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Abstract 
 

With the building sector accounting for around 40% of the total energy consumption in the 

EU, energy efficiency in buildings is and continues to be an important issue. Great progress 

has been made in reducing the energy consumption in new buildings, but the large stock of 

existing buildings with poor energy performance is probably an even more crucial area of 

focus. This thesis deals with energy efficiency measures that can be suitable for renovation of 

existing houses, particularly low-temperature heating systems and ventilation systems with 

heat recovery. The energy performance, environmental impact and costs are evaluated for a 

range of system combinations, for small and large houses with various heating demands and 

for different climates in Europe. The results were derived through simulation with energy 

calculation tools. 

Low-temperature heating and air heat recovery were both found to be promising with regard 

to increasing energy efficiency in European houses. These solutions proved particularly 

effective in Northern Europe as low-temperature heating and air heat recovery have a greater 

impact in cold climates and on houses with high heating demands. The performance of heat 

pumps, both with outdoor air and exhaust air, was seen to improve with low-temperature 

heating. The choice between an exhaust air heat pump and a ventilation system with heat 

recovery is likely to depend on case specific conditions, but both choices are more cost-

effective and have a lower environmental impact than systems without heat recovery. The 

advantage of the heat pump is that it can be used all year round, given that it produces DHW. 

Economic and environmental aspects of energy efficiency measures do not always harmonize. 

On the one hand, lower costs can sometimes mean larger environmental impact; on the other 

hand there can be divergence between different environmental aspects. This makes it difficult 

to define financial subsidies to promote energy efficiency measures. 
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Sammanfattning 
 

Byggnader står för omkring 40 % av den totala energianvändningen i EU. 

Energieffektivisering av byggnader är och fortsätter därför att vara en viktig fråga. Även om 

stora framsteg har gjorts när det gäller att minska energianvändningen i nya byggnader så är 

det stora beståndet av befintliga byggnader med dålig energiprestanda förmodligen ett ännu 

viktigare område att fokusera på. Denna avhandling behandlar energieffektiviseringsåtgärder 

som kan lämpa sig för renovering av befintliga hus, i synnerhet lågtemperaturvärmesystem 

och ventilationssystem med värmeåtervinning. Energiprestanda, miljöpåverkan och kostnader 

utvärderas för en rad systemkombinationer, för små och stora hus med olika värmebehov och 

för olika klimat i Europa. Resultaten togs fram genom simuleringar med 

energiberäkningsprogram. 

Lågtemperatursystem och värmeåtervinning framstod båda som lovande lösningar för 

energieffektivisering av europeiska hus, särskilt i norra Europa, eftersom dessa åtgärder har 

större effekt i kalla klimat och på hus med stort värmebehov. Prestandan för värmepumpar, 

såväl av utelufts- som frånluftstyp, förbättrades med lågtemperaturvärmesystem. Valet mellan 

frånluftsvärmepump och värmeåtervinning till ventilationsluft kan antas bero på specifika 

förhållanden för varje fall, men de är båda mer kostnadseffektiva och har lägre miljöpåverkan 

än system utan värmeåtervinning. Värmepumpen har fördelen att den kan återvinna värme 

året runt, förutsatt att den producerar varmvatten. 

Ekonomiska och miljömässiga aspekter av energieffektiviseringsåtgärder stämmer inte alltid 

överens. Dels lägre kostnad ibland betyda större miljöpåverkan, dels kan det finnas divergens 

mellan olika miljöaspekter. Detta gör det svårt att fastställa subventioner för att främja 

energieffektiviseringsåtgärder. 
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Nomenclature 

 

AAHP  air-to-air heat pump 

AWHP  air-to-water heat pump 

CO₂  carbon dioxide 

COP  coefficient of performance 

DH  district heating 

DHW  domestic hot water 

EAHP  exhaust air heat pump 

HD  annual heating demand of building  kWh/(m
2
·a) 

