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ABSTRACT 
 

Modelling the Dynamics of Domestic Low-Temperature  

Heat Pump Heating Systems for Improved Performance and 

Thermal Comfort 

-A Systems Approach 
 

Doctoral Thesis by Dimitra Sakellari 

 

The present environmental concerns and the rising human requirement for solutions 

with better comfort and lower costs have resulted in an increased awareness for the 

energy use in the built environment. Technical advances in building structural systems 

and materials, heating and other comfort-providing systems and controlling strategies 

all lead to the integration of building technology with the function of buildings and 

the aesthetics. Therefore, in the process of improving the performance of energy 

systems and increasing the energy efficiency, integrated system approaches are of 

high importance. Performing the necessary energy analysis before any construction-

installation occurs can help designers and decision makers reach guided solutions. 

Hence, a broad range of calculation tools for evaluating the operation of energy 

systems and the controls in buildings have been developed the latest years with 

different levels of complexity and angles of focus. 

 

However, research and development regarding holistic energy system designs and 

techniques are in their infancy. The standard tactic has been to isolate system parts, 

study them as stand-alone sub-systems and focus on optimising components or 

processes of a complex function. In the present study, it is demonstrated the necessity 

for uniting energy engineers, architects, installers and technicians regarding decision 

making upon the energy use for heating, ventilation and air-conditioning (HVAC) in 

the built environment.  
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Systems approach has been employed for studying the research issue that is presented 

in the current thesis. An extended part of this treatise has been devoted to systems 

thinking in practice. 

 

The thesis demonstrates systematic methods of modelling and analysing certain, 

integrated, domestic, HVAC applications. The reference system boundaries enclose 

the building as a construction and as a dynamic function, a comfort-providing system 

based on a heat pump, a low-temperature hydronic heat distribution system and 

controls in a residential application. Obviously, these are not the only components met 

in a hydronic heating system. Numerous pieces of equipment, as piping, circulating 

pumps, expansion tanks, zone valves, relief valves and other essential elements are 

needed to make a safe and functional heating system. However, this study focuses on 

the analysis of the chosen reference system. Several models have been developed in 

the computational tools of TRNSYS and EES. These tools have been employed 

because they allow co-solving, hence the integrated system as well as the interaction 

between the different parts of the system can be studied. 

 

The foremost result of this study is that approaching the system as a whole provides a 

better picture of the operation of every system component and the interaction between 

them. Explanations are given for the parameters that have a significant impact on the 

system’s performance.  The thesis shows the importance of factors that are not easy to 

predict, as well as the difference in the building’s behaviour under fast changing 

thermal loads when the incorporated thermal mass is altered. Finally, implementing 

sophisticated controls for reducing the energy costs without compromising thermal 

comfort is vital. 

 

Keywords: heat pump, domestic heating and ventilation, low-temperature hydronic 

heat distribution, systems approach, integration, simulation, energy efficiency 
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Chapter 1 – Introduction 

1 Introduction 
 

Energy consumption in the built environment has become a significant issue on a 

global scale. Escalating energy costs and environmental concerns have made energy 

use optimisation a viable option for buildings. 

 

More precisely, conceptual thinking on energy use is an aspect that increases its value 

and importance regarding residential heating, ventilation and air-conditioning. The 

possibility of improving the performance of an HVAC system and minimising the 

energy requirement for providing a satisfactory level of comfort in a house is of great 

importance. Nowadays, when designing, installing and operating an HVAC system, 

the terms energy savings and environmental labelling are added factors to the primary 

aspects of costs and comfort that are traditionally taken into account. 

 

For researchers and design engineers, in the field of studying and designing comfort 

providing systems in the built environment, the first item to be considered is the 

building itself. The latest years, the stricter energy conservation regulations have 

resulted in a constant increase of the insulation quality and thickness in the building 

sector. Table 1 shows the thermal insulation standards for several European countries 

(Lundqvist 2005). In a Nordic country like Sweden the primary consequence has been 

a continuous decrease in the annual thermal demand (Boverket 1998). This has been 

favourable for countries with cold climate like Sweden where 60% of the annual 

energy use in the building sector accounts for space heating and hot water production 

(Nutek 1997). 

 

However, the continuous decrease in the annual thermal requirement changed the 

shares in the pie of heat losses. While transmission losses determined the thermal 

demand in the past, ventilation heat losses become the current key factor (Halozan 

and Rieberer 1999; McQuiston et al. 2000; Fehrm et al. 2002). This effect is shown in 

figure 1. This figure illustrates the energy gains and losses, as has been calculated in 

TRNSYS for a well-insulated house with exhaust ventilation for the location of 

Stockholm. The additional side effects, due to the sealing up of buildings, such as 

poor indoor air quality and risk for condensation, make the ventilation requirement 
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more vital (Liddament 1996; Riffat and Gillott 2002). This raises the demand for 

controlled ventilation with heat recovery (Manz et al. 2000).  

 

Furthermore, the decrease in the annual thermal demand has given rise to the trend of 

using lower supply temperatures and larger heat transfer areas (Keller 1998). Heat 

generating and heat distribution systems, seldom used in the past, become competitive 

and gain more space in the global market. 

 

Table 1. Thermal insulation standards for several European countries 

 

Country 
Year of 

regulations 

External 

Walls 
Windows Ceiling Floor 

Degree 

days1 

Austria 1995 0.50 1.90 0.25 0.50 4068 

Belgium 1992 0.60 3.50 0.60 0.60 3259 

Denmark 1995 0.30 1.80 0.15 0.20 3191 

Finland 1985 0.28 2.10 0.22 0.22 5978 

France 1989 0.28 2.45 0.37 - 2600 

Germany 1994 0.50 1.65 0.22 0.35 3845 

Greece 1979 0.60 3.50 0.60 - 1711 

Ireland 1991 0.45 3.60 0.25 0.45 2979 

Italy 1993 0.58 2.75 0.75 0.74 2234 

Luxemburg 1996 0.40 2.00 0.40 0.50 3259 

Netherlands 1991 0.40 1.80 0.40 0.40 3550 

Portugal 1995 0.95 4.20 0.75 0.75 1800 

Spain 1979 0.90 3.50 1.20 1.20 1600 

Sweden 1994 0.22 1.60 0.15 0.15 4355 

UK 2002 0.35 2.00 0.16 0.25 3210 

Cyprus 2003 0.85 3.00 1.5 0.70 - 

 

 

                                                 
1 Degree days is a concept used for energy calculations but it has many limitations- see ASHRAE 
Handbook of Fundamentals for details 
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In addition, solar and internal gains become more critical as regards an acceptable 

thermal comfort (Afjei 2002). As shown later in the discussion, solar radiation is the 

most prominent factor that results in high indoor temperature peaks especially for the 

periods that the heating demand is low and solar radiation quite intensive, i.e. April or 

October. 
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Figure 1. Energy gains/losses for a well-insulated house in Stockholm 

 

Some of the conditions mentioned above as well as investment supports, high energy-

prices and environmental concerns have favoured heat pump installations in Sweden 

(BFR 1996; IEA Heat Pump Centre 1999; Laue 2002). As regards residential 

applications, heat pumps are highly competitive in the Swedish market. Within the 

years, they have gained the reputation of being environmentally friendly, energy 

efficient and economically feasible (Bosma 1993). Sweden has a leading position in 

installations of heat pumps. It is actually one of the major countries when it comes to 

heat pumps for cold climate and heating purpose only (Bouma 1999; Eklund 2002). 

 

Considering the performance of a heat pump, it strongly depends on the temperature 

levels of the heat source and the heat sink. For satisfactory operation, long-life and 
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high efficiency, low temperature heat distribution is a basic prerequisite. It is widely 

believed that floor heating is among the most efficient forms of low temperature 

heating, providing at the same time excellent comfort (Woodson 1999). Also, 

architects, installers and consumers show an increasing preference for it. 

 

In the process of improving the performance of a low-temperature domestic heat 

pump heating system without compromising thermal comfort, considering integrated 

system designs and techniques when performing the required energy analysis is of 

major importance (Afjei 1997; Traversari and Van Wolferen 1999; Afjei et al. 1999; 

Ellis and Mathews 2002).  

 

In the present study, it is demonstrated the necessity of following a holistic approach 

when conducting research in the field of energy utilization for heating, ventilating and 

air-conditioning a domestic building. 

 

In paper I, it is investigated how different temperature levels influence the energy 

flow in various steps in a domestic heat pump heating system and is shown that lower 

temperature levels in the heat exchanging processes enhance the operation of the 

heating system.  Also, the dependence of the design parameters on each other is 

highlighted. The overall system has emergent properties that are not found in the 

respective components themselves. Thus, in the route to optimising the systems 

operation, it is important to approach the system as a whole. 

 

The need to explore the dynamic behaviour of the heating system, incorporate the 

building’s construction and use and, at the same time, follow an integrated approach 

resulted in a model development presented in Paper II. In this work, the findings 

highlight the significance of the building’s construction when selecting a heating 

system based on a heat pump.  

 

In paper III a more explicit model, for the domestic heat pump heating system, is 

developed. The analysis concentrates on the significance of the system’s choice, 

selecting the operation mode and setting the design parameters of the HVAC system. 

Also the heating system, its integration in the building and its operation are studied. In 

general, energy efficiency implicates attitude, systems thinking concerns and techno-
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economic difficulties. The energy efficiency issue is primarily dependent on the way 

that occupants sense the comfort feeling, the habits of the occupants and the way they 

live in the house. 

 

In paper IV the influence of the building’s thermal mass on the annual thermal 

demand and the indoor temperature variation on a daily basis is investigated. 

Furthermore, the performance of different floor heating designs in different building 

constructions is studied. The results indicate that buildings with the same insulation 

rates but different incorporated thermal mass have about the same annual energy 

requirement but behave differently. Simulating performances and detecting factors 

that have great contribution to discomfort is vital before selecting the proper floor-

heating configuration.  

 

In paper V, it is examined more thoroughly how internal and solar gains affect the 

operation of a heating system and the thermal comfort of the zones. Moreover the way 

that gains influences the performance of a floor heating system is studied. Overall, the 

findings provide evidence that in tight constructions solar gains are more prominent 

than internal gains and can cause a significant impact on the energy demand and the 

indoor climate of domestic buildings. Indirectly, the findings pose a challenge on the 

way that low-temperature heating systems are dimensioned and controlled based on 

methods developed for high-temperature heating systems. Adapting sophisticated 

controls for sensing and predicting possible fast changing loads and smoothing the 

indoor temperature peaks are certainly in a high need.  

 

In paper VI several methods of control strategies are applied for specified time 

periods in order to keep the comfort within reasonable ranges. In these periods, solar 

radiation is the most critical factor. For one case in the results, we use the prognostic 

climatic control strategy. This means that the on/off regulation of the heat pump and 

the supply water flow are controlled from the solar radiation some hours in advance. 

The findings prove that the control strategy followed has a significant effect on the 

indoor temperature and the thermal comfort. The cases of applying external shading 

and internal shading with prognostic climatic control give the finest thermal comfort 

for the chosen periods. 
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1.1 Aim of the study 
 

The prime aim of this study has been to model and analyse, following an integrated 

approach, the performance of certain domestic low-temperature heating systems based 

on heat pumps. For this reason, the simulation tools TRNSYS and EES have been 

employed. The reference system boundaries enclose the building as a construction and 

as a dynamic function, a comfort-providing system based on a heat pump, a floor 

heating system and controls in a residential application. Several models have been 

developed in order to study the integrated system as well as the interaction between 

the different parts of the system. By simulating performances and detecting results, 

the prospects for efficient energy use and possibilities for improving the overall 

operation are discovered. 

 

Using computational tools for annual energy demand estimations is a common 

method for dimensioning HVAC systems. Modelling heat pump systems is an area 

with many design and research tools available (Stougie and Stikkelman 2002). Some 

tools focus on the design and operation of the heat pump cycle and other are oriented 

towards systems integration and heat pump dimensioning (the right heat pump in the 

right building).  

 

In this analysis it is realised that approaching the system as a whole is absolutely 

indispensable in order to acquire a better picture of the operation of every system 

component and the interaction between them. The models that have been developed 

give the possibility, apart from dimensioning, to detect peaks in the energy demand 

and study indoor temperature variations on a daily basis. Examining how some factors 

affect the system’s performance especially under fast changing thermal loads and 

studying the impact of particular factors under certain circumstances is of major 

importance. Furthermore, it is of high interest to study the performance in typical 

operation days and under extreme conditions.  

 

The findings indicate that applying system controls for performance regulation and 

selecting the operation modes are complex issues and the implementation of better 
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and more-sophisticated control methods is highly required. Incorporating the habits 

and behaviour of occupants still remain the most problematic and complicated task.  

In general, the findings concern the chosen systems and the suggestions refer strictly 

to them. However, in some cases the results allow statements with high degree of 

generality.  

 

 

1.2 Methodology 
 

In principle, the research issue under consideration is a complex task and thus there 

are several ways of conducting research in this field. In reality, there are a number of 

issues and problems that arise depending on the angle of perspective, the level of 

focus and the methodological thinking we follow, at every step of the analysis.  

 

The sequence of processes initiates by identifying possible alternative systems, setting 

the system boundaries and selecting one of the systems to be studied. After 

formulating the conceptual model, the next step is to study the interconnections and 

interactions in the system and decide upon its analytical description. What follows is 

choosing appropriate computational tools for modelling the selected system in a 

quantitative way and simulating the dynamic operation of it. By analysing and 

evaluating the results we can draw conclusions regarding the system performance. 

There are always hypotheses in the conceptual model and the aim of the investigation 

is to examine them. The results usually bring to light new observations or generate 

new issues to be examined. These issues and new hypotheses create the necessity for a 

new conceptual model and a new investigation. This is the main problem solving 

methodology followed in this research study and is illustrated in figure 7 in chapter 2. 

 

 

1.3 Domestic heat pumps in Sweden-State of the Art 
 

Before proceeding with the analysis it is worth stating the experience of using heat 

pumps and the development of the heat pump market in Sweden. At the moment, the 

heat pump status in Sweden is high. Heat pumps have established themselves in a 
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wide range of applications. In less than ten years after the boom in sales in the 

beginning of 1980s, certain market sub-segments such as large-scale heat pumps have 

progressed from introduction to saturation. Today, domestic heat pumps predominate 

the Swedish heat pump market. The majority of them are ground-coupled heat pumps 

with a vertical borehole. Second in sales are the exhaust-air heat pumps. 

 

 

1.3.1 History of domestic heat pump systems 

 

The existing situation shows that the residential sector represents the main market for 

heat pumps in number of units sold (SVEP 1999; Karlsson et al. 2003, Forsén 2005). 

Figure 2 shows the trend of domestic heat pump sales in Sweden from 1982 to 2004. 

As can be seen, the heat pump sales varied tremendously within the years until 1995. 

After this year a continuous increase in the sales is observed. The first peak in sales in 

1984 was the result of notable investment support that took place in the period 1975-

1985. The main causes for the downturn coming next were some degree of market 

saturation, low oil prices at that time and the withdrawal of public subsidies. Much of 

the market collapsed making the middle of 1980s a hard time for many heat pump 

manufacturers. Due to increased installations of air-to-air heat pumps, the sales trend 

started going up again at the end of 1980s giving a peak in 1990. A new decline 

followed until the upturn in sales, after 1996. This last upturn was highly affected by 

the energy taxes and the environmental levies that were posed within the years 1992-

1994. Furthermore, a technical procurement competition for heat pumps that took 

place in Sweden between 1993-1996 revitalized the market. Also certification and 

quality label programs have been very useful as promotion tools. The current 

tendencies towards market incline show that there is still a future potential for 

domestic heat pumps.  
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Figure 2. Annual sales of domestic heat pumps in Sweden  

 

The history of installing domestic heat pumps shows that a large proportion of the 

heat pumps sold until the middle of the 1980s was Swedish manufactured. At that 

time, about 100,000 heat pumps were in operation, of which over half were of the 

liquid-to-liquid type (abstracting heat from the ground, rock, lake water or 

groundwater). The remainder used outdoor air or ventilation exhaust-air as the heat 

source. 

 

After 1985 heat pump installations have been dominated by smaller units, mainly, 

ventilation exhaust-air heat pumps for detached houses, and 'room' heat pumps using 

outdoor air as the heat source for heating the indoor air. However, in the latest years, a 

great change occurred in the sales trend, causing a notable increase in the liquid-to-

liquid type heat pumps and especially in the ground-coupled type. The ground-

coupled heat pumps had a small share in the whole sales of domestic heat pumps until 

1993. In this year around 1,500 units were installed (SVEP 1999). Since then, the 
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number of installations of ground-coupled heat pumps continued growing. Of these, 

rock-coupled heat pumps (indirect systems) have been by far the most common one. 

 

Moreover, hydronic systems, water sink heat pumps, have become the most popular 

for space heating and cooling. One reason is that grants have been provided for 

conversion to hydronic heating systems by the Swedish government. Figure 3 

illustrates the share of air-source and ground-source heat pump sales until 2003 

(Karlsson et al. 2003). 

