 –12 6.5 21 45 40 (35) 3.5 (3.4) Low-
temperature 15000 4.3 –12 6.5 21 40 35 (30) 3.6 (3.5) 

15000 4.3 –12 6.5 21 35 30 (25) 3.8 (3.7) 
Very low-

temperature 

From Table 1 it can be observed that 3.5 SPF level was achieved at 45-40 °C water supply 
temperature. Currently, the heating arrangements that are operating at these supply 
temperatures are classified as “low-temperature heating systems” [5], as they are referred in 
this work.    

 

1.1 Aims 
The overall goal of ongoing research at the division of Fluid and Climate Technology at 
Royal Institute of Technology in Stockholm is to maximize the heat output from low-
temperature heating systems. The research has mostly focused on finding arrangements and 
methods to both cover the transmission and ventilation heat losses with low-energy 
consumption. The aim has been to improve existing systems and to lay the groundwork for 
new, robust and cost-efficient heating-ventilation systems that can serve modern built 
environments at low-temperature supply without compromising the perceived thermal 
comfort. The main objective of this work was to investigate and improve the thermal 
efficiency of water-based baseboard (skirting) heaters. A detailed description of this heating 
system is given in section 1.2. Below, a brief presentation of the main objectives in Papers 1-3 
is given. 
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1.1.1 Paper 1 

The aim of the study in Paper 1 was to investigate thermal performance of three water-based 
baseboard-heating systems supplied by 55, 45 and 40 °C water flow. The study particularly 
focused on analyzing which system was powerful enough to efficiently suppress cold air 
down-flow created by large glazed surfaces and a cold outdoor environment. 

1.1.2 Paper 2 

The aim of the study in Paper 2 was to analyze thermal performance of the conventional 
baseboard heating system with integrated ventilation air supply. The analysis was focused on 
investigating whether this integrated heating-ventilation baseboard system was able to:     
 

1) cover transmission losses of a modern office space,  
2) pre-heat outdoor ventilation air to the room temperature and  
3) create a draught-free indoor climate at low-temperature water supply.  

 
The study also examined the effects of forced cold airflow inside a narrow heat-emitting 
baseboard channel.  

1.1.3 Paper 3 

The main aim of the third paper was to investigate different heating systems with integrated 
ventilation air supply. The possibilities, operating conditions, energy performance and 
sustainability of the integrated systems were discussed. The exergy analyses and the role of 
the ventilation rates the occupant productivity was also included.     

In all studies outdoor temperatures during the Swedish winter period were taken as a 
reference. The thermal insulation of the investigated office space and ventilation rates was 
modelled according to current international and national norms.  

 

1.2 Heating system 
Through all work, water-based thermal baseboards were used for internal heat emission. 
Hydronic baseboard heaters were most likely first introduced to the American market shortly 
after the World War II. Although this type of heating system has now been available on the 
market for more than 50 years, its use in Europe is still very limited compared to the other 
conventional heating systems. Thermal baseboards are usually 120-200 mm high and installed 
at the lower parts of room walls along the periphery. Different installation arrangements are 
possible depending on heating demands of the room. Typically, baseboard heaters are placed 
along two or three walls, even though installation alongside all four walls is also possible. 
Heat emission to the ambient air is provided by hot water circulating inside long copper tubes 
enclosed by thin narrow metal channels. Depending on the heat requirement, room 
configuration and available wall space, different piping systems can be used. The most 
common arrangement is a two-pipe system, where one pipe is used for distribution of the hot 
supply flow, and the other for transportation of chilled water (return) to the thermal source for 
re-heating. Arrangements having two supply and two return tubes, a four-pipe system are also 
possible. A fuller description of the conventional baseboard heating system is given in 
Paper 1.        
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1.3 Thermal comfort and health aspects with low-temperature heating  
The thermal comfort inside an enclosure is usually estimated by the operative temperature. 
The operative temperature is a simple average of prevailing air temperature and mean radiant 
temperature inside an enclosed space. Radiant heat emission from low-temperature heating 
systems is normally higher than from conventional arrangements. This is mainly due to low 
supply water temperature and large transmitting surfaces. Field measurements have shown 
that in spaces served by floor heating where 50-70 % of total heat emission was transmitted 
by thermal radiation, the average indoor air temperature could be lowered by 1-2 °C, still 
maintaining an acceptable comfort level [5]. The authors assumed that a relatively high 
proportion of radiant heat emission from wall and floor heaters better met the comfort needs 
of occupants, because the perceived heat was more “natural”. This could be explained by 
comparison with a winter sunny day. The pleasant radiant heat from the sun is often highly 
appreciated by humans during cold winter days. Some studies indicate that a lowering of 
room air temperature from e.g. 23-24 °C to 21 °C may double the perceived indoor air quality 
[7]. Let us now take an example with heat-emitting baseboards.   
 