HVAC  heating, ventilation and air conditioning 

LCC  life cycle cost 

LCCA  life cycle cost analysis 

MFH  multi-family house 

MVHR  mechanical ventilation with heat recovery 

NRE  non-renewable energy 

PEC  primary energy consumption 

PEF  primary energy factor 

RE  renewable energy 

SFH  single family house 

SPF  seasonal performance factor 

T  temperature    °C 

U  heat transfer coefficient for building parts W/(m
2
∙K)  



vi 

 

Contents 

 

Abstract ....................................................................................................................................... i 

Sammanfattning ......................................................................................................................... ii 

Acknowledgements ................................................................................................................... iii 

List of papers ............................................................................................................................. iv 

Nomenclature ............................................................................................................................. v 

1 Introduction ......................................................................................................................... 1 

1.1 Background .................................................................................................................. 1 

1.2 Objectives .................................................................................................................... 2 

2 Method ................................................................................................................................ 3 

2.1 Low-temperature heating ............................................................................................. 3 

2.2 Air heat recovery ......................................................................................................... 4 

2.3 Heating demand ........................................................................................................... 4 

2.4 Economy and environment .......................................................................................... 4 

2.4.1 Environmental impact analysis ............................................................................ 4 

2.4.2 Economic analysis ................................................................................................ 5 

2.5 Simulation tools ........................................................................................................... 7 

2.5.1 TRNSYS ............................................................................................................... 7 

2.5.2 MATLAB Simulink ............................................................................................. 7 

2.5.3 Purmo Air Simulator ............................................................................................ 7 

2.5.4 TMF Energi .......................................................................................................... 8 

2.5.5 PHPP .................................................................................................................... 8 

2.6 Models and boundary conditions ................................................................................. 9 

2.6.1 Building models and climates .............................................................................. 9 

2.6.2 HVAC systems ................................................................................................... 10 

2.6.3 Radiator model ................................................................................................... 13 

3 Results and discussion ...................................................................................................... 15 

3.1 Low-temperature heating ........................................................................................... 15 

3.2 Air heat recovery ....................................................................................................... 16 

3.3 Heating demand ......................................................................................................... 18 

3.4 Economy and environment ........................................................................................ 19 



vii 

 

4 Conclusions ....................................................................................................................... 24 

5 Future work ....................................................................................................................... 25 

References ................................................................................................................................ 26 



1 

 

1 Introduction 

1.1 Background 

Buildings in the EU account for around 40% of the final energy consumption in the Union [1], 

out of which 2/3 is used for space heating [2]. Energy efficiency goals, like the climate and 

energy goals for 2020 [1] and 2030 [3], have led to the implementation of improved energy 

standards for new buildings, but the real potential for energy savings lies in the large stock of 

existing buildings [4]. The current situation is illustrated in Figure 1: the heat transfer 

coefficient of external walls is decreasing, but a majority of the existing houses have 

significantly higher U-values than the newest houses [5]. The example is from the Swedish 

building stock, but a similar trend can be seen in many European countries, where a boom of 

house construction occurred following the Second World War [6]. It is therefore natural to 

focus efforts to save energy on existing buildings, in Sweden as well as on a European level. 

 
Figure 1. Share of building stock and U-value of walls of Swedish single- (SFH) and multi-family 

houses (MFH) [5] 

Energy efficiency is the concept of providing a given service with minimal energy 

consumption. In a building, the service to be provided is a good indoor climate, with respect 

to temperature, air quality, noise level and light. The indoor temperature is related to the heat 

losses and heat gains of the building, while the air quality is related to the ventilation, which 

also contributes to the heat losses. In order to reduce the energy consumption for space 

heating and ventilation in buildings, it is necessary to either reduce heat losses (or increase 

heat gains) by improving the thermal characteristics of the building envelope, to use more 

efficient heating and ventilation systems, or a combination of these measures. Changes to the 

building envelope can include better insulating windows or additional insulation of the façade 

and/or roof. Heat pumps are an example of energy efficient heating systems, in that they use 

“free” energy from ambient air, water or ground. 
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Low-temperature heating systems utilize large areas or high heat transfer coefficients to 

provide heating at lower temperatures than traditional systems [7]. A floor heating system, for 

example, can produce a surface temperature that is comfortable to walk on. A technical 

benefit of low-temperature systems is that they work well together with heat pumps, since 

heat pumps operate more efficiently at a lower condenser temperature. 