 

Ground source
Air source

62%

38%

 
Figure 3. The share between air-source and ground-source domestic heat pump sales 

until 2003 

 

Generally speaking, the trend of sales has been influenced by the price reference 

between different heating applications and the experience of using heat pumps. 

Ground-coupled and exhaust-air heat pumps have been considered as the best heat 

pump systems for small houses (Nutek 1996). Forecasts and expectations for a 

noticeable change in the future trends are not easily seen. 

 

 

1.3.2 Description of existing installations 

 

The refrigerant is one of the main components that a heat pump comprises. The last 

decades, the phase out of CFC and HCFC led to the introduction of numerous old and 

new refrigerants. Regarding their replacement, Sweden is quite ahead in retrofitting 

and completing the phase-out program of ozone depleting refrigerants. Table 2 shows 

the refrigerant retrofit schedule for Sweden (Swedish Refrigeration Foundation 2004).  
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Table 2. Retrofit schedule for refrigerants in Sweden 

 

Type of 

Refrigerant 

Stop for import or 

new installations 
Stop for refill Stop for use 

CFC 1995/01/01 1998/01/01 2000/01/01 and 2004/11/181 

HCFC 1998/01/01 2002/01/01 Not known at the moment 

 

 

Nowadays, the production and launch of new refrigerants flourish and the main reason 

for this is that facing-out refrigerant R22 has proven to be complicated. Johansson 

2003 questions how performance comparisons of various alternative refrigerants and 

refrigerant mixtures are conducted and presents alternative systems extensions and 

model resolutions for better representing the issue of replacing refrigerants such as 

R22 in existing machinery.  

 

In Sweden, the main direction, in the replacement of CFC and HCFC is to use natural 

refrigerants as ammonia, carbon dioxide and hydrocarbons. Many companies 

manufacture exhaust-air heat pumps that use propane as the working fluid. In order to 

deal with the problem of flammability of certain natural refrigerants, there is a lot of 

ongoing research in the field of minimising the refrigerant charge (Palm 2001; Palm 

2002; Granryd 2002; Fernando et al. 2003). However, for the time being, mainly the 

chlorine free substances, HFC are used in new and existing installations. The most 

common refrigerants used in heat pumps today are R134a, R407C, R410A, R404A 

and R290.  

 

Continuing with the technical synthesis of a heat pump, the compressor is another 

vital component included in a heat pump system. There are several types of 

compressors, however, the rotary vane, the piston and the scroll type compressors are 

the most commonly found in domestic heat pumps. Especially the scroll compressor 

                                                 
1 For stationary compact non-split units with a refrigerant charge of max 900 grams 
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has been introduced on the market the last decades. Since then, this type has been 

considerably developed and its applications gain more and more field in the market. 

 

As regards evaporators, when the air is used as a heat source in domestic heat pumps, 

the evaporator is of the finned coil type. It consists of one coil or several coils in 

parallel, attached to plate fins in housing. A fan is connected to force the air through 

the cooling battery. Lately, in the case of forced convection, air coolers with smooth 

fins have been developed. 

 

The main way of classifying ground source heat pumps is into direct and indirect 

systems. In direct expansion systems, the evaporator is very simple and usually 

consists of a plain copper coil buried in the ground.  

 

In indirect systems a liquid substance, the brine, is used for collecting heat from the 

ground and exchanging this heat with the refrigerant in the evaporator. These systems 

are used in order to keep the refrigerant charge to a minimum. In indirect systems 

brazed plate heat exchangers have steadily gained in popularity. The flat plate heat 

exchanger is extremely compact with very high heat transfer coefficient and a low 

demand of refrigerant charge. Several investigations regarding plate heat exchangers 

as evaporators have been conducted for small domestic heat pumps with the purpose 

of finding optimal conditions concerning the overall heat transfer coefficient (Pelletier 

1998; Claesson et al. 2003, Claesson 2004). 

 

As far as the heat pump condenser is concerned, the water-cooled condenser is the 

dominant design for domestic heat pumps in Sweden. There are two common types of 

water-cooled condensers, the brazed plate and the tube-in-tube type. Both of them 

have been applied with satisfying performances. However, the brazed plate type is 

more popular and after its launch on the market, the tube-in-tube condenser became 

less common in domestic heat pumps. 

 

Air-cooled condensers are used when air is chosen as the heat sink. The air-cooled 

condensers are divided in two groups, forced convection and natural convection. Most 

of them are of the forced convection and so-called fan-coils are designed as fin-on-

tube packages. 
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Considering the expansion device, capillary tubes are met in many and usually old 

domestic heat pump applications in Sweden. When capillary systems are used, they 

include an accumulator within the evaporator or a receiver between the evaporator 

and the compressor. However, the most popular type of expansion device is the 

thermostatic expansion valve. Finally, it should be pointed out that many systems 

incorporate a hot gas cooler or a liquid sub-cooler when, based on the chosen 

refrigerant, there is a benefit from their existence. 

 

A heat pump system in Sweden is not dimensioned for the maximum load but in 

relation to the Balance Point Temperature (BPT). The BPT is defined as the 

temperature at which the heat pump covers the heating demand (Granryd 1998). A 

heat pump sized in this way can cover 85-90% of the annual heating demand. The 

remaining part is covered by a supplementary heat source. 

 

As far as supplementary heating is concerned, there are two alternatives. The first is 

when the supplementary heat is based on another form of operating energy than the 

heat pump (normally another form than electricity) and is called bivalent.  

 

The second alternative is a monovalent system and in most cases, it consists of an 

electric-driven heat pump plus supplementary heating based on electricity. 

Monovalent systems are quite convenient for the Swedish standards since they have 

low maintenance costs and they require little space because there is no need for oil 

tank or fuel storage. Nonetheless, there is an important disadvantage; the 

supplementary heat is highly needed for covering the demand on the coldest periods 

of the heating season. During these periods the maximum load on the electric grid 

occurs. Hence, monovalent systems have a considerable contribution to the power 

peaks in the electricity demand. 

 

Information for the operation and the function of a heating process shows that the 

most common working condition for a heat pump is to operate on/off. Economical 

and technical constraints makes on/off regulation the manufacturers’ choice although 

benefits could be achieved by variable speed control.  
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Usually the heat pump is regulated according to the average temperature in the hot-

water accumulator. If there is a heating demand at different temperature levels, the 

demand is satisfied individually and the processes are not mixed. In Sweden around 

60% of the heat pumps installed in single family houses are integrated systems and 

serve both for space and sanitary water heating. The rest 40% serves only for space 

heating. 

 

Talking about control equipment of a heat pump, the technical status is quite 

advanced and continues developing. Systems with integral microprocessors have 

reached every day applications and allow advanced logic control sequences for 

optimum operation. Moreover, new control systems give the opportunity to record the 

operating conditions and this facilitates service and maintenance. Speed control of 

fans and pumps, by utilising inverters for supplying the driving motors, help in 

minimising the use of energy. Finally, the possibility to control the capacity with 

variable speed compressors is very promising. It enables the output of the heat pump 

to be better matched to the load than previously. 

 

As regards investment, operating and maintenance costs, a heat pump system is 

profitable in the long term. This is an additional reason that makes heat pumps 

competitive in the Swedish heating market. For a ground-coupled heat pump 

installation the investment cost remains still higher than other competing systems due 

to the additional drilling costs, nevertheless, the low operating and service 

requirements with the corresponding savings result in reducing the payback time and 

making these systems competitive in the market. 

 

In order to get technical information on existing installations of domestic heat pumps, 

material provided by several Swedish heat pump manufacturers and contractors has 

been used. In table 3 a list of heat pump suppliers in Sweden is given 

(Energimyndigheten 2004). 

 

Generally speaking, the experience so far from using heat pumps is good in all market 

segments and the performance has been, in principle, satisfactory. Especially when it 

comes to new-installed units, the experience concerning availability and problems is 
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very good. Nowadays, domestic heat pumps occupy little space, are silent and easy in 

installation requirements (Söderberg 1999).  

 

Table 3. Heat pump manufacturers and contractors found in Sweden 

 

Heat pump manufacturers and contractors 

Ahlsell Kyl AB 

Bentone 

Carrier 

Clima 

ECOnomic THERMology 

EVIheat 

IVT 

Kinnan 

M & E Miljö och Energiteknik 

Mecmaster 

Megatherm 

Mitsubishi Electric 

NIBE Villavärme 

Qvantum energi 

Saveit Naturvärme 

Stiebel Eltron 

STT 

Svenska Daikin 

Terrawatt 

Thermia 

Thorén Värmepumpar 

Viessmann 

Varmitek 

Ventilationsutveckling 

 

 

Despite the fact that the present status of heat pumps is exceptional, the techno-

economical improvement of heat pump heating systems continues. There are plenty of 

issues to be examined and new tasks to be employed in all levels of ongoing R&D. 

 

Much of the research carried out in the latest years has been concentrated on using 

less environmentally hazardous, and with better compatibility with oils refrigerants 

for replacing mainly R22. Moreover, research continues in the areas of thermal and 

heat transfer characteristics of pure media and mixtures, improving efficiencies of 

motors, compressors, fans, increasing the heat transfer in evaporators and condensers, 

minimizing losses, etc. In parallel to the heat pump technological amendment, 

research proceeds in all the areas regarding component development and system 

design and integration in comfort-providing systems.  
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As regards heat pump installations combined with low temperature heating, great 

effort has been put on improving the system performance and regulation, simplifying 

the installation requirements and developing easy to assemble and maintain systems 

with low-error probability.  
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2 Problem solving method 

 

The following chapter presents the problem solving method adopted in this research 

study. As already mentioned, systems analysis is the basis for the methodological 

thinking behind the problem solving procedure. 

 

 

2.1 The need for systems approach 
 

Before we proceed with the problem solving methodology adopted in this study, it is 

interesting to relate different types of systems to formal methods of problem solving. 

As shown in figure 4, systems can be characterized in terms of number of components 

and degree of interrelatedness of components. Problems related to systems with 

relatively few and highly interrelated components can be addressed in analytical form 

mathematically. Problems related to systems with relatively many and loosely related 

components can be addressed statistically. But problems related to systems with 

relatively many and closely interrelated components cannot be addressed effectively 

by either of these two problem-solving methods. The systems, we deal with in this 

study, are of this type. According to Grant et al. (1997), systems analysis is the 

method to be applied specifically on systems characterized by organized complexity 

in which structure and controls are changed by system dynamics. 

 

In practice, domains of the various methods of problem solving overlap broadly. The 

most useful method for a given problem at a particular time depends on the 

conceptualisation of the problem and on the current state of knowledge about the 

problem within the given conceptual framework. Relative usefulness of the various 

methods also changes as we continue to work on a given problem, increase 

understanding and accumulate data. 
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Figure 4. General characterization of different types of systems in terms of number 

and degree of interrelatedness of components (Grant et al. 1997) 

 

 

2.2 Systems thinking in practice 
 

The path followed for conducting research in the field of analysing a domestic low-

temperature heat pump heating system has been to investigate the problem situation 

and give answers to questions of ‘who’, ‘why’, ‘what’ and ‘how’1. This type of 

investigation proved that our research issue is what system dynamics scholars classify 

as ‘ill-defined’. Expressed more explicitly, our research issue possesses the following 

characteristics: 

 

• It has several angles of perspective from a technical, societal or economic 

point of view. 

• It has many participants (architects, civil engineers, mechanical engineers, 

electrical engineers, designers, installers, market managers, economists, 

ecologists, etc.). 

                                                 
1 ‘Who’ could be interested/involved in analysing the performance of a domestic low-temperature heat 
pump heating system, ‘why’ and ‘how’ they could be interested/involved, ‘which’ issues are important 
and ‘what’ methods to be used in approaching and studying them. 
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• It has high complexity. There are several levels of hierarchy and focus when 

approaching the specified system (Checkland 2001). 

• It is multi-dimensional and multi-factorial. There are several ways in selecting 

the system, choosing the computational tools for modelling, etc. 

 

For such a complex research issue different actions can be taken. It is not always clear 

which factors determine the direction that has to be followed. It should be stressed the 

importance of personal influence in the selection of the approach, the interpretation of 

results and the choice of the continuation route. Framing the key research issues and 

formulating the main research questions have thus a strong effect on choosing 

evaluating and selecting alternative methods of action.  

 

The ‘reference system’ is the starting point for our system studies. This system 

consists mainly of a domestic house, a low-temperature heat distribution system based 

on a heat pump and controls. Figure 5 depicts in a simplified scheme the reference 

system.  

 

Building

• construction/characteristics,

• habits of residents,

• ventilation, etc.

Heat distribution system

Heat pump

Controls

Controls

Climate

• heat source

• type of floor heating

 
 

Figure 5. Simple scheme of the reference system 
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2.3 Developing the problem solving procedure 
 

The framework with the main activities that compose systems analysis is illustrated in 

figure 6 (Miser and Quade 1985; Hall 1969). The loops in the systems approach show 

that the analysis is a learning process, which uses systems ideas to formulate mental 

acts. Among the activities omitted from figure 6 are data collection and analysis.  

 

Forecasting
future 

contexts

Iteration to Reconsider the Constraints, Objectives, or Criteria

Formulating

the problem

Initiation

Boundaries and

Constraints

Objectives

Values and 

Criteria

Identifying

designing 

and 

screening 

the 

alternatives

Alternatives

Building and 

using 

models for 

predicting 

the 

consequences

Comparing 

and 

ranking 

alternatives

Consequences

(Impacts)

Communicating

Results

Iteration to Improve Alternatives

Iteration to Reformulate the Problem

Iteration to Improve 

the Predictive Process

 
Figure 6. The systems analysis procedure with iteration loops (Miser and Quade 

1985) 

 

The problem solving procedure, employed in this research study is depicted in figure 

7. This procedure is based on the systems analysis procedure shown in figure 6. As 

can be seen in figure 7, the problem solving method is a circulating course of actions 

that is based on a target-oriented concept. While framing the problem situation, 

objectives and hypotheses are employed that characterise the conceptual model. The 

target is to meet objectives and verify hypotheses. However, a solution might bring to 

light unexpected results. This poses new questions and new issues to be investigated. 

Hence, a need is created for reformulating the conceptual model and setting new 

hypotheses. As proceeding with research, many times the focus is shifted from the 

end-objectives to the situation where the problem lies. 
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Using models is the central means in the problem-solving procedure of this research. 

Model formulation is one of the most important steps in systems analysis. A model is 

an abstraction of reality (Grant et al. 1997). In order to deal with the system-of-

interest, we develop and use models for understanding a complex reality and 

predicting a result.  

 

Framing the problem

Basic hypotheses

Conceptual 
model

Physical 
model

Objectives

Basic

science

Sim
ula

tio
n

Computational 
model

Solution 1

Etc.

Solv
ing

Communicating resultsNew issues 
for 

investigationReframing

the problem

Solution 2

 
Figure 7. A simplified scheme of the problem solving procedure of this research 

 

In this study, we use predictive models in the form of dynamic computational models. 

These models represent time-varying processes and circumstances in a system 

determining the outcome of alternative actions. However, before developing 

computational models, conceptual, or qualitative models have to be built. In many 

respects, conceptual model formulation is the basis for applying systems analysis. The 

building process and use of computational models relies on the conceptual models 

that have been created. The next chapter discusses how the models have been 

conceptualised and the process that gradually resulted in the development of the 

computational models in TRNSYS and EES. 

 

 

2.4 Model validation 

 

Model validation is the last step when applying systems analysis. The validation 

process followed in this study is depicted in figure 8 (Gustafsson et al. 1982). Total 
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validation is the most common way to justify and support the consistency of the 

results and the reliability of the research methods that have been utilised. 

Experimental verification for some types of floor heating, and comparing with results 

from other sources have been the main contributions to total validation. However, in 

this study, major emphasis has been put on the sub phases of model validation. 

 

Data System

Model

Simulation 
program

Results

Data validation

Hypothesis 

validation

Technical

validation

Total

validation

 
Figure 8.  The validation process (Gustafsson et al. 1982) 

 

During this research, data validation has been carried out by evaluating the input and 

output data. TRNSYS manual has been the main guideline for choosing the input data 

and the parameters in the models. Apart from this, the author has used ASHRAE 

handbooks and relevant bibliography and references, manufacturer’s guidelines and 

standards, data from real-life applications and hints from personal communication 

with experts in the field. 

 

Finally, running the simulation and elaborating on the results have contributed to 

hypothesis and technical validation. Using the model under conditions that give 

expected results has contributed to technical verification. Also, testing the validity of 

hypotheses assisted in changing the structure, altering and expanding the reference 

system. 
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3 Simulation tools and model development 
 

Engineers have a large number of energy-related computational tools at their disposal. 