A room space, 2.5 m wide, 4.5 m long and 2.4 m high was considered. A 1.5 m long and 0.5 
m high conventional double panel radiator was used for internal space heating. Thermal 
radiation in this case was emitted from a surface area of 0.75 m2 (= 1.5 m x 0.5 m). If we 
change the system to 0.15 m high baseboard panels placed along three walls, total surface area 
towards the room would then be around 1.4 m2 [= 0.15 m x (4.5 + 2 x 2.5) m]. This means 
that baseboard heaters, in the case under consideration, have about 1.9 times more heat-
transmitting surface area into the room. Subsequently, the transmission of radiant heat is 
roughly twice that of a conventional double panel radiator. In reality this proportion could be 
somewhat smaller less to furnishing but still this simple comparison shows clearly the 
possible benefit of a baseboard heating system.  
 
Moreover, since the convective power among low-temperature radiant heaters is considerably 
weaker compared to conventional convective arrangements, transportation of dust in spaces 
served by radiant systems is also lower [6]. This can mean less spread of allergens, 
contaminants and other pollutants by the room air and therefore a healthier indoor 
environment. Furthermore, the low surface temperature of radiant emitters makes them more 
suitable for use in spaces where safety of children and the elderly is important. Additional 
benefits such as low vertical temperature variation, low indoor-air turbulence and uniform 
heat distribution are also associated with radiant heating systems [8]. 
 
 
1.4 Theoretical background   
Baseboard heaters have the following advantages. First, the heat transfer from the distribution 
pipes, installed along the walls, to the room air is enhanced by the attached metal plates. 
Second, the large heat-transferring surface area facing into the room enhances the radiative 
thermal exchange between heat-emitting panels and ambient air. Third, low profile emitting 
panels also give a high convective heat flux (heat power per unit area). All these factors 
increase total thermal efficiency of the system and enable the use of lower supply water 
temperature. Detailed theoretical explanations to the above advantages have been given in the 
following sections.        
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1.4.1 Heat transfer from a vertical flat plate  

When a vertical flat plate surrounded by air is heated, a thin thermal boundary layer (film) 
abutting the full plate height is established. The thickness, velocity and character of this layer 
depend on plate height, temperature difference between the plate and surrounding air, local 
velocity and turbulence intensity of the adjacent air movement. The heat resistance of the 
boundary layer (air) is relatively high, or expressed in another way, thermal conductivity of 
the air is quite low. For instance, the thermal conductivity of copper and water at room 
temperature is more than 15 000 and 23 times higher respectively, compared to air [9]. This 
means that the thermal boundary layer next to the plate behaves like an invisible insulating 
film, blocking the heat transfer to ambient air.    

The thermal boundary layer is normally divided into three different parts, laminar, transitional 
and turbulent. The stability of the layer in natural convection is mainly dependent on the 
height of the vertical heated plate, which also determines the layer character.  From the 
bottom of the plate up to a particular critical height, the thermal boundary film is mostly 
laminar. Further along the plate height, the insulating layer becomes unstable and more and 
more turbulent. The thickness of the laminar boundary layer is much less than the turbulent 
layer, but the blockage of the heat flow from the plate to the ambient air is considerably 
greater. This is mostly due to the greater mixing rate and heat exchange between warm and 
cold air particles within the turbulent layer compared to laminar film. Therefore, either by 
reducing the thickness of a laminar layer or creating a more turbulent flow along the heated 
plate, a higher heat transfer to the surrounding air can be achieved. The structure of the full 
boundary layer next to the heated plate is illustrated in Fig. 1a. The variation of laminar layer 
thickness and heat-transfer coefficient along a heated plate for various supply and return flow 
combinations are presented in Figs. 1b-c. Analytical equations used for calculations of 
laminar boundary film thickness, convective and radiative heat-transfer coefficients for 
vertical flat plate were as given by Holman [10]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1b. Variation of thermal boundary layer along a 
heated vertical flat plate under different conditions. 
Supply, return and room temperatures respectively are 
shown from the left. 