Energy analysis tools range from simplified, manual methods, for approximate energy 

use estimates, to detailed, computerized, hourly simulations (Al-Homoud 2001; De 

Wilde et al. 2002). If the purpose of building energy analysis is to study trends and 

make approximate estimations, then simplified analysis methods may be appropriate. 

However, for a detailed energy analysis of building energy systems and sub-systems 

and life cycle cost analysis, more comprehensive tools are required. 

 

 

3.1 Selecting simulation tools 
 

Many factors are usually considered when selecting an energy analysis method. Such 

factors include (Al-Homoud 2001): 

 

• Accuracy. 

• Sensitivity. 

• Speed and cost of learning and use. 

• Reproducibility. 

• Ease of use and level of detail (complexity of the input procedure). 

• Availability of required data. 

• Quality of the output. 

• Stage of the project. 

• Etc. 

 

The greatest advantage of detailed energy simulation models is realized mostly in 

simulating the behaviour of large and complex systems to provide detailed 

information on their performance. A lot of energy analysis and system simulation 

tools have been developed as the so-called integrated design tools. Some of the tools 

available are DOE-2 (Winkelmann et al. 1993), COMTECH (Fuller and Rohnrind 

1992), BLAST (Blast Support Office 1993), TRNSYS (Klein et al. 2000) and 

ENERGYPLUS (Chantrasrisalai et al. 2003). 
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Most building energy simulation programs generate whole-building energy use 

estimates. These simulation tools are effective tools that can assist designers and 

engineers in optimising integrated building designs and reaching guided solutions. 

There is a vast potential in developing existing or new tools in order to meet users’ 

requirements and demands. 

 

However, the utilization of energy simulation tools seems to be limited to 

optimisation and verification in research. Detailed energy simulation tools have low 

impact on the building design decisions and there is a lot to be done in making energy 

simulation tools easy to use and accessible to designers and decision-makers in 

buildings (Hensen 1995; Ellis and Mathews 2002). 

 

The high complexity of such programs and the fact that they require long time in 

learning how to use them, preparing the input, running them and interpreting the 

results are the main reasons for the low utilisation of such programs in decision 

making processes. This type of programs faces also practical problems, such as, the 

difficulty of adding or adapting models and frequent numerical instability due to ill-

conditional models. Furthermore, the accuracy of these programs depends on the 

accuracy of the sub-models and the program input assumptions. Therefore, part of the 

inaccuracy in the simulation results is sometimes attributed to the users of the 

programs rather than the analysis methods themselves (Al-Homoud 2001; Felsmann 

et al. 2002).  

 

 

3.2 Modelling in TRNSYS-EES 
 

Improved system simulation can be achieved by using modular, component-based 

simulators, of which TRNSYS has been one of the best-known and most widely used 

examples (Lebrun and Strengnart 1986; Al-Homoud 2001; Gouda et al. 2002; 

Kalogirou et al. 2002). TRNSYS is a powerful tool that can provide analytical 

simulation of domestic heating and cooling systems with different output options and 

with arbitrary time step. Furthermore, it provides the possibility to be connected to 
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other mathematical solvers such as the Engineering Equation Solver (EES) (Klein and 

Alvarado 1999), MATLAB (Fowley and Horton 1995) and SIMULINK (The Math 

Works Inc. 1996) and to solve dynamic problems, modelled in different simulation 

environments, simultaneously at each time step. TRNSYS and EES are the 

computational tools that have been employed in this analysis for developing the 

models under study. The option to achieve co-solving between TRNSYS and EES has 

been one of the main reasons that these tools have been chosen.  

 

 

3.3 Building models in TRNSYS 
 

In this study, TRNSYS 15.0 is used for the development of building models. 

TRNSYS is a package of utility programs that enables the simulation and analysis of 

transient systems. The subsystem components, included in the standard library, are 

programmed in Fortran language. Each component has a unique Type number that 

relates this component to the Fortran subroutine that models it. Moreover, each 

component is represented by a number of Parameters and time-dependent Inputs, and 

produces a number of time-dependent Outputs. A given output of a specific 

component can be used as input to itself or to any number of other components. This 

is mainly how the system components can be interconnected. 

 

In TRNSYS a system can be modelled by specifying the components of the system 

and the manner they are connected. The TRNSYS library includes many of the 

components currently found in thermal energy systems, as well as component routines 

to handle inputs of weather data or other time-forcing functions and outputs of 

simulation results. Many of the components may have several operation modes, 

offering different degrees of model complexity. Furthermore, it is possible to use a 

Fortran compiler to add new components to the standard library or modify any of the 

standard component routines.  

 

In TRNSYS, the user has the ability to interconnect system components in any desired 

manner. Once all the components of the system have been identified and their 

interaction has been predetermined, the main input file for the system can be attained. 
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This can be done either directly by editing the text that describes the components and 

the way they interfere in the menu-driven-environment program (TRNSHELL), or by 

constructing an information-flow diagram in the graphical pre-processor (PRESIM or 

IISIBAT). TRNSHELL, PRESIM and IISIBAT are programs included in the 

TRNSYS package. From the flow diagram in the graphical pre-processor, a deck-file 

is generated which is read in TRNSHELL. After this, the simulation can be run. 

 

 

3.3.1 Simple model 

 

The first building model, developed in this study, uses the component Type 19 in 

TRNSYS. The component Type 19 is useful for estimating heating or cooling loads 

for a single zone. This building model is used in Sakellari and Lundqvist (2002(a)), 

for comparing the heating and cooling loads of three single building zones with 

different characteristics. The building model allows changes to the window total heat 

transfer coefficient. Hence, variable window transmittance of solar radiation and 

thermal energy transfer across the window are achievable. It is also used for 

calculating the monthly coverage of the building’s heating load by a ground-coupled 

heat pump. 

 

The building is modelled as a unified zone without interior partitions. The zone is 

specified by inputs describing the internal space, walls, floor, ceiling, windows and 

doors. The construction is selected from a list with descriptions of standard 

constructions and materials provided by ASHRAE (ASHRAE Fundamentals 1993; 

Klein et al. 2000).  

 

The convective and radiant losses and gains are calculated within TRNSYS after 

selecting the zone construction. Internal energy is the heat created due to lights, 

equipment, presence of people and the level of their activity, as well as any other 

instantaneous heat gains to space. The thermal requirement is calculated by setting the 

desired zone temperature and the desired zone humidity ratio. The mathematical 

descriptions for the sensible and the latent energy requirement governing the heat 

transfer through and between all elements in the zone are: 
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The sensible energy requirement for maintaining the desired indoor temperature is 

obtained from an energy balance of the zone. The latent energy requirement is based 

on a moisture balance of the zone air at any instant. The latent load is the energy 

required to maintain the zone humidity ratio within the desired humidity comfort 

zone. 

 

Information regarding the building’s characteristics is required in the model. Table 4 

gives a descriptive account of the building’s construction. 

 

Table 4. Information for the building’s characteristics 

 

Zone’s construction 

One-level dwelling, no cellar  

Floor area of 120 m² 

Window area corresponding to 15% of the total floor area 

Variable gain window1 
 

 

 

3.3.2 Advanced model 

 

The second building model has been developed for studying the thermal behaviour of 

a building with several thermal zones. For this reason, the multi-zone building 

component Type 56 has been utilised. This component is modelled in TRNSYS 

through multiple uses of the component Type 19. A building model based on Type 56 

is developed in PREBID. PREBID is a pre-processing program included in the 

                                                 
1 Variable gain window is the component Type 35 in the standard TRNSYS library 

that allows the window total heat transfer coefficient to be changed 

 37



Sakellari D. – Modelling the Dynamics of Domestic Low-Temperature Heat Pump Heating Systems 

TRNSYS package and is an interface for creating building descriptions, setting their 

thermal characteristics and the operation of HVAC systems. It is used for creating two 

files, which are assigned in the TRNSYS input file and contain required information 

for the building description and the heat transfer functions for walls. This multi-zone 

building model has been employed in Sakellari and Lundqvist (2003(a)), Sakellari and 

Lundqvist (2003(b)), and Sakellari and Lundqvist (2004). 

 

Every zone in the multi-zone building is specified in so-called type managers that 

determine the walls, roof, floor and windows. Typical constructions for walls, roofs 

and floors for a building creation can be chosen from the library included in PREBID 

program. The library’s lists correspond to typical constructions according to VDI 

2078 and the ASHRAE Standard (Klein et al. 2000). Besides this, the user has the 

ability to add new walls. A new wall type can be defined by specifying the series of 

layers that compose it. Once more, the layers can be chosen from a library with 

standard construction materials or new materials can be added to the library. The 

same process is followed for the creation of a roof, a floor and windows.  

 

Every zone has its own default options for setting the operation modes for heating, 

cooling, infiltration, ventilation, internal gains and humidity capacitance. The 

operation mode can be a constant value, an input or a schedule.  

 

When the operation modes for heating and cooling are set to a constant value then 

they are provided internally in PREBID. In some cases unlimited power is chosen for 

the heating and cooling modes. In these cases by setting the comfort region, where the 

indoor temperature can fluctuate without providing any heating or cooling, we can 

calculate the annual demands for keeping the indoor temperature within this region. 

Furthermore, the upper and lower limit rates of humidification and dehumidification 

are set equal to default values that are selected by standard values included in the 

region that specifies an acceptable thermal environment (ASHRAE Standard 1992). In 

other cases, the heating power is an input coming from an EES file that includes a 

heat pump model. This will be further explained later on in the discussion. 

 

The building model based on the component Type 56 has been employed several 

times in this study for investigating different cases. In all cases, ventilation rates vary 
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according to the need. However, the temperature of the supply air is the same for all 

the zones. The exhaust air evacuated from the zones serves as the heat source to the 

exhaust-air heat pump that covers the heating demand of the building. Since it is a 

tight building construction the infiltration rate can be set equal to a constant value, 

which corresponds to an annual average according to ASHRAE (ASHRAE Handbook 

of Fundamentals, 1997). Moreover, internal gains differ from one zone to another. 

There are four persons, two adults and two children, living in the house. Time 

schedules are applied for occupancy and appliance loads separately for each zone 

according to habits and predicted activities of the occupants on a daily basis. In order 

to model the effect of humidity within the zones, the humidity capacitance ratio for 

every zone is specified. Finally, the thermal comfort can be determined by selecting a 

comfort type for every zone. In this comfort type, entities like the clothing factor, the 

external work and the metabolic rate are defined. Table 5 provides information for the 

design parameters of the building and figure 9 shows the ground plan of the building. 

 

Table 5. Information on the design parameters of the building 

 

Building Outside walls Roof Floor Windows 

Area (m²) 97.9 120 120 16.5 

U-value (Wm-2K-1) 0.151 0.156 0.153 1.3 

 

Building zones Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

Orientation SE EN SW NW N 

Zone description Kitchen Bedroom Living room Bedroom Bathroom

Volume (m³) 65 65 91 65 26 

Infiltration ACH1 0.2 0.2 0.2 0.2 0.2 

Windows 

U-value (W m-2 K-1) 

 Area per zone (m²) 

 

1.3 

4 

 

1.3 

3.5 

 

1.3 

6 

 

1.3 

3 

 

1.3 

1 

 

 

                                                 
1 ACH: Air changes per hour 
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Figure 9. Ground plan of the building 

 

The building’s energy requirement is obtained from the energy balance of every zone. 

The zone model is a non-geometrical balance model with one air node, representing 

the thermal capacity of the zone air volume and capacities, which are closely 

connected with the air node. The energy balance is obtained by summing all the heat 

flows to the air node. The heat flows result from the conduction and radiant heat 

fluxes through walls, windows and internal objects, the convective heat flow to the 

zone air node, the air mass flow that a zone receives from another zone (coupling) and 

the heat provided by the heating equipment. This heat is coupled to the zone as 

ventilation, internal convective and radiant gains. 
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A more detailed mathematical description of the component Type 56 can be found in 

the appendix. 

 

For completing the building’s description the climatic conditions have to be specified. 

Two are the building locations that have been chosen. The first one is the city of 

Malmö in south Sweden. The climatic data for the city of Malmö is provided on an 

hour-step basis and the data is generated from the monthly average conditions for the 

specific location (TRNSYS web page 2002). The record with the climatic conditions 

for the city of Malmö has been employed for the computations in Sakellari and 

Lundqvist (2002(a)), Sakellari and Lundqvist (2002(b)) and Sakellari and Lundqvist 

(2004). The second building location is the capital of Sweden, Stockholm. The 

climatic data is for one year and is also provided on an hourly-time step. In this case, 

the file with the climatic data corresponds to the meteorological year of 1999 for the 

location of Stockholm (The City of Stockholm Environment and Health 

Administration 2003). The record with the climatic conditions for the city of 

Stockholm has been employed for the computations in Sakellari and Lundqvist 

(2003(a)) and Sakellari and Lundqvist (2003(b)). Table 6 gives information for the 

input climatic data. 

 

Table 6. Information for the input climatic data 

 

Climatic data for Malmö Climatic data for Stockholm 

Beam and diffuse radiation on 

horizontal surface (kJm-2hr-1) 

Dry bulb temperature of ambient air 

(ºC) 

Relative humidity of ambient air (%) 

Wind velocity (ms-1) 

Total radiation on horizontal surface 

(kJm-2hr-1) 

Dry bulb temperature of ambient air 

(ºC) 

Relative humidity of ambient air (%) 

Wind velocity (ms-1) 

 

 

The building model based on the component Type 56 includes also the floor heating 

system. The floor-heating configuration developed and mostly used in the models is 

 41



Sakellari D. – Modelling the Dynamics of Domestic Low-Temperature Heat Pump Heating Systems 

pipes embedded in concrete. This is most likely the simplest to install, the easiest to 

operate and the most economic type among floor heating systems (Örberg 1988, 

Tiitso 1998). However, several floor-heating designs are employed and compared 

depending on the building’s dynamic behaviour and characteristics and the specific 

case under investigation (Sakellari and Lundqvist 2003(b)).  

 

The floor heating system is modelled in PREBID. The layer with the pipes is one of 

the layers that comprise the floor and is defined as an integrated active layer that adds 

heat to the zone. In this active layer, dimensional parameters as the pipe’s material, 

diameter, and spacing have to be set. The convective heat transfer coefficient between 

the floor surface and the zone air is calculated by the component Type 80 and is 

inserted as an input to the component Type 56 for estimating the overall heat transfer 

coefficient of the floor. 

 

For the floor heating systems developed, the supply water temperature is curve-

steered by the ambient temperature. Two are the selected curves and are included in 

the LK Golvvärme catalogue (LK Golvvärme 2000): 

  

s 0.293 29.5aT T= − × +        (7) 

 

s 0.35 30aT T= − × +         (8) 

 

The main control strategy for regulating the hot water supply to the floor heating 

system concerns the operation of the circulator. The on/off operation of the pump 

depends on the outdoor temperature, the indoor temperature and the floor surface 

temperature. 

 

At this point, it is worthwhile mentioning the flexibility in programming the building 

zone in TRNSYS. Variable type managers that determine the construction and 

variable operation modes of the dynamic functions allow changes in the design 

parameters of the building and its characteristics. Hence, different types of buildings 

with different energy requirements and placed in different locations can be attained 
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and compared with each other. In Appendix one can see a list of all the TRNSYS 

component types that have been utilized in the development of the models. 

 

 

3.4 Heat pump models in EES 
 

The heat pump models are developed in EES. EES program is an equation-solving 

program with built-in functions for calculating thermodynamic and transport 

properties of different substances (Klein and Alvarado 1999). Since refrigerant 

properties can be obtained in EES, it is rather convenient to use it in order to model 

the performance of a heating system based on a heat pump.  

 

EES provides an embedded simulation within a TRNSYS simulation. Actually, it is 

possible to call an EES file via a TRNSYS file and achieve co-solving. Hence, the 

building model and the heat pump model are connected and simulated simultaneously. 

The link between the two programs is of a great importance since the heating system 

and the building must be approached as an integrated system. Therefore, the operation 

of the heating system in the chosen building and the system interaction can be 

attained. 

 

Figure 10 illustrates an example of a flow diagram for a reference model developed in 

TRNSYS-EES (Sakellari and Lundqvist 2004). This flow diagram shows the 

interconnection between the components in TRNSYS for a specific reference model. 
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Figure 10. Flow diagram of a reference system developed in TRNSYS-EES 

 

In figure 10: 

 

Type 2 SSC Zn is an on/off differential controller for controlling the shading signal of 

every zone. 

Type 2 VSC Zn is an on/off differential controller for controlling the ventilation 

signal of every zone. 

Type 9 WDR is a standard data reader for reading weather data at regular time 

intervals. 

Type 16 SRP is a solar radiation processor for interpolating the radiation data. 

Type 25 DP is a data printer (output producing component). 

Type 28 SS provides simulation summary (output producing component). 

Type 33 PSYCRO is a component for calculating thermodynamic properties of air. 
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Type 56 BUILDING is a component for modelling the thermal behaviour of a multi-

zone building. 

Type 65 Opn is an online graphics component for displaying selected outputs. 

Type 66 EES is a component for calling an EES file and exchanging information with 

the TRNSYS file. 

Type 69 CST is a component for calculating the fictive sky temperature. 

Type 80 FHT is a routine for calculating the convective temperature dependent heat 

transfer coefficient of a radiant surface in Type 56 that contains hot water pipes for 

floor heating. 

 

 

3.4.1 Ground-coupled heat pump models 

 

The first heat pump model corresponds to a ground-coupled heat pump connected to a 

low temperature, hydronic distribution system. As regards the heat source, a single 

borehole with a U-shape tube is placed in rock. An indirect system is chosen with a 

brine of ethylene glycol circulating between the heat source and the evaporator. 

Ethylene glycol is an old secondary refrigerant widely used in heat pump applications. 

The latest years, new liquids gain also popularity. Melinder (1997 and 1999) has 

documented the thermo physical properties of new products as water solutions of 

potassium formate, which are very promising. 

 

In this model, for the sake of simplicity, it is assumed that the amount of energy 

extracted from the ground is constant and equal to 30 Wm-1. This assumption is valid 

for a sufficient installation of a single borehole in rock with proper backfilling 

(Granryd 1998). However, this hypothesis is questionable in cases of installations in 

soil. In such cases, the performance of a ground heat pump system depends strongly 

on the moisture content and the soil type. According to Leong et al. (1998) alteration 

of soil moisture content strongly influences the ground heat pump performance and 

any decrease of soil moisture in a specified range can have a devastating effect on the 

coefficient of performance. 

 

For all the models developed, R410A is the chosen refrigerant. However, comparisons 

of heat pump performances from using different refrigerants are also made (Sakellari 
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and Lundqvist 2001; Sakellari and Lundqvist 2002(a)). Nowadays, R410A is widely 

used in small-scale heat pumps. The experience gained from existing installations and 

studies on the influence of several refrigerants on heat pump performances prove that 

R410A is a strong candidate among working fluids for heat pumps (Meyer 2000; 

Didion and Brawn 2001; Spindler 2003). 

 

The first heat pump model developed in EES includes also the mathematical 

equations for estimating the transmission losses and the energy requirement of the 

building in a steady-state approach. This model has been employed in Sakellari and 

Lundqvist (2001). The main assumptions are: 

 

• Constant brine temperature. 

• Constant condensation temperature. 

• Steady superheat. 

 

The main equations in use allow for the calculation of the coefficient of performance 

(COP1) of the heat pump: 

 

1 2 1COP COP= +         (9) 

 

)(2
v

v
all e

qnCOP ⋅=         (10) 

 

The overall efficiency is a function of the isentropic compression efficiency, the 

electric motor efficiency and the transmission efficiency. According to Pierre (1979), 

the isentropic compression efficiency and the electric motor efficiency are functions 

of the compressor’s pressure ratio and the refrigerant’s molar mass.  

 

),( , tmelisall f ηηηη =        (11) 

 

The main equations in use, for estimating the transmission losses of a house, when 

radiators and when a floor heating system and optionally convectors are applied 

respectively, are given below:  
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( ) ( ) ( )grad w z a grad z grQ kA T T kA T= ⋅ − + ⋅ −T∑     (12) 

 

( ) ( ) ( )g w z a fg z gr glossQ kA T T kA T T Q= ⋅ − + ⋅ − +∑ z⋅    (13) 

 

The assumptions allow for the calculation of transmission losses for a specific case. In 

Eq. (13) the parameter z determines the portion of the heating demand that is covered 

by floor heating. The rest is provided with convectors. Hence, when z=1 all the 

heating demand is covered totally by the floor heating system. When 0<z<1 then the 

floor heating system is supplemented with convectors. For the sake of simplicity the 

overall heat transfer coefficients Σ(kA)w and kAgrad are constant values. The overall 

heat transfer coefficient between the floor with floor heating and the ground depends 

on the thickness of the extra insulation layer underneath the floor heating 

construction: 

 

)( δ∆= fkAg          (14) 

 

The extra transmission losses to the floor due to the floor heating application are a 

function of the heat flux and the thickness of the extra insulation: 

 

( , )glossQ f q δ= ∆         (15) 

 

The second ground-coupled heat pump model is based on the first heat pump model 

excluding the set of equations for estimating the building’s transmission losses. Also, 

the energy extracted from the ground is taken equal to 35 Wm-1. 

 

 

3.4.2 Exhaust-air heat pump models 

 

The heat pump model developed next corresponds to an exhaust-air-to-water heat 

pump. The heat pump covers a portion of the peak required heating demand since the 
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amount of the exhaust air is limited. For the coldest period of the year the heat pump 

is supplemented by electricity. R410A is the selected refrigerant.  

 

The first exhaust-air heat pump model incorporates also the mathematical description 

of a heat exchanger for preheating the supply air. This heat exchanger uses heat from 

the water returning from the floor heating system to the condenser for preheating the 

incoming air. Figure 11 illustrates a simple scheme of the interconnection of the first 

exhaust-air heat pump model to the building. 

 

The second model is based on the first exhaust-air heat pump model excluding the 

heat exchanging function for treating the supply air. For this case a heat exchanger 

uses instead the exhaust air that leaves the evaporator for preheating the supply air 

and the mathematical description is included in the TRNSYS file. The temperature of 

the exhaust air that leaves the evaporator is around 4oC. The exhaust air passes 

through the heat exchanger and preheats the supply air when the ambient temperature 

is lower than 4oC. Figure 12 depicts a simple scheme of the interconnection of the 

second exhaust-air heat pump model to the building. 

 

Heat 
pump
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Supply water

Return water

Supply air

Exhaust air

Supplementary 
heating

 
 

Figure 11. A simple scheme of the interconnection of the first exhaust-air heat pump 

model to the building 
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Figure 12. A simple scheme of the interconnection of the second exhaust-air heat 

pump model to the building 

 

In both models, specified inputs to the EES files coming from the TRNSYS files are 

used for determining the vapour compression cycle at every time step. These inputs 

are: 

 

• The exhaust airflow. 

• The exhaust-air temperature. 

• The return water temperature to the condenser. 

• The return water mass flow. 

• The required supply water temperature. 

 

The temperature lift varies since the condensation temperature follows the required 

supply water temperature. Figure 13 shows a simplified equipment graph for the heat 

pump and the vapour compression cycle in a pressure-enthalpy graph for two cases 

regarding the supply water temperature. 
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Figure 13. A heat pump graph and the vapour compression cycles for two cases of 

supply water temperature 

 

The mathematical analysis of the exhaust-air heat pump models is based on Eq. (9) 

and Eq. (10). In this case, the heat source to the evaporator is coming from the exhaust 

air. The power that can be gained from the exhaust air is: 

 

exQ V hρ= × × ∆         (16) 

 

The heating power of the condenser in relation to the capacity of the air can be 

estimated in a simple way according to (Granryd 1998): 

 

11

1
1 −

××=
COP

COPQQ η        (17) 

 

 

3.5 Summary of models-in-use 
 

Table 7 below provides synoptically a summary of the models that have been 

described previously and employed in the analysis that follows in chapter 4. 
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Table 7. Summary of the building and the heat pump models 

 

Building models 

1. Simple model based on the single-zone component Type 19 

2. Advanced model based on the multi-zone component Type 56 

2.1. Building  

2.1.1. Heating, cooling and ventilation modes provided internally by PREBID 

2.1.2. Heating is an input, provided externally by an EES file 

2.2. Floor heating, regulation of the supply water temperature 

2.2.1. Curve-steered based on Eq. (7) 

2.2.2. Curve-steered based on Eq. (8) 

2.3. Main control strategy. The supply of hot water stops when:  

2.3.1. Ambient temperature>8oC or indoor temperature>20oC or floor surface 

temperature>26oC 

2.3.2. Ambient temperature>9oC or indoor temperature>21oC or floor surface 

temperature>29oC 

2.3.3. Ambient temperature>12oC and indoor temperature>21oC or floor surface 

temperature>29oC 

Heat pump models 

1. Ground-coupled heat pump models 

1.1. The EES file incorporates also the mathematical analysis of the building and 

the heat distribution system 

1.2. The EES file includes only the heat pump model  

2. Exhaust-air heat pump models 

2.1. The EES file incorporates also the mathematical description of a heat 

exchanger for preheating the supply air 

2.2. The EES file includes only the heat pump model 
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4 Analysing the operation of integrated systems 
 

In the following chapters several models are employed based on the sub-models of 

table 7. These models are summarised in table 8.  

 

Table 8. Summary of the models (based on table 7) used in the following discussion 

 

Following chapters Building model Heat pump model 

4.1 Temperature 

levels versus energy 

flow 

None 

1.1 Ground-coupled 

heat pump and building 

models in EES 

4.2 Building-heat 

pump heating system, 

a simplified approach 

1. Single-zone building (climatic 

data for Malmö) 

1.2 Only the ground-

coupled heat pump 

model in EES 

2. Multi-zone building (Climatic 

data for Malmö) 

2.1.1 Heating mode-internal 

 

 

None 
4.3 Building-HVAC 

system, an advanced 

approach (two cases) 
2.1.2 Heating mode-external 

2.3.1 Main control strategy 

2.2.1 Curve steering Eq. (7) 

2.1 First exhaust-air 

heat pump model 

2. Multi-zone building, modified 

(Climatic data for Stockholm) 

2.1.1 Heating mode-internal 

 

 

None 
4.4 Focusing on floor 

heating and thermal 

mass (two cases) 
2.1.2 Heating mode-external 

2.3.1 Main control strategy 

2.2.1 Curve steering Eq. (8) 

2.1 First exhaust-air 

heat pump model 

 

4.5 Reconsidering the 

influence of gains on 

system’s operation 

2. Multi-zone building (Climatic 

data for Stockholm) 

2.1.2 Heating mode-external 

2.3.2 Main control strategy 

2.2.1 Curve steering Eq. (7) 

 

 

2.1 First exhaust-air 

heat pump model 
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4.6 Focusing on 

control strategies 

2. Multi-zone building, modified 

(Climatic data for Stockholm) 

2.1.2 Heating mode-external 

2.3.3 Main control strategy 

2.2.2 Curve-steering Eq. (8) 

 

 

2.2 Second exhaust-air 

heat pump model 

 

 

The analysis relies on the problem solving procedure that has been introduced in 

chapter 2. Hence, the main process is to employ one model with the purpose of 

examining some predetermined issues and achieving end objectives. The analysis 

brings to light new subjects to be studied and a new model is implemented for 

elaborating new cases and exploring new hypotheses. This is mainly the research 

methodology that is used in the following discussion. 

 

 

4.1 Temperature levels versus energy flow 
 

The design temperature levels of a heating system served by a ground-coupled heat 

pump affect significantly the overall efficiency of the system. The purpose of the 

model used in this phase is to investigate how different temperature levels influence 

the various steps in a domestic heat pump heating system. Figure 14 illustrates the 

energy flow in a heat pump heating system versus the temperature change in every 

heat exchanging process. The figure shows in a simple scheme the steps from the time 

energy flows from the heat source to the evaporator, until heat is released from the 

building envelope to the environment. Each temperature difference and every heat 

exchanging process induce losses to the entire system. The magnitude of every step 

affects the energy flow and generally the efficiency of the system.  
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Figure 14. Energy flow versus temperature levels in a domestic heat pump heating 

system 

 

The following analysis is based on paper I. The heat pump model in use has entirely 

been developed in EES (refer to table 8). The analysis shows the influence of different 

temperature levels on dimensioning parameters as the borehole depth and the 

insulation thickness under the floor heating system. As an example the influence of 

the condensation temperature on the borehole depth is given. For lower condensation 

temperatures, the COP1 becomes substantially higher. Hence, more heat has to be 

extracted from the borehole, which consequently has to be deeper. For this reason, 

when the condensation temperature decreases the required borehole depth increases. 

Figure 15 illustrates this effect. As expected, if this effect is neglected by assuming a 

constant borehole depth, then a lower condensation temperature may result in a 

system with a lower COP1 since the evaporation temperature will stabilize at a lower 

value and this will result in a higher temperature lift for the compressor. 
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Figure 15. Borehole depth versus condensation temperature 

 

A basic prerequisite for a satisfactory operation of a heat pump is a low condensation 

temperature. Low-temperature floor heating is therefore preferable. However, floor 

heating can cause an increase to the transmission losses to the ground (Roots 1998). 

Figure 16 highlights the need for lower water supply temperatures consequently lower 

condensation temperatures, for minimising the transmission losses to the ground. 

Moreover, the insulation thickness is an important factor to be considered. A lower 

supply water temperature is thus favourable in view of the fact that it results in lower 

transmission losses and enhanced comfort feeling. 

 

The desired indoor temperature is usually taken as constant when a heating system is 

designed. However, when floor heating is applied it is possible to maintain a lower 

required indoor temperature without sacrificing in comfort (Breembroek and 

Dieleman 2001). A lower required indoor temperature is advantageous because it 

decreases the overall transmission losses and at the same time increases the possibility 

for using lower supply water temperatures. Figure 17 illustrates the transmission 

losses of a heated floor to the ground for different indoor temperatures. As expected, a 

lower heat flux is also beneficial. 
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Figure 16. Heat transfer coefficient for transmission by a heated floor to the ground 

versus water supply temperature 
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Figure 17. Transmission losses of a heated floor to the ground versus indoor 

temperature 

 

The preceding discussion provides evidence that lower temperature levels in the heat 

exchanging processes enhance the operation of the heating system. However, the 

crucial when optimising a systems operation is the approach followed. The overall 

systems approach reveals simply that the water supply temperature, which influences 

considerably the heat pump operation, depends on the specific energy requirement of 
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the house and the energy requirement is affected by the construction of the house and 

the habits of the occupants. 

 

The dependence of the design parameters on each other is apparent. The overall 

system has emergent properties that are not found in the respective components 

themselves. Respectively, in the route to optimising the systems operation, it is not 

possible to isolate one process and to work intensively on improving its performance 

since this process is in a symbiotic relationship with other parts of the system. 

Changing one parameter in one end brings results and effects on the other end.  

 

Hence, approaching the system as a whole gives the possibility to see how the design 

temperature levels of the system affect it and every single process in it. Taking this 

approach into account it is even possible to find the energy savings for different sizes 

and different designs of the heating system (Forsén and Granryd 1999). 

 

 

4.2 Building-heat pump heating system, a simplified approach  
 

The model employed in the preceding discussion is based on a steady-state approach. 

The need to explore the dynamic behaviour of the system-of-interest resulted in the 

development and use of the model that has been employed for the discussion that 

follows. The model used next is based on the ground-coupled heat pump model and 

the single-zone building model (refer to table 8). 

 

The building’s construction and use are critical factors that have to be considered in 

the process of optimising a low-temperature heat pump heating system. The 

discussion that follows is based on work presented in paper II. In this work the energy 

requirement of three buildings with different insulation is studied. Table 9 provides 

information for the chosen building zones. Moreover, a time-schedule is used for 

applying internal shading only in hours of high solar radiation. 

 

Figures 18 and 19 highlight the influence of the building’s construction on both the 

heating and cooling requirement. Although the heating requirement is kept low, the 
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cooling requirement might rise considerably in a well-insulated construction 

especially when extended fenestration is applied that allows for high radiant gains but 

low heat transfer losses. However, the increase in the internal shading influences 

mostly a very well insulated construction, decreasing considerably the cooling 

requirement. Applying internal shading is the most common case since it is widely 

met, due to aspects of aesthetics and thermal comfort. 

 

Table 9. Information for the characteristics of the chosen building zones 

 

Building construction 
Very well insulated 

1st construction 

Well insulated 

2nd construction 

Med insulated 

3rd construction

Wall heat transfer 

coefficient (Wm-2K-1) 
0.213 0.245 0.294 

Roof heat transfer 

coefficient (Wm-2K-1) 
0.195 0.226 0.258 

Floor heat transfer 

coefficient (Wm-2K-1) 
0.278 0.361 0.417 
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Figure 18. Heating load for three different building types and three different cases of 

internal shading 
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Figure 19. Cooling load for three different building types and three different cases of 

internal shading 

 

The following discussion focuses on the influence of the heat pump on the heating 

process and its capability to cover the energy requirement of a specific building 

construction. Hence, the first building construction (refer to table 9) with internal 

shading corresponding to 50% of the total window area is considered. The heat pump 

is sized so that it covers 44% of the capacity. As can be seen in figure 20, the heat 

pump dimensioned in this way covers 87% of the zone’s total annual heating 

requirement. In this specific case, the chosen borehole length is 35 m.  

 

This is a very short borehole for the Swedish standards. However, it is mainly the 

result of the fact that the chosen building has a very low heating requirement. For 

such well-insulated buildings the use of exhaust-air heat pump systems shows more 

suitable. This is one of the reasons that the exhaust-air heat pump model has been 

developed and used in the discussion that proceeds in the next chapter.  