Fig. 1a. The thermal boundary layer  
along a heated vertical flat plate. 
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Over past decades many researchers have been working on natural convective heat transfer 
from vertical plates. A general agreement is that the boundary layer next to the heated plate 
starts to transit from laminar to turbulent flow at a Grashof number of between 108 and 109 
[10]. Calculations used to construct Fig. 1b-1c showed that the Grashof number was around            
7.2 · 108 in the case with 0.6 m plate height at 55 °C supply and 45 °C return flow. For other 
supply/return combinations, Grashof numbers for 0.6 m plate height were below 5.8 · 108. It 
should be also noted that Grashof numbers were markedly lower for plate heights lower than 
0.6 m. For that reason illustrations of boundary layer thicknesses in Fig. 1b and heat-transfer 
coefficient variations in Fig. 1c along a heated plate were exclusively based on analytical 
equations for laminar flow regime. The mathematical expression for the Grashof number was 
given in Paper 2. 

From Fig. 1b, it can be observed that laminar boundary layer thickness grows rapidly 
alongside a heated plate. This effect can also been seen in variation of heat transfer 
coefficient. The higher the plate, the lower the heat flux rate to the surrounding air. As a 
result, the heat flux from low-profile baseboard heaters is markedly greater than that of other 
conventional radiators. Combining this advantage with instalment of low-profile baseboard 
panels along the whole or most of the inner room periphery, an energy efficient system can be 
achieved. Moreover, the large transmitting surface area of baseboard heaters that faces into 
the room enables a large proportion of radiant heat to be emitted to the indoor air. This 
together with previously presented arguments gives an insight into some of advantages of the 
baseboard heating system. 
 
 
 
 
 

Fig. 1c. Change of heat-transfer coefficient along a 
heated vertical flat plate under different conditions. 
Supply, return and room temperatures respectively are 
shown from the left.  
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1.4.2 Integration of baseboard heating and ventilation air supply   

The main aim of Paper 2 was to investigate the possibility of integrating the conventional 
baseboard heater with fresh outdoor air supply. The goal was to evaluate whether this 
integrated system could simultaneously pre-heat the outdoor ventilation airflow to room 
temperature and cover transmission losses of a modern office space. This integrated 
arrangement was expected to enhance the convective heat transfer inside the baseboard 
channel in two different ways. First, high internal air velocity would create forced convection 
and increase thermal exchange between heated walls and cold airflow. Second, large 
temperature difference between cold airflow and warm channel walls would additionally 
enhance the heat flow to passing air. As a result of this higher heat exchange, the supply water 
temperature to baseboard unit could be kept at low level without affecting over-all thermal 
performance of the heating system.  

The driving force for ventilation airflow through baseboard channel was the pressure 
difference between indoor and outdoor air. Normally this pressure difference in exhaust- 
ventilated buildings is very low (typically 10-15 Pa), which is why the study emphasized 
finding an optimum between pressure losses and heat transfer inside the channel. The 
intention was to create a baseboard heating-ventilation system that would simultaneously 
utilize all parameters that increase total heat output, in order to maximize the total thermal 
efficiency of the system. Such as low-profile heat-emitting panels, large transmitting surface 
area and internal turbulent forced convection.  

 

2. Method 
 

Throughout all studies presented in Papers 1-3, Computational Fluid Dynamics (CFD) was 
used. CFD is a powerful simulation tool that enables detailed analyses of heat transfer, 
contamination distribution and fluid movement inside as well as outside an enclosure in all 
three dimensions. CFD offers a comprehensive visualization of simulation results, which 
gives the user possibility to optimize all governing factors in order to obtain the best possible 
solution. Commercial CFD codes Gambit and Fluent were used in Papers 1-2 for prediction of 
indoor air movement and heat distribution. Gambit was used for geometry construction and 
computational grid (mesh) generation while Fluent was utilized to solve equations of air 
motion and heat transfer. Although CFD has many advantages, the correct boundary 
conditions set-up, the proper choice of turbulence and radiation models, the use of near-wall 
treatment and the selection of discretization scheme play key roles for correctness of CFD 
results. Often the optimum selection of these governing parameters is not always obvious. On 
the other hand, incorrect use of governing equations can lead to large errors in simulation 
results. Therefore it is always desirable, if possible, to validate CFD results against 
experimental data or analytical calculations. This helps the CFD user to estimate the 
reliability of simulation results. It should be also pointed out that the purpose of validation is 
not only to investigate the ability of CFD codes to correctly predict air movement, heat 
transfer and/or contaminant diffusion but also to check the capability of the user to accurately 
use the CFD codes.      
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2.1 Validation process 
In Papers 1-2 much emphasis was placed on validation. A key publication used as a guide in 
this process was “How to Verify, Validate and Report Indoor Environment Modelling CFD 
Analyses” by Chen and Srebrić [11], where a detailed validation procedure, including the 
judgment of CFD results, was presented in several steps. The same validation procedure was 
also applied in both articles.  

A room model previously used by Omori et al. [12-13] was taken as a reference for study in 
Paper 1. The room geometries and boundary conditions reported by Omori et al. were 
reproduced in detail by own CFD codes. The predicted CFD results were then compared with 
both numerical and experimental findings reported in analyses by the above-mentioned 
authors. In addition, the levels of mean indoor air temperature and average glazing 
temperature based on analytical calculations were also matched with those predicted by CFD. 
Detailed results of validation work, based on comparison of measured and CFD predicted 
vertical temperature profiles were given in Figs. 4a-d in Paper 1. Deviations in predicted and 
analytically calculated inner glazing and indoor air temperature was presented in Table 5.     

In Paper 2 comprehensive mathematical and empirical relations were presented and used to 
construct analytical models to predict the temperature rise for incoming supply airflow inside 
a heat-emitting baseboard channel. Channel with same the geometries and boundary 
conditions used in analytical calculations were also created and analyzed by CFD software. 
The temperature profiles predicted by CFD and analytical models can be found in Figs. 2a-d 
in Paper 2. The comparison revealed which model fitted best with CFD and most accurately 
estimated the heat transfer rate for the internal air velocity range of interest. This model was 
then used to represent the heat transfer variation along the baseboard channel and to illustrate 
the required channel surface temperatures to pre-heat different outdoor airflow rates to room 
temperature. The illustrations can be found in Figs. 4a-b in Paper 2.  

 

3. Results and discussion 
 

The results from Papers 1-3 have been reported in detail in each paper, so that only a general 
summary is given here.  

The simulations made in Paper 1 showed that baseboard heaters, supplied by 55, 45 and 40 °C 
water flow and installed along two, three and four walls respectively, were able to cover 
transmission losses of the investigated office space. The temperature of the incoming 
ventilation air was about 4 °C lower than that of ambient air. The ventilation heat losses were 
also covered by the internal heat emission. The heat inside the room was also evenly 
distributed in all cases. Although the heaters were placed at the bottom of the walls, the wall 
temperature was fairly constant and did not vary much from the indoor air temperature. The 
most symmetrical heat distribution inside the room was obtained in the case with heaters 
installed along three walls. The draught discomfort at ankle level inside the investigated space 
in cases with water flow of 45 and 40 °C was around or slightly above the upper limit 
recommended by the European norm. However, the predicted draught sensation in case with 
baseboards supplied by 55 °C water flow was low. 
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Comprehensive calculations in Paper 2 clearly showed that thermal baseboards with 
integrated ventilation air supplies at 45 °C water temperature were fully able to pre-heat the 
incoming airflow and to cover the transmission losses of a modern office space. At this water 
temperature the integrated system also efficiently countered cold downdraught from glazed 
areas. The baseboard heater with one single ventilation (air) inlet gave about 2.1 times more 
heat output than the conventional one at same operating temperature. Investigations also 
showed that the total heat emission from conventional baseboard heating system was evenly 
balanced between the convective and the radiative components, while the convective part in 
the integrated system was dominant. Around 80 % of the total heat power from the integrated 
system was transmitted by natural and forced convection. Heat distribution inside the 
analyzed office space was uniform for both heating systems and the temperature variation 
across room length and height was less than 1.5 °C.     