 

The increase of the borehole length by 5 m results in a 3% increase in the coverage 

ratio of the building’s heating requirement by the heat pump. Deciding the preferable 

borehole length is a pure matter of system’s economic optimisation. However it is 
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advisable to bear in mind that an oversized heat pump might be desirable from an 

environmental point of view, but not from an economic point of view. 
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Figure 20. Monthly coverage of the building’s heating load by the heat pump 

 

The performance of the heat pump depends on the chosen refrigerant. Table 10 below 

demonstrates a comparison of performances when the heat pump unit is used with 

different refrigerants. The results refer to a fixed temperature lift of 38oC. 

 

Table 10. Comparison of the heat pump’s performance for different refrigerants 

 

Refrigerant R410A R404A R407C R134a 

Heat pump’s heating power (W) 1626 1658 1703 1639 

Coefficient of performance (COP1) 3.46 3.24 3.05 3.43 

Highest temperature in the vapour-

compression cycle (oC) 
67 48 60 51 
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An important aspect in the selection of the refrigerant is also the possibility to obtain 

high temperature at the compressor’s outlet while maintaining low condensation 

temperature. This serves for the preparation of hot sanitary water. From this point of 

view, table 10 justifies the choice of R410A as a suitable refrigerant since it provides 

both high coefficient of performance and high temperature at the compressor’s outlet.    

 

Regarding the floor heating system, a critical issue is the effect of its operation on the 

heating process. In this case, the heat flux to the zone is the defined parameter.  Figure 

21 illustrates the variation of the zone, ambient, floor and supply water temperatures 

for four days in January. 
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Figure 21. Temperatures and total radiation on south surface for four days in January 

 

As can be seen in figure 21, there is a cut-off for 3 hours during the time period 

between 60 and 80 hours of operation. At that time the ambient temperature rises over 

7oC and the solar radiation shows a peak. The second cut-off appears near to 100 

hours of operation.  

 

Overall the findings at this part of the discussion indicate that the systems approach 

should focus on the energy efficiency of an integrated heating system including the 
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behaviour of the building zone. The results highlight the significance of the building’s 

construction when selecting the most suitable heating system. In well-insulated 

building zones a critical issue is the increase in the cooling requirement. Important 

key factors are the solar radiation and the human activities. Rapid load changes might 

result in high cooling demand in order to sustain the thermal comfort. This creates the 

need to decrease the system’s inertia and increase its capability to show a fast 

response to unpredicted load changes. 

 

From the discussion hitherto it is apparent that a more realistic approach, regarding 

the building, is required. Moreover, there is a need for analysing different operation 

modes, setting new controlling functions and studying several heat pump and floor 

heating applications as well. 

 

 

4.3 Building-HVAC system, an advanced approach 
 

To achieve the objective of studying the performance of a more realistic domestic heat 

pump heating system the multi-zone building model and the exhaust-air heat pump 

model have been employed (refer to table 8). 

 

The following discussion is based on paper III. The analysis concentrates on the 

significance of the system’s choice, implementing the system components in the 

operation mode and setting the design parameters of the HVAC system. In the first 

part of the following analysis the control strategies of the HVAC system are set 

internally in PREBID. The reference-building model permits the calculation of the 

latent and sensible heating and cooling load of the building by setting the desired 

ranges for the zone temperature and humidity ratio. 

 

Figures 22, 23 and 24 highlight the influence of the control mode of the HVAC 

system on the annual sensible and latent energy requirement of the building. The 

figures are the result of three different conditions in the operation mode of the HVAC 

system. These conditions, shown in table 11, are created from choosing the set values 

for controlling the ventilation, heating, cooling, humidification and dehumidification. 
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The set values are chosen from the standard ranges that specify an acceptable thermal 

environment (ASHRAE Standard 1992).  

 

Table 11. Three cases for the control mode of the HVAC system that serves the 

building 

 

 1st case 2nd case 3rd case 

Heating: lower limit temperature (ºC) 

Cooling: upper limit temperature (ºC) 

Ventilation: upper limit temperature (ºC) 

Humidification: lower limit rate (%) 

Dehumidification: upper limit rate (%) 

21 

24 

24 

35 

50 

21 

24 

23 

35 

50 

20 

25 

24 

30 

55 

Building’s overall energy requirement (kWh) 10,835 14,973 7,296 

 

Zones in the building Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

Ventilation rate (ACH) 1.0-0.31 0.4-0.21 0.5-0.21 0.4-0.21 0.8-0.31 

Rate of sensible energy load 

for the first case (kWhm-2) 
36 28 21 30 31 

Rate of latent energy load for 

the first case (kWhm-2) 
7.2 2.9 5.0 4.1 6.7 

Rate of sensible energy load 

for the second case (kWhm-2) 
51 32 29 34 43 

Rate of latent energy load for 

the second case (kWhm-2) 
12.2 3.9 6.0 4.3 8.2 

Rate of sensible energy load 

for the third case (k Whm-2) 
21 20 18 22 25 

Rate of latent energy load for 

the third case (kWhm-2) 
5.1 1.4 2.7 2.6 2.9 

 

 

                                                 
1 When the ventilation upper limit temperature is not exceeded, the ventilation rates of 

the zones take the lowest values. Ambient air is used as the supply ventilation air 
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Figure 22. Energy requirement of the building for the first case 
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Figure 23. Energy requirement of the building for the second case 
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Figure 24. Energy requirement of the building for the third case 

 

The figures indicate that the choice of the operation mode of the HVAC system is of 

crucial importance and can influence considerably the overall energy requirement of 

the building.  For the same building with different operation strategies for the HVAC 

system the energy requirement for one case can be twice as much as the second case. 

Table 11 gives also the rate of energy requirement for every zone. Zones 1 and 5 have 

the highest energy demand. The ventilation rate has the major contribution to this 

result. It is also worthwhile emphasizing that the highest energy requirement does not 

occur at the month with the lowest ambient temperature. Solar radiation is an 

important key factor at this point. 

 

In the next part of the analysis, the heating system, its integration in the building and 

its operation are studied. In the following discussion the heating energy is provided 

externally by an exhaust-air heat pump that is modelled in EES (refer to table 8). 

 

The findings at this level signify an acceptable operation of the overall system with 

rather high coefficient of performance (COP1) for the heat pump.  Figures 25 and 26 

show the COP1 for the heat pump and the ambient temperature in a typical cold day in 

January and in a typical spring day with on/off operation in April. 
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Figure 25. COP1 and ambient temperature for a typical winter day in January 
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Figure 26. COP1 and ambient temperature for a typical spring day in April 

 

Figures 25 and 26 provide evidence that the COP1 is slightly influenced by the 

variation in the ambient temperature. More specifically, the COP1 follows the same 
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trend in the fluctuation and increases with increasing ambient temperature. A higher 

ambient temperature results in a lower supply water temperature to the floor heating 

system, consequently in a lower condensation temperature. Hence, the enhancement 

of the COP1 with increasing ambient temperature is mainly due to the decrease in the 

difference between the evaporation and condensation temperatures.  

 

The average COP1 is about 3.8 and this is in good agreement with values given by 

Swedish manufacturers in the design specifications of heat pump products (IVT 

Industrier AB, 2001; AutoTerm AB 2002). As can be seen in the figures, in different 

occasions the COP1 declines rapidly (it becomes zero). This occurs due to the fact that 

there is no need for heating, so the heat pump stops operating. 

 

Figures 27 and 28 illustrate the indoor temperature of the zones for the same time 

periods as those in figures 25 and 26. As can be seen, the temperature profile of each 

zone is unique. The peaks that appear in some zones in certain hours are the result 

mainly of the scheduled internal gains and the solar radiation. The increase of the 

ambient temperature and the on/off operation of the heat pump contribute also to this 

result. In the figures, the mean indoor temperature cannot be kept within the comfort 

levels because supplementary heat is not provided (it is not part of the model at the 

moment). 
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Figure 27. Indoor temperature of the zones for a typical winter day in January 
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Figure 28. Indoor temperature of the zones for a typical spring day in April 

 

Generally speaking, in tight constructions solar radiation and internal gains are 

important factors for minimising the total heating demand of the building. They also 
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play a significant role in the determination of the zone’s thermal comfort. However, 

the effect of high insulation and internal gains is more prominent in the cooling 

requirement of the building, which may rise considerably. Nevertheless, ventilation 

together with smart architectural techniques and controlled shading can minimize this 

effect.  

 

The foremost analysis offers insight into the thermal behaviour of a well-insulated 

domestic building together with its heating system in days of typical operation. The 

main attempt has been to highlight the importance of choosing an energy-efficient 

operating mode for the HVAC system and to analyse the operation of a heating 

system based on an exhaust-air heat pump.  

 

The findings suggest that the control mode of the HVAC system has a great influence 

on the annual sensible and latent energy requirement of the building. More 

specifically, a broader range for an acceptable indoor temperature and humidity 

results in a decrease up to 50% of the overall energy requirement of the building. In 

addition, ventilation is a key-factor in tight constructions since, in new houses, 

ventilation losses can be larger than transmission losses and heat recovery is of great 

importance. 

 

Regarding the thermal comfort, as expected the thermal behaviour of each zone is 

unique. The main key factors are the different ventilation rates, internal gains and 

solar radiation dependent on the zone orientation and occupation. 

 

Overall the findings fortify the increasing call for applying energy management 

strategy and integrated system design when implementing low-temperature heating 

systems in dwellings. The building’s insulation, thermal mass and dynamic conditions 

play the most significant roll in selecting the proper heat distribution system and the 

appropriate water/air supply temperature. The level of the design supply temperature 

determines whether the installation of a heat pump is a preferable solution or not. 

Furthermore, the controls and the design, integration and operation of the HVAC 

system are of great significance when thermal comfort aspects and efficiency in the 

energy use are regarded. 
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In general, energy efficiency implicates attitude, systems thinking concerns and 

techno-economic difficulties. The energy efficiency issue is primarily dependent on 

the way that occupants sense the comfort feeling, the habits of the occupants and the 

way they live in the house and utilise its features, make best use of solar heat 

contributions, open windows to best effect, suit room temperatures to activities, etc. 

Two families of the same size, living in identical detached or terrace houses, can have 

energy demands that can vary so widely that one family uses twice as much energy as 

the other, despite the fact of living in identical houses (Olsson 1990). 

 

 

4.4 Focusing on floor heating and thermal mass 
 

The discussion that follows is based on paper IV. In this discussion the main objective 

is to analyse the performance of different floor heating designs in different building 

constructions. In this chapter, the multi-zone building model and the exhaust-air heat 

pump model have been used (refer to table 8).  

 

Another objective is to investigate the influence of the building’s thermal mass on the 

indoor temperature variation. Therefore, two building constructions with the same U-

value but different thermal mass are considered.  

 

Table 12 gives information on the chosen building constructions. As can be seen, the 

thermal mass of the outside walls differs and corresponds to a heavyweight and a 

lightweight construction respectively. 

 

As already mentioned, the behaviour of the building as a dynamic system and the 

effect of its thermal mass on the indoor climate and especially on the indoor 

temperature peaks are of high importance. The thermal inertia influences the annual 

and specific heating and cooling demands and has to be taken into account when 

selecting the most suitable floor heating design and dimensioning the heating system. 

The first set of results indicates that the material choice has a rather low effect on the 

annual energy demand of the house when it is heavily insulated. 
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Table 12. Characteristics of the chosen building constructions 

 

Building 1 & 2 Outside walls Roof Floor Windows 

Building 1 

Heavyweight 

construction 

Plaster 

Concrete 

Insulation 

Air space 

Face brick 

Wood 

Insulation 

Wood 

Air space 

Tile 

Parquet or 

tiles 

Silence 

Concrete 

Insulation 

Double-glazed 

filled with 

Argon 

Building 2 

Lightweight 

construction 

Plaster 

Particle board 

Insulation 

Air space 

Particle board 

Wood 

Insulation 

Wood 

Air space 

Tile 

Parquet or 

tiles 

Silence 

Concrete 

Insulation 

Double-glazed 

filled with 

Argon 

 

 

Table 13 shows the difference in the annual heating and cooling load for building 1 

and building 2 that have been previously described in table 12. In this case, we use the 

heating and cooling mode in PREBID, not externally modelled. Heating is applied 

every time a zone temperature is less than the set point of 19ºC and cooling is applied 

every time a zone temperature is higher than the set point of 25ºC. As can be seen, the 

buildings have almost the same energy requirement. The heavyweight construction 

has a lower heating demand but the cooling demand is a bit higher since the mass of 

the building absorbs and embraces more heat than the lightweight construction. 

 

Table 13. Annual heating and cooling requirement for building 1 and building 2 

 

 
Heating load 

(kWh) 

Cooling load 

(kWh) 

Total 

(kWh) 

Building 1 (Heavyweight construction) 6.616 1.360 7.976 

Building 2 (Lightweight construction) 7.110 1.276 8.386 
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The figures 29 and 30 that follow highlight the difference between buildings 1 and 2 

in the temperature variation in one of the building zones, and in the outside wall 

facing south for 4 hours in early May. In every case the time step for the calculation is 

set to three minutes although the time base for calculating the wall transfer function 

coefficients is set to 1h for building 1 and 0.5 h for building 2, as recommended by 

PREBID program (Klein et al. 2000). The time base is a constant and is used in the 

method for describing the thermal behaviour of the wall. The steps that appear on the 

wall temperature variation are the result of the fact that the time step for the 

calculation is smaller that the chosen time base. The average heat flux over the wall 

time base is equal to the average of the heat fluxes evaluated at the average 

temperatures over the simulation time step. However, the temperatures and heat fluxes 

characterising the previous time history of the wall represent averages over the wall 

time base. This leads to temperature steps in the period of the time base value. It is not 

possible to choose a lower time base because then stability problems occur and the 

transfer function coefficients for the walls cannot be calculated. Actually, if the time 

base of the considered wall is higher than the time constant, the calculation of the 

transfer function matrix coefficients is stopped. 

 

18

20

22

24

26

1 2 3 4
Hours

Te
m

pe
ra

tu
re

 (
o C

)

5

Indoor Wall Ambient

 
Figure 29. Ambient, indoor and outside wall temperatures for a zone in building 1 in 

early May 
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Figure 30. Ambient, indoor and outside wall temperatures for a zone in building 2 in 

early May 

 

In figures 29 and 30 the temperature profiles are affected from the ambient 

temperature, the indoor gains and solar radiation (it is day time). As can be seen, 

although the buildings have the same tightness and about the same annual energy 

demand, they show different behaviour. As expected, the temperature profiles in 

building 2 (lightweight) are more vulnerable to fast changing loads than in building 

1(heavyweight) (Norén et al. 1999). However, rapid internal load changes result in 

sharper peaks in the indoor temperature of building 1 than building 2. A possible 

explanation is that the heavyweight construction requires more time to embody the 

heat generated in the zone. 

 

The next set of results show the performance of different floor heating designs in 

buildings 1 and 2. In this part of the analysis, the thermal demand of the building is 

served by the heat pump via different floor heating systems. Three floor heating 

constructions are chosen and their characteristics are shown in table 14. 

 

The figures that follow illustrate the indoor temperature, the mean water temperature 

leaving the floor heating system, the temperature under the floor surface and the heat 

flux from the floor to the zone for 4 hours of non-stop operation in late January, when 
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the outdoor temperature is about -12ºC. Figures 31 and 32 exemplify the difference in 

operation of floor heating system 1 in buildings 1 and 2. Figures 33 and 34 show the 

performance of floor heating system 2 and figures 35 and 36 of floor heating system 3 

in buildings 1 and 2 respectively. 

 

Table 14. Characteristics of the chosen floor heating systems 

 

 Construction 1 Construction 2 Construction 3 

Floor 

heating 

type 

Tiles 8 mm 

Concrete 30 mm 

Floor heating 

Concrete 250 mm 

Insulation 

Laminated parquet 7 mm 

Concrete 20 mm 

Floor heating 

Concrete 230 mm 

Insulation 

Plastic cover 

Particle board 15 mm 

Floor heating 

Concrete 200 mm 

Insulation 
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Figure 31. Indoor, water average, under-floor surface temperatures and heat flux from 

floor heating system 1 in building 1 in late January 
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Figure 32. Indoor, water average, under-floor surface temperatures and heat flux from 

floor heating system 1 in building 2 in late January 
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Figure 33. Indoor, water average, under-floor surface temperatures and heat flux from 

floor heating system 2 in building 1 in late January 
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Figure 34. Indoor, water average, under-floor surface temperatures and heat flux from 

floor heating system 2 in building 2 in late January 
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Figure 35. Indoor, water average, under-floor surface temperatures and heat flux from 

floor heating system 3 in building 1 in late January 
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Figure 36. Indoor, water average, under-floor surface temperatures and heat flux from 

floor heating system 3 in building 2 in late January 

 

As can be seen, the heat flux increases when the floor heating system 2 rather than 1 

is applied and is maximised for the floor heating system 3. This is a result of the 

construction type: the first two constructions are pipes embedded in concrete although 

the third is a floating construction. The floor-heating configuration 3 is more often 

applied when renovating floors in existing houses where a compact assembly is 

required. The results show that the same floor heating system performs differently in 

the two buildings and all of them result in a larger heat flux for building 1. A reason 

for this could be that the mean temperature of the water leaving the floor heating 

system is lower for building 1.   