The results presented in Paper 3 were a brief summary of current research work within the 
energy direction at division of Fluid and Climate Technology. The paper gave an overview of 
thermal performance of different conventional and ventilation-heating systems as well as a 
concise review of findings by others on studied topics. Studies have shown that a ventilation-
radiator was able to operate at a lower water temperature than a conventional radiator with 
approximately equal comfort level inside the room. As mentioned above, calculations also 
confirmed that a baseboard heating-ventilation system was fully able to cover both ventilation 
and transmission heat losses of a modern office space at low-temperature water supply. 
Several different studies summarized in Paper 3 indicated clearly that the thermal comfort 
level in spaces served by conventional low-temperature heating systems or with air supplies 
was generally good. Moreover, according to findings reported in open literature, the COP of a 
heat pump in a water-based heating system with will increase about 1.7 times when supply 
water temperature is lowered from 70 to 35 °C. To put it another way, for each degree the 
supply water temperature is decreased the COP will increase by approximately 1.2 %, which 
is also approximately in line with findings by others [14].       

In addition to the CFD simulations in Papers 1-3, different analytical models were used, in the 
main derived from the energy equation and Newton's law of cooling. Nowadays CFD-
engineers still encounter difficulties in correctly generating thermal boundary conditions. By 
using the rather simple but still fairly accurate analytical models given in Paper 1, such 
problems may be reduced. In Paper 2 the rate of near-wall mesh refinement that could be 
applied under certain conditions for natural and forced convection was also presented. 
Comparison between CFD and different analytical models in Paper 2 revealed which model 
most accurately predicted heat transfer inside a narrow horizontal channel. This finding could 
be used as a guideline by engineers in their daily practice. Currently, some 
researchers [15, 16] are interested in revision of draught model developed by Fanger et al. 
[17]. Although this draught model at present is included both in ASHRAE Standard 55 [18] 
and EN ISO 7730 [19] thermal comfort standards, the recommended upper draught level is 
different. According to the American (ASHRAE) standard the draught discomfort inside the 
occupied zone should be less than 20 % while European ISO 7730 standard suggests 15 %. In 
this work recommendations based on European norm were followed. In Paper 1 different 
draught models were compared and their differences and similarities in draught rate 
prediction were discussed. The findings from this study should contribute to better 
understanding of draught behaviour in spaces served by low-temperature heating, and help 
researchers to lay the groundwork for a more broadly accepted draught level in built 
environments.                
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4. General conclusions 
 

Based on results presented in Papers 1-3, the following conclusions can be drawn. 
Conventional baseboard heaters created in general a stable and comfortable indoor climate at 
relatively low supply-water temperatures. Problems with draught discomfort were observed in 
cases with water supply temperatures equal to or lower than 45 °C. The total heat emission 
from conventional baseboard heaters was roughly equally divided between convection and 
thermal radiation. Studies also showed that it was fully possible to combine a conventional 
baseboard heating system with ventilation air supply. The combined arrangement was able to 
both pre-heat the incoming outdoor ventilation air and cover transmission heat losses using 
45 °C water supply. At this temperature, the system also provided a draught-free indoor 
climate. Investigations additionally revealed that airflow rate per ventilation inlet should not 
exceed 7.0 l/s due to high pressure-losses inside a baseboard channel. The heat emission from 
this integrated heating-ventilation baseboard arrangement was mainly by convection.   

The vertical temperature variation both with the conventional and ventilating baseboard- 
heating systems was markedly uniform, and did not often differ more than 1.5 °C between 
floor and ceiling. The radiant asymmetry inside the investigated office space was 
around 4.0 °C, despite the large proportion of cold glazed areas. Investigations in all three 
studies showed that it was fully possible to serve all heat demands of a modern office space 
using 45 °C water supply. This implies according to Table 1 that the seasonal COP level of a 
heat pump in combination with presented baseboard heating-ventilation arrangement would 
be a around 3.5. 