 

The floor heating system 3 is the one that responds faster to the changes in energy 

requirement. However, problems with high floor surface temperature are more likely 

to occur when the floor heating system 3 is applied. According to Athienitis and Chen 

(2000) advanced control algorithms combined with incorporated thermal mass can 

eliminate the effect of inertia in floor heating systems and result in a reduction in the 

heating energy consumption up to the magnitude of 30%.  
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Another way of preventing indoor temperature peaks and managing with the problem 

of system’s inertia is to utilize lower supply water temperatures. Generally speaking, 

the results for the floor heating system operations are in the range of the expected 

values for the different types of construction (Örberg 1988; Wirsbo 1996). 

 

The results indicate that buildings with the same insulation rates but different 

incorporated thermal mass behave differently. This has to be taken into account when 

selecting the proper floor-heating configuration. The choice of the floor heating 

system affects the supply/return water temperatures consequently the choice of the 

heat pump, the controlling modes and the system dimensioning (Sakellari and 

Lundqvist 2004). Yearly simulations apart from showing the overall performance 

indicate energy saving potentials and highlight the sub-system components’ 

performances in a selected system. 

 

 

4.5 Reconsidering the influence of gains on system’s operation 
 

It is interesting to examine more thoroughly how internal and solar gains affect the 

operation of a heating system and the thermal comfort of the zones. Moreover it is 

important to study closely the way that gains influence the performance of a floor 

heating system. The following discussion is based on paper V. In this discussion the 

model in use is based on the multi-zone building model and the exhaust-air heat pump 

model (refer to table 8). 

 

The ventilation rates are shown in figure 37 and the characteristics of the chosen floor 

heating construction are given in table 15.  
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Living room

15-60 m3 h-1

Bedroom

9-40 m3 h-1

Bathroom

3-15 m3 h-1

Infiltration 30 m3 h-1

Exhaust air 72-210 m3 h-1

Kitchen

6-25 m3 h-1

Bedroom

9-40 m3 h-1

Internal exchange between zones (coupling)

 
 

Figure 37. Ventilation rates in the zones of the building 

 

Table 15. Main characteristics of the floor heating system 

 

Type of construction for zones 1 and 5 Type of construction for zones 2, 3 and 4 
Tiles 8 mm 

Concrete 30 mm 

Floor heating pipes 

Concrete 80 mm 

Insulation 250 mm 

Laminated parquet 7 mm 

Concrete 30 mm 

Floor heating pipes 

Concrete 80 mm 

Insulation 250 mm 

 

 

Considering the floor heating system, the calculated heat transfer coefficient of the 

floor (floor surface to zone air), zone, water supply and floor surface temperatures are 

shown in figures 38 and 39 for 24 hours of operation in early January and late 

October. The results refer to one of the building’s zones, namely to zone 1 (kitchen). 
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Figure 38. Heat transfer coefficient for the floor heating system, zone, water supply 

and floor surface temperatures for one day of operation in January 
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Figure 39. Heat transfer coefficient for the floor heating system, zone, water supply 

and floor surface temperatures for one day of operation in October 

 

As can be seen in figure 38, the two drops of the heat transfer coefficient is the result 

of the fact that the zone temperature increases. The rise of the indoor temperature 
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occurs in the first case mainly due to solar radiation, and in the second case due to 

internal gains (see figure 40 below). On the contrary, the drop of the heat transfer 

coefficient that appears at the end of the time-period in figure 39 is the result of the 

fact that the heat pump is turned off, consequently the water supply temperature to the 

floor heating system falls down. For both cases, solar radiation is rather moderate and 

does not affect the floor surface temperature. However, regarding thermal comfort, in 

periods of intensive solar radiation the floor surface temperature is an additional 

parameter that has to be considered. 

 

As regards the indoor temperature, figures 40 and 41 show its variation in the building 

zone for the chosen days in January and October. Since the orientation of the zone is 

southeast, beam solar radiation on the south surface and the ambient temperature are 

also illustrated in the figures. Beam solar radiation has been considered because it 

contributes most to the zone and floor temperature increase (Chen and Athienitis 

1998). 
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Figure 40. Solar radiation on south surface, ambient and zone temperatures for one 

day of operation in January 

 

The results in figures 40 and 41 indicate mainly the influence of solar radiation and 

internal gains on the zone temperature. The figures illustrate typical weekdays. The 
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schedule for a typical weekday shows that zone 1 is occupied from four persons for 

one hour in the morning and one hour in the evening. During the occupancy time, 

gains from electrical equipment and lighting are also considered. As can be seen, the 

internal gains cause the peaks to the zone temperature from 7.00 to 8.00 and from 

17.00 to 18.00. In figure 40, the peak to the zone temperature from 9.00 to 14.00 is the 

result of solar radiation. In figure 41, the rapid drop of the zone temperature from 

17.00 to 21.00 is once again the result of the fact that the heat pump is turned off. 
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Figure 41. Solar radiation on south surface, ambient and zone temperatures for one 

day of operation in October 

 

For the chosen periods, the peaks cause a temperature increase at the rate of 0.5-1.5oC 

and solar radiation is more prominent than gains produced by occupants, and 

household appliances. For these periods the significance of the peaks is moderate 

regarding the influence on the thermal comfort. However, in periods of high solar 

radiation the influence can be significant not only on the indoor climate but also on 

the controlling function of the system. Figure 42, that follows, shows the indoor 

temperature variation, the ambient temperature and solar radiation for 24 hours of 

operation in late April. As shown, the zone temperature fluctuation is at the rate of 
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4.5oC and besides solar radiation, the ambient temperature contributes also to this 

result. 
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Figure 42. Solar radiation on south surface, ambient and zone temperatures for one 

day of operation in April 

 

At this point, it should be mentioned that the zone temperature is allowed to go a bit 

under the thermal comfort levels in periods of no occupation or late night hours when 

the occupants are sleeping. For the reference building the simulation results give a 

total annual heating demand of 65 kWhm-2. The cooling demand has not been 

estimated. However, the effect of high insulation together with solar and internal 

gains may cause a considerable increase to the cooling requirement of the building 

(Sakellari and Lundqvist 2002(a)). Ventilation together with controlled shading can 

minimize this effect. In cases of very warm summers, more complex passive methods 

or a cooling system has to be used in order to maintain the appropriate thermal 

comfort. 

 

Overall, the findings provide evidence that in tight constructions solar gains are more 

prominent than internal gains and can cause a significant impact on the energy 

demand and the indoor climate of domestic buildings. Indirectly, the findings pose a 
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challenge on the way that low-temperature heating systems are dimensioned and 

controlled based on methods developed for high-temperature heating systems as the 

outdoor design temperature (ODT). The standard heating curves for steering the 

supply water temperature and the way of controlling the heat pump operation have to 

be reconsidered (Wimmer and Shafai 1999; Elkhuizen et al. 2002). Retuning standard 

heating/cooling curves and adjusting them to the needs of the specific case is highly 

needed. Capacity control could be one solution for better matching the capacity of the 

heat pump with the heating load (Tassou et al. 1983; Claesson and Forsén 2002; 

Fahlén and Karlsson 2003; Karlsson and Fahlén 2003).  

 

Adapting sophisticated controls for sensing and predicting possible fast changing 

loads and smoothing the indoor temperature peaks are certainly in a high need. In 

recent studies researchers have examined several integrated control strategies 

(Kenneth and Elovitz 2001; Kraft and Kleemann 2002; Rekstad et al. 2003; Zaheer-

uddin et al. 2002). One of these the predictive supervisory control looks very 

promising. This method is computationally efficient and can lead to significant 

savings in energy consumption and operating costs (Chen 2001). 

 

 

4.6 Focusing on control strategies 
 

For controlling the operation of a floor-heating system installed in a tight construction 

the key factor is its thermal inertia, hence, the limited ability to respond to rapid load 

changes. This may result occasionally in deteriorated indoor air quality. Some 

preventative measures or any combination of them to be applied in order to tackle this 

effect and to reduce the heating energy consumption could be: using the thermal mass 

of the building (Athienitis et al. 1997; Shinkai et al. 2000; Athienitis and Chen 2000; 

Eklund et al. 2000; Kasuya and Kato 2000), lowering the supply water temperatures 

(Feustel 1998; Hedbrant 2001) and altering effectively the ventilation rates 

(McQuiston et al. 2000). 

 

Also, the development of innovative and sophisticated controls is vital for securing a 

reliable operation for the heating system and for preserving the required thermal 
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comfort. Simulation results for an office building predict savings up to 60% in HVAC 

consumption when new control strategies, such as improved start-stop times, are 

applied to ensure comfort (Mathews et al. 2001). 

 

In the following discussion based on paper VI, the multi-zone building and the 

exhaust-air heat pump model have been employed (refer to table 8). However, some 

design characteristics of the building model described in chapter 3 have been altered. 

Table 16 shows the new parameters regarding the windows, the ventilation modes and 

the occupancy load. 

 

Table 16. General information for the building 

 

 Building 

Windows Double-glazed, U-value of 1.1 (Wm-²K-1) and g-value of 0.55 

 

Zones in the building Kitchen Bedroom Living room Bedroom Bathroom

Ventilation (ACH1) 0.3-1.0 0.25-0.5 0.2-0.7 0.25-0.5 0.3-0.9 

Forced ventilation in 

July (ACH1) 
3 2 3 2 2 

Occupancy load 

Schedule for week days 

(Persons per zone) 

6.00-7.00 

7.00-8.00 

8.00-17.00 

17.00-18.00 

18.00-20.00 

20.00-21.00 

21.00-22.00 

22.00-6.00 
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1 ACH: Air changes per hour 
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The floor-heating configuration that is used in this study is shown in figure 43. This 

type of floor heating application is preferable in new, ground floor installations and is 

suitable for supply water temperatures at the range of 30-35oC (Wirsbo 1996). 

 

Concrete

Tile or 

laminated parquet (8 mm)

Insulation

Pipe (20 mm x 2 mm) 30 mm

15 mm

30
0 

m
m

 
 

Figure 43. Floor heating configuration 

 

In the preceding discussion several methods of control strategies are applied for 

specified time periods in order to keep the comfort within reasonable ranges. For one 

case in the results, we use the prognostic climatic control strategy. This means that the 

on/off regulation of the heat pump and the supply water flow are controlled from the 

solar radiation some hours in advance. 

 

In the results that follow we meet several cases. These are the cases we apply: 

 

• No shading. 

• Internal shading. 

• Internal shading while keeping high ventilation rates when the zone 

temperatures rise above 22oC. 
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• Internal shading and controlling the system based on the prognostic climatic 

control strategy. 

• External shading. 

 

Light-coloured curtains are chosen for internal shading and folding shutters that cover 

totally the window area are selected for external shading. Internal and external 

shading are not permanent but they are added whenever the zone temperatures exceed 

22oC. 

  

The figures that follow illustrate the temperatures in the building zones (Tz1 to Tz5), 

the ambient temperature (Ta) and the instantaneous solar irradiation (Is) to a horizontal 

surface for the location of Stockholm for twenty-four hours in May and twenty-four 

hours in early November. The same parameters are plotted for a day in July, when 

obviously the heating system is off. 

 

Figure 44 shows the case the windows have no shading. As can be seen in figure 44a, 

the indoor temperature for zones 1 and 3 surpass 26oC although the ambient 

temperature is lower than 7oC. The main reason for this is the fact that the solar 

radiation is intense. This is a clear day in May when the maximum expected solar 

radiation is around 2.4 MJm-2hr-1 (Bäckström 1970). The solar factor affects 

considerably these two zones due to their orientation. The heat flow from the floor 

heating system, although the pump of the supply water is off, contributes also to this 

result. In figure 44b, the zone temperatures reach 24oC since in November the solar 

radiation is generally low. 
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a) No shading (May) b) No shading (November)  
Figure 44. Zone and ambient temperatures and solar radiation for a day in May and a 

day in November for the case of no shading 

 

The peaks that appear in the zones between 17.00 and 21.00 are caused by internal 

gains. These peaks appear in all the figures that follow. However, the peaks for the 

zones 2, 4 and 5 (bedrooms and bathroom respectively) are moderate. The peak in 

zone 1 is the result of occupancy load, lighting and household appliances. Zone 1 is 

the kitchen and during this peak, all the occupants are gathered in the zone for dinner. 

The peak in zone 3 (the living room) is the result of occupancy load, lighting and a 

personal computer.  

 

Figure 45 shows the case when the windows are provided with internal shading. This 

case is closer to reality since, due to aspects of aesthetics, internal shading is more 

common than no shading. As can be seen by comparing the figures 44a and 45a, the 

internal shading lowers the peak of the indoor temperature in zones 1 and 3 around 

2oC. For November the difference between the two cases is 1oC since the solar factor 

is not as significant as in May. 
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a) Internal shading (May)        b) Internal shading (November)  
Figure 45. Zone and ambient temperatures and solar radiation for a day in May and a 

day in November for the case of internal shading 

 

In figure 46, besides internal shading, prognostic climatic control is applied. The 

coefficient of performance for the heat pump is also illustrated. This parameter is 

given for observing the intervals in the on/off operation of the heat pump. 

 

The prognostic climatic strategy is tested for April, May, September and October, 

hence for the months of the heating period that the solar radiation is intense. It is set 

so that the heating system stops when the instantaneous solar radiation to a horizontal 

surface for the location of Stockholm, 2 hours in advance (figure 46a) and 5 hours in 

advance (figure 46b) respectively, exceeds one third of the maximum expected 

radiation for a given day. This means that the heating system stops even if the indoor 

temperature is below 21oC. Data, for the maximum expected instantaneous solar 

radiation, is taken from ASHRAE Fundamentals Handbook (1993). Solar radiation is 

selected for the prognosis in this reference model because the simulation results 

showed that the effect of solar radiation on the thermal comfort is more prominent 

than the effect of internal gains and ambient temperature variation.  
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a) Internal shading plus prognostic b) Internal shading plus prognostic 

control-2 hrs (May) control-5 hrs (May)  
Figure 46. Zone and ambient temperatures, COP1 for the heat pump and solar 

radiation for a day in May, for the cases of internal shading and prognostic climatic 

control for 2 and 5 hours in advance respectively 

 

As shown in figure 46a, when prognostic climatic control is applied the peak of the 

indoor temperature in zones 1 and 3 comparing to the cases given above becomes 

even smaller. However, the main problem observed is that the zone temperatures can 

drop significantly a certain period before the peaks appear. This happens because the 

heating system is turned off although the indoor temperature is below comfort levels. 

This effect is more severe in figure 46b. As can be seen, the heat pump stops about 5 

hours before one third of the peak in the solar radiation appears and it turns on when 

the solar radiation and indoor temperatures reach their peaks. Generally, the step of 5 

hours proves to be not a proper time interval for the specific period. Numerous 

simulations were run with variable steps regarding the hours in advance the prognosis 

should be given. The findings proved that there is not a unique time interval that gives 

the best results. However, small steps at the range of 2 to 3 hours eliminate the peaks 

without letting the zone temperatures get very low. 

 

Figure 47 shows, for a day in May, the cases the windows are provided with external 

shading and internal shading with the option of keeping high ventilation rates when 
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the mean indoor temperature surpasses 22oC. Both cases moderate the peaks of the 

indoor temperature in zones 1 and 3. External shading is more effective; nevertheless, 

it is uncommon in Sweden. 
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a) External shading (May) b) Internal shading plus increased ventilation (May)

 
Figure 47. Zone, ambient temperatures and solar radiation for a day in May for the 

cases of external shading and internal shading with high ventilation rates when 

required 

 

The results in figure 48 are for twenty-four hours in July. It should be mentioned that 

this is one of the hottest days in the month. A long period before the chosen day and 

especially the previous four days were warm with the ambient temperature fluctuating 

between 17oC and 31oC. This explains the high indoor temperatures. Figure 48a is for 

the case that external shading is added. External shading is very efficient and prevents 

the zones from overheating. Furthermore, it is inexpensive in comparison to the case 

depicted in figure 48b since it does not require mechanical energy. Figure 48b is for 

the case that internal shading is applied with the option of pre-cooling the house by 

applying forced ventilation during night and early morning, hence, during hours the 

ambient temperature is below 22oC. The ventilation rates are higher for the zones 1 

and 3 because during these hours the zones are unoccupied and because these zones 

experience the highest indoor temperatures. This method is not as effective as external 

shading since the indoor temperature in zones 1 and 3 climb up to 28oC. Moreover, 

the influence of the high airflow on the comfort feeling is not examined. However, the 
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effect of pre-cooling the house is observed from the decline of the indoor 

temperatures between 1.00 and 7.00 and from the rapid decline of the indoor 

temperature in zones 1 and 3 after 22.00. 
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a) External shading (July) b) Internal shading plus increased 
ventilation (July)  

Figure 48. Zone, ambient temperatures and solar radiation for a day in July for the 

cases of external shading and internal shading with high ventilation rates for pre-

cooling 

 

One method of assessing the thermal comfort in a given environment is to use the 

indices of (Predicted Mean Vote) PMV and (Predicted Percentage of Dissatisfied) 

PPD. The PMV and PPD are equations based on an empirical investigation of how 

people react to different environments (ASHRAE Fundamentals 1997). It is well 

known that different people will have a different perception of the climate produced in 

a building and that any given climate is unlikely to be considered satisfactory by all. 

The PMV-index predicts the mean value of the subjective ratings of a group of people 

in a given environment. The PMV scale is a seven-point thermal sensation scale 

ranging from –3 (representing a response of very cold) to +3 (representing a response 

of very hot), where 0 represents the thermally neutral sensation (Innova Air Tech 

Instruments 1996). The PPD-index predicts the percentage of people that are 

dissatisfied in a given thermal environment and is directly related to PMV. Actually, it 

provides information as to whether the environment is likely to be acceptable or not. 

In fact it is considered that satisfying 80% of occupants is good, so a PPD of less than 
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20% is good. Table 17 shows the minimum and maximum values of PMV and PPD 

for zone 1 for some of the cases discussed previously. The PMV and PPD indices are 

calculated by PREBID program after the thermal comfort entities for each zone are 

determined. 

 

As shown in table 17, the cases of applying external shading and internal shading with 

prognostic climatic controls give the finest thermal comfort for the chosen days. This 

is in agreement with the variation of the zone temperatures, illustrated previously in 

the figures. Nevertheless, how the darkness, due to external shading, affects the 

sensation of thermal comfort is not taken into account. 

 

Table 17.  Minimum and Maximum values of PMV and PPD for zone 1 

 

 
PMV 

Min-Max 

PPD (%) 

Max 

No shading (May) (-0.4)-1.3 37 

Internal shading and prognostic climatic control 

(2 hours in advance for May) 
(-0.65)-0.6 17 

External shading (May) (-0.6)-0.65 17 

External shading (July) 0.7-1.4 46 

Internal shading plus pre cooling (July) 0.8-1.9 71 

 

 

The findings prove that the control strategy followed has a significant effect on the 

indoor temperature and the thermal comfort. The highest indoor temperature 

difference for a chosen day in May reaches 4oC when there is no shading and when 

there is internal shading with the option of applying prognostic climatic control. In 

this study, the prognosis is done for solar radiation because the solar factor is vital 

when floor heating is used in tight constructions. Prognostic climatic control seems 

very promising, however, apart from solar radiation other parameters, as ambient 

temperature variation, have to be tested and incorporated. An optimal weather 

predictive control methodology presented by Chen and Athienitis (1996) incorporates 
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a predictive control algorithm that utilises the daily weather forecast, the historical 

weather record and the most recent measured data. 

 

Applying external shading is very effective however, from an architectural point of 

view, external shading is not preferable. Keeping high ventilation rates for preventing 

the zones from overheating is not as efficient as external shading and prognostic 

climatic control. Moreover, the operation cost and the influence of the airflow on the 

sensation of thermal comfort are factors that have to be examined. 
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5 Discussion 
 

In the current thesis a systems approach has been applied for studying several 

domestic low-temperature heating systems based on a heat pump. The main problem 

solving procedure has been to: 

 

• Formulate a conceptual model based on the chosen reference system. 

• Develop computational models by using the tools TRNSYS-EES for studying 

and analysing the systems performance. In each case under study the model 

has been formulated with the purpose of reaching predefined end-objectives. 

Studying the results leads to new observations, which in turn generates new 

issues to be studied. These issues and new hypotheses create the necessity for 

a new conceptual model and a new investigation. Hence, from this level the 

analysis follows a procedure with feedback loops where the results from one 

simulation help to form the hypothesis for the next ‘cycle’ of the problem-

solving loop. 

 

 

5.1 Conclusions 
 

The foremost outcome of this study is that approaching the system, as a whole is 

absolutely indispensable in order to acquire a better picture of the operation of every 

system component and the interaction between them. By simulating performances and 

detecting results, the prospects for efficient energy use and possibilities for improving 

the overall operation without sacrificing in thermal comfort are discovered. 

 

Overall the findings fortify the increasing call for applying energy management 

strategy and integrated system design when implementing low-temperature heat pump 

heating systems in dwellings. The building’s construction, thermal mass and 

dynamics play the most significant roll in selecting the proper heat distribution system 

and the appropriate water/air supply temperature. The level of the design supply 

temperature, the level of ventilation rates, the demand for heat recovery and other 

factors determine whether the installation of a certain type of a heat pump is a 
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preferable solution or not. Furthermore, the controls and the design, integration and 

operation of the HVAC system are of great significance when efficiency in the energy 

use is regarded. 

 

In well-insulated building constructions, solar and internal gains are important factors 

that affect the thermal comfort and the overall heating requirement. Moreover, due to 

solar gains the increase of the cooling requirement remains a critical issue. As regards 

heat pump operation, proper sizing and matching effectively capacity and load are the 

most critical factors. Retuning heating/cooling curves and adjusting them to the needs 

of the specific case is highly required. Regarding floor heating, decreasing the 

system’s inertia and increasing its capability to show a fast response to unpredicted 

load changes is of high importance. Possible ways of preventing indoor temperature 

peaks and managing with the problem of system’s inertia is to utilize the incorporated 

thermal mass of the building, lower the supply water temperatures and implement 

sophisticated control strategies.  

 

Above all, energy efficiency implicates attitude and systems thinking on energy 

conservation. The energy efficiency issue is primarily dependent on the way that 

occupants sense the comfort feeling, the habits of the occupants and the way they live 

in the house.    

 

 

5.2 Future perspectives 
 

Research and development proceeds in all the fields related to the energy use for 

providing comfort in the built environment. The main direction is towards optimising 

performances and enhancing energy efficiency. A lot of effort has been put on 

improving operations, simplifying installation and control processes and resulting in 

compact with minimum maintenance requirements assemblies.  

 

However, a lot of things still remain to be done in order to make the use of integrated 

system designs more applicable. This becomes a necessity since according to 

European Union’s energy policy, Member States shall agree on applying a 
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methodology, at a national or regional level, for calculating the energy performance of 

buildings (Directive 2002/91/EC 2002). For this reason developing new kind of 

computational tools or improving the existing ones in order to provide program 

packages for energy calculations is vital.  Different kinds of tools that allow for multi-

user access already exist (Forowicz 1999). However, there is a high need to develop 

libraries that will guide and help users in building their systems, choosing input data, 

validating the results, etc. 

 

Regarding internal loads, there is no doubt that it is impossible in practice to fully 

reproduce them in a numerical model in all respects. Incorporating the habits and 

behaviour of occupants still remain the most problematic and complicated task and 

there is still a lot to be done in this area. 

 

As regards the further development of the models presented in this study the main 

direction is to the route of upgrading and expanding them and incorporating other 

essential elements of a heat pump heating system. Also, it is a necessity to create user-

friendly interfaces and develop new models for testing other types of building 

construction and architecture, heat pumps, controls and low-temperature heat 

distribution. 
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Nomenclature 
 

 

Roman 
 

A   surface       m2 

C   thermal capacitance     JK-1 

c   specific heat      Jkg-1K-1 

COP   coefficient of performance    - 

Ε    energy requirement     Ws-1 

e    compression work     Jm-3 

h   heat transfer coefficient    Wm-2K-1 

kA   overall heat transfer coefficient   Wm-2K-1 

m     mass flow rate of air     kgs-1 

Q     energy losses or gains     W 

q   refrigerating effect     Jm-3 

q     heat flux      Wm-2 

T   temperature      oC 

V   volume      m3 

V     volumetric flow of air     m3s-1 

z   factor of heat demand covered by floor heating - 

 

 

Greek 
 

δ   thickness of insulation    m 

∆δ   thickness of extra insulation layer   m 

∆H   heat of vaporisation     Jkg-1 

∆h   enthalpy difference     Jkg-1 

ε   outside surface long wave emissivity   - 

η   efficiency      - 

θ   logarithmic temperature difference   oC 
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ρ   air density      kgm-3 

σ   Stefan-Boltzmann constant    Wm-2K-4 

ω   humidity ratio      - 

ω    rate of moisture gains     kgh-1 

 

 

Subscripts 
 

a   ambient 

all   overall 

c   convective 

con   convection 

coup    coupling 

el   electric motor 

ex   exhaust air 

f,sky   fictive sky      

fg   heated floor to the ground 

g   house with floor heating 

gloss   ground due to floor heating 

gr   ground 

grad   house with radiators 

ig   internal to zone 

inf   infiltration 

int   internal 

is   isentropic 

j   number of wall or window 

k   conductive 

lat   latent 

m   mean 

p   air 

req,i   average zone 

s   supply water 

s,j   jth surface   
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sens   sensible 

tm   transmission 

tot   total 

v   volumetric 

vent   ventilation 

w   between the house and the surroundings 

wa   water 

z   zone 

z,i   internal zone 

z,n   neighbour zone 

z,o    external zone 

 

1   heat pump 

2   refrigeration process 
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Appendix: TRNSYS components used in the 

development of the models 
 

Type 2, on-off differential controller: it generates a control function γo that can have 

values of 0 or 1. The value of γo is chosen as a function of the difference between 

upper and lower temperatures, TH and TL, compared with two dead band temperature 

differences, ∆TH and ∆TL. The new value of γo is dependent on whether γi is equal to 

0 or to 1. Usually, γo is connected to γi giving a hysteresis effect. 

 

Type 3, pump/circulator: it computes a mass flow rate using a variable control 

function, which must be between 0 and 1, and a fixed, user-specified maximum flow 

capacity. Pump or fan power consumption may also be calculated. 

 

Type 4, stratified hot water storage tank: the thermal performance of a water-filled 

sensible energy storage tank, subject to thermal stratification, can be modelled by 

assuming that the tank consists of N fully mixed equal volume segments. The degree 

of stratification is determined by the value of N. If N is equal to 1, the storage tank is 

modelled as a fully mixed tank and no stratification effects are possible. Options of 

fixed or variable inlets, unequal size nodes, temperature dead band on heater 

thermostats, incremental loss coefficients and losses to gas flue of auxiliary heater are 

all available. 

 

There are three modes available. In mode 1, flow streams enter the tank at fixed 

positions. The load flow enters at the bottom of the tank and the hot source stream 

enters just below the auxiliary, if present, or at the top of the tank if no auxiliary is 

specified. At the end of each time interval, total mixing of the appropriate adjacent 

nodes eliminates any existing temperature inversions. In mode 2, the flow stream 

enters the node that is closest to it in temperature. With sufficient nodes, this permits a 

maximum degree of stratification. In mode 3, the user must specify the nodes 

containing the load flow and source flow inlet locations. 

 

Type 5, heat exchanger: a zero capacitance sensible heat exchanger is modelled in 

the parallel, counter, various cross flow configurations and shell and tube modes. For 
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all modes, given the hot and cold side inlet temperatures and flow rates, the 

effectiveness is calculated for a given fixed value of the overall heat transfer 

coefficient. 

 

Type 6, on-off auxiliary heater: an auxiliary heater is modelled to elevate the 

temperature of a flow stream using either internal control or external control or a 

combination of both. The heater is designed to add heat to the flow stream at a user-

determined rate, Q , whenever the external control input, γ is equal to 1 and the 

heater outlet temperature is less than a user specified maximum, T

max

set. By specifying a 

constant value of γ equal to 1 and a sufficiently large value of Q , Type 6 will 

perform like a domestic hot water auxiliary with internal control to maintain an outlet 

temperature of T

max

set. By providing a control function of 0 or 1 from a controller or 

thermostat, Type 6 will perform like a furnace adding energy at a rate equal to  

but not exceeding an outlet temperature of T

maxQ

set. 

 

Type 9, standard data reader: this component serves the purpose of reading data at 

regular time intervals from a logical unit number, converting it to a desired system of 

units, and making it available to other TRNSYS units as time varying forcing 

functions. This data reader is primarily used to generate any other time dependent 

forcing functions. The data files for the data reader can be specified in one of two 

ways. The data reader can either read the data file directly or first read a list file, 

which contains the names of 1 or more data files. The data files will then be read in 

the order that they are given in the list file. The user creates a list file by creating a file 

with the keyword ‘files’ on the first line, followed by 1 or more names of data files, 

one name per line. Type 9 may be used in either a free or formatted reading mode. 

 

Type 11, flow diverter/mixer: this component has 10 modes of operation. Modes 1 

to 5 are normally used for fluids with only one important property, such as 

temperature. Modes 6 to 10 are for fluids, such as moist air, with two important 

properties, such as temperature and humidity. 

 

Type 14, time dependent forcing function: in a transient simulation, it is sometimes 

convenient to employ a time-dependent forcing function, which has behaviour, 
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characterized by a repeated pattern. The purpose of this routine is to provide a means 

of generating a forcing function of this type. The pattern of the forcing function is 

established by a set of discrete data points indicating its values at various times 

through one cycle. Linear interpolation is provided in order to generate a continuous 

forcing function from this discrete data. 

 

Type 16, solar radiation processor: insolation data is generally taken at one-hour 

intervals and on a horizontal surface. In some TRNSYS simulations, estimates of 

radiation at time intervals other than one hour are required. This component 

interpolates radiation data, calculates several quantities related to the position of the 

sun, and estimates insolation on up to eight surfaces of either fixed or variable 

orientation. 

 

Type 19, single-zone building: this model is useful for estimating heating or cooling 

loads for a single zone. Walls, windows, flat roofs are included in this component. 

The set of equations for heat transfer from and within the zone are formulated in a 

matrix and solved for each simulation time step. In order to describe a zone using this 

component, the user specifies separate sets of parameters and inputs describing the 

internal space, the walls, floors, ceilings, windows and doors.  The user may select 

from the list of standard walls, partitions, ceilings or floors taken from the ASHRAE 

Handbook of Fundamentals. 

 

This model has two basic modes of operation that make it compatible with the energy 

rate or temperature level control strategies. In mode 1, the user specifies limits on the 

maximum and minimum zone temperatures, Tmax and Tmin. These are the set points for 

cooling and heating respectively. When the calculated value of the zone temperature 

falls between these limits, no load is output. If the zone temperature would rise above 

Tmax or fall below Tmin, then the energy required to maintain the zone at either limit is 

output along with the limit temperature. Cooling loads are positive, while heating is 

negative. The implicit assumption in mode1 is that the load is exactly met since the 

required zone temperature is assumed. The load that is output is independent of any 

heating or cooling equipment operation. Latent loads are also calculated in mode 1 on 

an energy rate basis.  
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In temperature level control (mode 2), the zone temperature and humidity reflect both 

the ambient conditions and the heating or cooling equipment input. Heat may be 

added or removed by use of a ventilation flow stream or an instantaneous heat gain 

input. There are no minimum or maximum limits on the zone temperature or 

humidity. Normally, a controller is used in conjunction with this mode to command 

the heating or cooling equipment. 

 

Type 25, data printer: this component is used to output or print selected system 

variables at specified intervals of time.  

 

Type 28, simulation summary: this is an output-producing component. It can be 

used to generate daily, weekly, monthly or seasonal summaries of information 

computed in a simulation. Type 28 integrates its inputs over the time interval of the 

summary, performs user specified arithmetic operations on the integrals and prints the 

results. 

 

Type 33, psychrometrics: this component is used for calculating thermodynamic 

properties of air such as the humidity ratio, wet bulb temperature, enthalpy, density of 

the air-water mixture, density of dry air only, relative humidity (as percentage), dry 

bulb temperature and dew point temperature. 

 

Type 35, variable gain window: this component models the window transmittance of 

solar radiation and the thermal energy transfer across the window. The total heat 

transfer coefficient of the window is an input, allowing changes of the coefficient due 

to insulating curtains on the window. 

 

Type 35 has two modes of operation. In mode 1, the total incident solar radiation and 

average transmittance are set as inputs. In mode 2, transmittance of beam and diffuse 

radiation are considered separately. This component does not consider reflection of 

solar radiation from the room back through the window. 

 

Type 56, multi-zone building: this component models the thermal behaviour of a 

building divided into different thermal zones. In order to use this component, a 

separate pre-processing program must first be executed. The PREBID program reads 
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in and processes a file containing the building description. This file can be generated 

from the user with any text editor or with the interactive program PREBID. 