Since the low-temperature heating systems operate at low supply water temperatures 
sometimes even close to room temperatures, they are suitable for combination with 
sustainable low-quality energy sources such as industrial waste heat, solar energy, ground 
heat and geothermal water. Wider use of low-temperature heating systems in our society 
could also reduce the distribution heat (energy) losses from e.g. district heating network. 
Additionally, the COP level based on CO2 contribution might be used as an instrument when 
making a system choice. Although a heat pump under certain conditions may cost more to 
operate than a conventional natural gas or coal burner, it will most likely contribute less 
carbon dioxide to the atmosphere than burning of high-quality energy sources such as the 
various fossil fuels.  
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5. Future work 
 

The main goal of the next phase will be the further development of heating-ventilation 
baseboard systems. The investigations in Paper 2 have shown that there is potential for 
additional improvement of such systems. Through careful optimization of baseboard channel 
cross-section the intention is to additionally enhance the heat transfer exchange between hot 
pipes and cold airflow, while maintaining acceptable internal pressure losses. Enhanced 
internal heat transfer would probably give more energy savings and the possibility to further 
decrease supply water temperature without compromising the total thermal power. To 
maximize volume flow of incoming air will also be an important consideration in following 
studies. Some ventilation research studies indicate that the airflow rates including ventilation 
efficiency should increase in schools, residential and commercial buildings [1, 20]. According 
to these studies, the working performance of occupants is directly coupled with indoor 
thermal conditions and air quality. Based on these recommendations, further development of 
the baseboard heater with integrated ventilation air supply would appear reasonable.  

Calculations in Paper 2 showed that water flow of 45 °C was needed in a parallel baseboard 
heat-exchanger to pre-heat an airflow of 7.0 l/s from – 6.0 °C to 21 °C. By forcing the 
incoming airflow to pass perpendicularly over heated pipes (cross-flow) inside the baseboard 
channel a higher degree of heat exchange between pipes and air can be achieved. The use of 
rough internal surfaces and obstacles would also markedly improve inner heat transfer. Along 
with such improvements in heat transfer, a rapid growth of internal pressure losses would 
follow. Therefore an optimization study between these two governing factors is needed and 
this is to be included in coming investigations.    

Recently published studies indicate that different types of perimeter heaters were fully able to 
cover the heat demand of modern built environments [21, 22]. Stålberg [21] studied the 
thermal performance of L-shaped aluminium baseboard panels installed along four room 
walls. He concluded that this arrangement at 35 °C water supply was able to meet heat 
demands of a modern Swedish office space. Zhu et al. [22] investigated the heat efficiency of 
one-circuit pipe systems connected to solar panels in Northeast China. The pipe circuit was 
placed around whole room periphery in the crossing between walls and the floor. Long-term 
field measurements and calculations showed that this arrangement at 30 °C water flow was 
capable to maintain room temperature of 16 °C at – 5.0 °C outdoor temperature. The main 
focus of these both studies, as in the presented here, was to find ways to improve heat transfer 
from perimeter heaters at constant surface temperature. Exhaust or naturally ventilated room 
spaces between 20 and 30 m2 were used as a reference in these investigations. Moreover, the 
COP level was also frequently used in this work to describe the performance of a whole 
system. This approach can give good indications of system efficiency, but deeper insights are 
needed into the complex interaction between the many governing parameters that effects the 
total energy consumption of a building. Therefore whole building energy simulation with 
perimeter heaters is yet to be performed. In coming investigations such analyses are planned, 
to give a more comprehensive understanding of advantages and disadvantages of conventional 
and integrated baseboard heating systems. This kind of simulation, including more detailed 
energy saving analyses, will be the scope of future work. 
 



18 

 

References 
 [1] Nilsson PE (Editor). Achieving the Desired Indoor Climate. ISBN 91-44-03235-8; 2003, 
Introduction and Chapter 3. pp. 1, 145-146.  
[2] International Energy Agency. World Energy Outlook 2004. Chapter – Energy-related CO2 
emissions, Table 2.3, pp. 2. http://www.iea.org/textbase/nppdf/free/2004/weo2004.pdf                        
[accessed 23.08.2010]                                                                                                                                                                                                       
[3] SP Technical Research Institute of Sweden, Heat Pump Centre. Heat pumps can cut global CO2 
emissions by nearly 8%. http://www-v2.sp.se/hpc/publ/HPCOrder/viewdocument.aspx?RapportId=451 
[accessed 23.08.2010]  
[4] Vitocalc 2005, version 1.0, Viessman Värmeteknik AB. (In Swedish) 
[5] Boerstra A, Veld PO, Eijdems H. The Health, Safety and Comfort Advantages of Low 
Temperature Heating Systems: A Literature Review. Proceedings of the 6th International Conference 
on Healthy Buildings. 2000.  
[6] Babiak J, Olesen BW, Petras D. Low temperature heating and high temperature cooling. REHVA 
guidebook; ISBN 2-9600468-6-2; 2007. Chapter 3. p. 14-21. 
[7] Fang L, Clausen G, Fanger PO. Impact of Temperature and Humidity on the Perception of Indoor 
Air Quality. Indoor Air 1998; 8: 80-90.  
[8] Juusela MA (Editor). Heating and Cooling with Focus on Increased Energy Efficiency and 
Improved Comfort. Guidebook to IEA ECBCS; ISBN 951-38-64-88-8; Annex 37; 2004. 
[9] Mörtstedt SE, Hellsten G. Data o Diagram, Energi- och kemitekniska tabeller. ISBN 91-47-00805-
9; 1999. pp. 72, 76, 77. [in Swedish]  
[10] Holman JP. Heat Transfer 9th edition. ISBN 0-07-240655-0; 2002. Chapters 7 and 8. 
[11] Chen Q, Srebrić J. How to Verify, Validate and Report Indoor Environment Modelling CFD 
Analyses. ASHRAE RP-133. June 29, 2001. 
[12] Omori T, Tanabe S, Akimoto T. Evaluation of thermal comfort and energy consumption in a 
room with different heating systems. Proceedings of 6th international conference in indoor air quality, 
ventilation and energy conservation in buildings, IAQVEC 2007; 2007. 
[13] Omori T, Tanabe S. Coupled simulation of convection–radiation–thermoregulation for predicting 
human thermal sensation. Proceedings of 10th international conference on air distribution in rooms, 
Roomvent 2007; 2007. 
[14] Myhren JA, Holmberg S. Design considerations with ventilation-radiators: Comparisons to 
traditional two-panel radiators. Journal of Energy and Buildings 2008;41: 92-100. 
[15] Olesen BW, Parsons KC. Introduction to thermal comfort standards and to the proposed new 
version of EN ISO 7730. Journal of Energy and Buildings 2002;34: 537-548.  
 [16] Hamdi M, Lachiver G, Michaud F. A new predictive thermal sensation index of human response. 
Journal of Energy and Buildings 1999;29: 167-178. 
[17] Fanger PO, Melikov AK, Hanzawa H, Ring J. Air turbulence and sensation of draught. Journal of 
Energy and Buildings 1988;12: 21-39. 
[18] ASHRAE Standard 55-2004. Thermal environmental conditions for human occupancy. American 
Society of Heating, Refrigerating, and Air Conditioning Engineers. ISSN 1041-2336; 2004. 
[19] ISO 7730. Moderate thermal environments. Determination of the PMV and PPD indices and 
specifications of the conditions for thermal comfort (ISO Standard 1997) 1997. 
[20] Wargocki P, Ventilation and performance of school work. Proceedings of 8th REHVA World 
Congress, Clima 2005. 2005. 
[21] Stålberg A, Holmberg S (supervisor). Ledges for building heating. Bachelor degree project, Royal 
Institute of Technology, School of Technology and Health in Stockholm; 2007. [in Swedish] 
[22] Zhu L, Ren J, Wang Y, Wang C, Xiong W. Very low temperature radiant heating/cooling indoor 
end system for efficient use of renewable energies. Journal of Solar Energy 2010; 84:1072-1083. 
 