 

There are two ways to model the equipment for heating, cooling, humidification and 

dehumidification. The two methods are similar to the ‘energy rate’ and ‘temperature 

level’ control modes available also in Type 19. With the ‘energy rate’ method, a 

simplified model of the air conditioning equipment is implemented within the Type 

56 component. The user specifies the set temperatures for heating and cooling, set 

points for humidity control, and maximum cooling and heating rates. These 

specifications can be different for each zone of the building. If the user desires a more 

detailed model of the heating and cooling equipment, a ‘temperature level’ approach 

is required. In this case, separate components are required to model the heating and/or 

cooling equipment. The outputs from the Type 56 zones can be used as inputs to the 

equipment models, which in turn produce heating and cooling inputs to the Type 56 

zones. When separate equipment components, for providing heating and cooling, are 

used, they can be coupled to the zones as either internal convective gains or 

ventilation gains. 

 

The building model in Type 56 is a non-geometrical balance model with one air node 

per zone, representing the thermal capacity of the zone air volume and capacities 

closely connected with the air node (furniture, etc.). Thus the node capacity is a 

separate input in addition to the zone volume. 

 

Convective head flow to the air node 

The figure that follows shows the heat balance on the zone air node. 

ventQ
infQ

,surf iQ

cplgQ, ,g c iQ

iQ
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i surf,i inf,i vent,i g,c,i cplg,iQ = Q +Q + Q +Q +Q  

 

Where 

surf,iQ = Convective heat flow from all inside surfaces 

surf,i w,i w,i wall,i airQ =U A (T -T⋅ ⋅ )  

inf,iQ = Infiltration gains (air flow from outside only) 

inf,i p outside airQ =V×ρ×c ×(T -T )  

vent,iQ = Ventilation gains (air flow from a user defined source, like a HVAC system) 

vent,i p ventilation,i airQ =V×ρ×c ×(T -T )  

g,c,iQ = Internal convective gains (by people, equipment, illumination, radiators, etc.) 

cplg,iQ = Gains due to (convective) airflow from zone i or boundary condition 

cplg,i p zone,i airQ =V×ρ×c ×(T -T )  

 

Coupling 

The coupling statement allows the definition of an air mass flow a zone receives from 

another zone, considered as heat flow from or to the air node. The statement does not 

automatically define the airflow back to the adjacent zone as would occur in an inter-

zonal air exchange. To consider this return flow, the corresponding coupling must be 

defined in the adjacent zone to receive the same airflow in return. The reason for this 

convention is to allow the user to describe cross ventilation or a ventilation circle 

within 3 or more zones. 

 

Radiative heat flows (only) to walls and windows 

The figure that follows shows the radiative energy flows considering one wall with its 

surface temperature node. 
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, ilong wQ

, isol wQ

ig,r,i,wQ
, ir wQ

,wall gainQ

 
 

i i i ir,w g,r,i,w sol,w long,w wall,gainQ = Q + Q +Q + Q  

 

Where 

ir,wQ = Radiative gains for the wall surface temperature node  

ig,r,i,wQ = Radiative zone internal gains received by wall  

isol,wQ = Solar gains through zone windows received by wall  

ilong,wQ = Long wave radiation exchange between this wall and all other walls and 

windows ( ε ) i =1

wall,gainQ = User-specified heat flow to the wall or window surface  

 

Walls and windows 

The walls are modelled according to the transfer function relationships of Mitalas and 

Arseneault defined from surface to surface. For any wall, the heat conduction at the 

surfaces are given as: 

 
b c ds s sn n n

k k k k k k
s,i s s,o s s,i s s,i

k=0 k=0 k=1
q = b T - c T - d q∑ ∑ ∑  

 
a b ds s sn n n

k k k k k k
s,0 s s,o s s,i s s,0

k=0 k=0 k=1
q = a T - b T - d q∑ ∑ ∑  

 

Where 

s,iq = Conduction heat flux from the wall at the inside surface  

s,0q = Conduction heat flux from the wall at the outside surface  
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These time series equations in terms of surface temperatures and heat fluxes are 

evaluated at equal time intervals. The superscript k refers to the term in the time 

series. The current time is k = 0, the previous time is for k = 1, etc. The time base on 

which these calculations are based, is specified by the user within the PREBID 

description. The coefficients of the time series (a, b, c and d) are determined within 

the PREBID program. 

 

Transfer function method by Mitalas 

The method of the transfer function or response factors can be described as the 

method to tell the ‘thermal history’ of a wall. The wall is considered as a black box. 

The number of time steps (k) related to the time base (defined by the user) shows 

whether the wall is heavy with a high thermal mass (k ≤ 20) or if only a few time 

steps have to be considered to describe the thermal behaviour of this wall. If the time 

base of the considered wall is higher than the time-constant, the calculation of the 

Transfer-function matrix coefficients is stopped. Therefore, such a ‘thin’ wall can be 

replaced by a resistance definition neglecting the thermal mass. 

 

The long-wave radiation  

The long-wave radiation exchange between the surfaces within the zone and the 

convective heat flux from the inside surfaces to the zone air are approximated using 

the star network given by Seem. This method uses an artificial temperature node to 

consider the parallel energy flow from a wall surface by convection to the air node 

and by radiation to other wall and window elements. 

 

External walls 

For external surfaces the long-wave radiation exchange at the outside surface is 

considered explicitly using a fictive sky temperature and a view factor to the sky. 

 

Internal, adjacent, and walls with boundary conditions 

The same mathematical approach with modifications is also applied for internal, 

adjacent, and walls with boundary conditions. 

 

 110



Appendix 

Infiltration, ventilation, and convective coupling 

Infiltration and ventilation rates are given in terms of air changes per hour for each 

zone. The mass flow is the product of the zone air volume, air density, and air change 

rate. The energy gains to any zone i due to infiltration and ventilation are: 

 
inf, inf,m (i i p aQ C T= − )iT

)T

T T +

 
 

, , , ,m (
nvent

v i v k i p v k i
k

Q C T= −∑  

 

Where 

inf,m i = Mass flow rate of infiltration air 

, ,mv k i = Mass flow rate of ventilation air if ventilation type k 

Cp= Specific heat of the air 

Tv,k= Temperature of ventilation air of ventilation type k 

Ta= Ambient air temperature 

 

For each wall or window separating zones of floating temperature or each wall having 

a known boundary condition, it is possible to specify a convective coupling. This 

coupling is the mass flow rate that enters the zone across the surface. An equal 

quantity of air is assumed to leave the zone at the zone temperature. The energy gain 

due to the convective coupling is the sum of all such gains for all walls or windows in 

the zone. 

 
.

lg, lg,

lg, ,

( )

.... ( )

adj zones surfacessitoj

cp i cp s p j i

knownbound

cp s p b s i

Q m C

m C T T

= −

+ −

∑ ∑

∑
 

 

Where 

lg,cp sm = Mass flow rate of air entering zone i across walls or windows 

 

Floating zone temperature (no heating or cooling) 

The rate of change of internal energy for any free floating zone is equal to the net heat 
gain or 
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i i
dC T Q
dt

= i  

 

Where 

Ci = Thermal capacitance of zone i 

 

The net heat gain, Qi, is a function of Ti and the temperatures of all other zones 

adjacent to zone i. To simplify the solution of the set of equations, Qi is considered 

constant during any time step, evaluated at average values of the zone temperatures. 

 

Simulation time step versus wall time base 

The equation that gives the heat transfer at the inside surface of a wall, given the 

inside and outside air temperatures, is based on the time series equations and is strictly 

correct when these temperatures represent averages over the time base interval of the 

time series. The differential equation describing the rate of change of internal energy 

of the zone air, on the other hand, is solved over the simulation time step. This may be 

less than or equal to the wall time base. If the simulation time step is less than the wall 

time base, then the average heat transfer at the inside wall surface over the time base 

is: 

 

, ,
, , b

over
timebase

s i t
s i t

q t
q

t
∆

∆

∆
=

∆
∑  

 

The average heat flux over the wall time base is equal to the average of the heat fluxes 

evaluated at the average temperatures over the simulation time step. For the solution 

of the set of equations each time step, the heat flux for any wall is determined using 

the current conditions. However, the temperatures and heat fluxes characterizing the 

previous time history of the wall represent averages over the wall time base. This 

leads to temperature steps in the period of the time base value. For heavy and thick 

walls the time base can be set to two or more hours. If there are very thin walls in the 

same building, the PREBID program stops with an error message. This is caused by 

the time constant of the light construction. If the time constant is lower than the 
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transfer function time base, the response description will produce an error. In this 

case, thin walls should be replaced by a description using resistance layers. 

 

Windows 

Windows may consist of up to six individual glazing panes with five different gas 

fillings between them. Every windowpane has its own temperature node and the inner 

windowpane is coupled via the star network to the star node temperature of the 

building zone. The outer windowpane is coupled via convective heat transfer to the 

temperature of the ambient air and via long-wave radiative exchange with the fictive 

sky temperature, Tfsky.  

 

For each glazing of the window, the resulting temperature is calculated considering 

transmission, absorption and reflection of incoming direct and diffuse solar radiation, 

diffuse short-wave radiation being reflected from the walls of the zone or an internal 

shading device, convective, conductive and long-wave radiative heat transfer between 

the individual panes and with the inner and outer environment. 

 

Transmission of solar radiation 

Each glazing absorbs and reflects a part of the incoming solar radiation depending on 

the glazing material and the incidence angle. In the program WINDOW 4.1, the 

detailed calculation of reflection between the individual panes and the absorption and 

transmission of each pane is performed hemispherically for diffuse radiation and in 

steps of 10o incidence angle for direct solar radiation. Together with the thermal 

properties of the gas fillings and the conductivity and emissivity of the glazings, the 

optical data for the window is written to an ASCII file by the WINDOW 4.1 program. 

This output file has a standard format, which makes the results available for thermal 

analysis programs such as DOE 2.1 and TRNSYS. For TRNSYS, a window library 

file was created using the WINDOW 4.1 program to have commonly-used glazing 

systems available for the user. This data is read by the Type 56 component and 

interpolated using a regression function. Using this interpolated data, the transmission 

of solar radiation and the total absorption of short-wave radiation for each 

windowpane are calculated. 
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Heat flux between window-panes 

Conduction, convection and long-wave radiation are considered separately for the 

heat transport between the individual windowpanes. 

 

It can be shown that the total heat flux of such a glazing system can be split into a heat 

loss flux, which is only dependent on the temperature differences and the pane 

absorption heat flux, which is only dependent on the intensity of the short-wave 

radiation. As the solar radiation reflected by the zone surfaces can only be calculated 

by Type 56 if the amount of transmitted solar radiation from all external and internal 

windows of the zone is known, an iterative loop for all windows of a zone is 

performed until all entered direct or diffuse solar radiation is either absorbed at an 

internal wall or frame surface or any window pane of an internal or external window 

or transmitted back to outside through an external window. After having distributed 

all entering solar radiation for all zones of the building including multiple reflections 

in a zone or between zones via internal windows, the calculations of surface 

temperatures and the windowpane temperature calculations are performed. 

 

The absorption of short-wave radiation leads to a temperature increase of each 

individual windowpane. This leads to a heat flux to adjacent windowpanes or to the 

inside zone and the outside ambient of the window and therefore to an additional 

change in pane temperatures. This iteration of pane temperatures is performed until 

the change of pane temperatures is lower than a specified tolerance. 

 

Having determined the individual pane temperatures and all of the heat fluxes through 

the glazing-panes, the absorbed short-wave radiation is summed over the various 

windowpanes and distributed to the inner and outer window node.  

 

Edge correction and window frame 

The calculations of the glazing temperatures of the window were performed for 

undistributed center of glass values with no influence of the glazing edge. To take the 

cold bridge effect of the spacer at the edge of the glazing system into account, the 

WINDOW 4.1 program calculates edge correction coefficients for five different 

spacer materials. 
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External and internal shading devices 

External or internal shading devices may be defined for each external window of the 

building. For internal windows only an internal shading device for the surface defined 

as FRONT in the building description may be defined. External shading devices 

reduce the incoming solar radiation on the glazing area of the external window by a 

factor given in the building description. A thermal resistance that reduces the heat 

losses of the glazing to the ambient, if the external shading device is active, may be 

specified. 

 

An internal shading device is specified giving the reduction of the transmitted solar 

radiation, a reflection coefficient for solar radiation for both faces of the shading 

device and a parameter defining the degree of additional convection to the air node of 

the zone. The model takes into account multiple reflections between the internal 

shading device and the windowpanes and calculates the absorption of reflected solar 

radiation from the internal shading on the different windowpanes. This calculation is 

performed separately with the optical properties for direct and diffuse solar radiation 

and the total absorption of the internal shading device is given by the sum of 

absorption of direct and diffuse solar radiation parts.  

 

With the internal shading device located behind the inner glazing an additional 

convection is started resulting in a chimney effect of warm air heated by the 

absorption of solar radiation on the shading device. The absorbed solar radiation on 

the inner shading is given as the product of the transmitted solar radiation and the 

fraction of the shaded glazing area considering the reflected radiation and the fraction 

which is transferred to the air node of the zone via the specified additional convection. 

 

Distribution of solar radiation  

The incoming direct solar radiation is distributed according to the distribution 

coefficients (GEOSURF) defined in the building description. These values are 

distribution factors related to the total direct solar radiation entering the zone. The 

fraction of incoming direct solar that is absorbed by any surface i is given by the 

product of solar absorptance as value times the GEOSURF value given for this surface 

s. 
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Moisture balance 

In parallel with the sensible energy balance calculation, Type 56 calculates a moisture 

balance considering free-floating humidity ratios or humidification/dehumidification 

to a certain set point. In this case, Type 56 calculates the latent load. There are two 

models for the calculation of the moisture balance available in Type 56. The first 

model considers sorption effects with an enlarged moisture capacity of the zone air 

and the second model offers a surface and a deep moisture buffer in the walls of the 

zone. 

 

Integrated model for thermo-active building elements 

Thermo-active building elements (slabs or walls of a building) are used to condition 

buildings by integrating a fluid system into massive parts of the building itself. 

Examples are radiant floor heating or cooling systems, radiant ceilings or wall heating 

or cooling systems.  

 

A method has been developed and integrated into the Type 56 for the calculation of a 

thermo-active construction element system, taking into account all three dimensions. 

 

Type 65, online graphics (plotter): this component is used to display selected system 

variables at specified intervals of time while the simulation is progressing. This 

component is highly recommended and widely used since it provides valuable 

variable information and allows users to immediately see if the system is not 

performing as desired. The selected variables will be displayed in a separate plot 

window on the screen. 

 

Type 66, calling EES: this component allows the user to call an EES file, pass it 

information and receive outputs from EES using the Dynamic Data Exchange and text 

files to exchange the information and commands. Dynamic Data Exchange (DDE) is a 

method of sending messages to other programs through the operating system 

(Microsoft Windows). DDE is supported from many programs including the 

applications within Microsoft Office. 

 

To begin, the user creates a model in EES. Then, he/she decides which variables 

should be inputs from TRNSYS and which should be outputs to TRNSYS. The 
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variables, which are chosen to be inputs, are listed in an import statement in the main 

EES file. Then, information is entered into the TRNSYS input file in the form of a 

Type 66 description. In the course of a simulation time step, new values for the inputs 

are set by other components in the simulation. These new values are written to the 

Windows clipboard. Then, Type 66 sends a DDE message to EES to open and 

calculate the EES file. EES does this calculation and writes the results to the 

clipboard. Type 66 then reads in the values from the clipboard and passes these values 

to the TRNSYS solver to be used as inputs for other components. The figure that 

follows shows the interaction (co-solving method) between a TRNSYS file and an 

EES file. 

 

Trnsys file
UNIT 66 TYPE 66 CALL EES

………..

C:\ees32\ees.exe  \trnsys15\xyz.ees

Trnsys Type 66 Calling Ees
Put x and y on the clipboard

Call EES, simulate

Read EES results from the clipboard

EES file
$Import clipboard x, y

…….

$Export clipboard z
 

 

Type 69, sky temperature calculation: this component determines a fictive sky 

temperature. With this fictive sky temperature, the long-wave radiation exchange 

from external surfaces of a building to the atmosphere can be calculated. 

 

Type 80, floor heating: this routine calculates the convective heat transfer coefficient 

for up to 10 surfaces. The surfaces may be either horizontal or vertical. Type 80 is of 

particular use in conjunction with the radiant surface feature in Type 56 that allows 
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users to define walls or floors that contain either hot or cold water pipes for radiant 

heating or cooling. 

 

For horizontal surfaces, the convective heat transfer coefficient due to the difference 

between the surface temperature and the temperature of the air right near the surface 

is calculated by: 

 

( )l
con surf aira f T T= ⋅ −  

 

Where f and l are given parameters or can be user-defined. 

 

Type 91, constant effectiveness heat exchanger: a zero capacitance sensible heat 

exchanger is modelled as a constant effectiveness device that is independent of the 

system configuration. The maximum possible heat transfer rate is calculated based on 

the minimum capacity rate fluid and the cold side and hot side fluid inlet 

temperatures. In this mode the effectiveness of the heat exchanger is input as a 

parameter and the concept of an overall heat transfer coefficient for the heat 

exchanger is not used. 

 

The component descriptions presented above are taken from the TRNSYS 15.0 

manual. 
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