Air heat recovery, recovering heat from the air leaving the building, can significantly reduce 

the heat losses due to ventilation. This can either be done by an air heat exchanger, heating the 

supply air, or by means of a heat pump, which provides space heating and/or hot water to the 

house. The increased electricity consumption that comes with these systems is offset by a 

reduction of the total energy consumption for heating. 

1.2 Objectives 

The research behind the present thesis aims to investigate possible measures to reduce energy 

consumption in residential buildings. The main focus is on energy efficient HVAC systems, 

particularly air-to-water heat pumps, exhaust air heat pumps and ventilation with heat 

recovery, and on low-temperature heating with ventilation radiators. Another important part is 

renovation measures for reduction of heating demand, including insulation of the roof and 

façade, windows with low heat transfer coefficient and reduction of DHW consumption by 

flow reducing water taps. Being part of a European project, the research is oriented towards 

renovation of houses in Europe, with respect to the climate and energy goals of the European 

Union. Nevertheless, the studies were also influenced by a Swedish perspective, often taking 

into account Swedish building regulations and focusing more on Northern European climatic 

conditions. 
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2 Method 
 

Three types of renovation measures were common among all of the papers included in this 

thesis. Ventilation radiators, the low-temperature system studied in the included papers, are 

described in section 2.1. Air heat recovery utilizing an air-to-air heat exchanger or an air-to-

water heat pump is described in section 2.2. Section 2.3 gives a brief description of the how 

the heating demand of the houses was assessed in the studies. Based on the results of the 

simulations, the performance and viability of the energy renovation measures which were the 

focus of this thesis were assessed in terms of final energy consumption, economics and/or 

environmental impact. The methodologies for economic and environmental analyses are 

described in section 2.4.  

The results presented in this thesis were derived through simulations, using one or more of the 

simulation tools listed in section 2.5. Section 2.6 gives a brief description of models and 

boundary conditions used in each paper. Some of the studies were done within the framework 

of iNSPiRe [8], using models and boundary conditions from that project. More details are 

given in the respective papers. 

2.1 Low-temperature heating 

One of the ongoing themes of the included papers is the use of low-temperature heating, more 

specifically ventilation radiators. In a house with exhaust ventilation, outdoor air will flow 

into the house through supply air ducts. With ventilation radiators, these ducts are placed 

behind the radiators, leading air between the radiator panels to be heated before entering the 

room, as shown in Figure 2. Exhaust ventilation fans 

create a pressure difference between the air in the house 

and the outdoor air. This induces forced convection of 

supply air through the radiators, which improves the heat 

transfer compared to traditional radiators. Moreover, the 

lower temperature of outdoor air compared to room air 

will increase the temperature gradient between the 

radiator and the surrounding air. Rather than having a 

higher heat output, it will then be possible to decrease the 

water temperature in the radiators, thus creating a low-

temperature heating system [9]. In the papers included in 

this thesis, ventilation radiators were used in combination 

with exhaust ventilation and air-to-water heat pumps, of 

both outdoor air and exhaust air type. The mechanical 

exhaust ventilation system is considered a necessity for 

the ventilation radiators to work properly, and the heat 

pumps were hypothesized to have higher performance 

factor with this system, due to the lower temperature level 

on the condenser side.  

Figure 2. Air flow through a ventilation radiator 
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2.2 Air heat recovery 

Air heat recovery can be a good way of reducing the heating demand by using energy that 

would otherwise go to waste. Two principal methods for recovering heat from exhaust air 

have been assessed: ventilation with heat recovery and exhaust air heat pump, which uses 

energy from room-tempered exhaust air to heat water. Recovery of heat from exhaust to 

supply air can be done in many different ways, with or without mixing the air streams. In the 

papers included in this thesis, a heat exchanger with no return of exhaust air was used. 

While MVHR transfers energy between two air streams, a heat pump can use the energy to 

heat water for the heating system and for DHW consumption, which makes it more versatile. 

A secondary heat source, e.g. ground or outdoor air, can be used to compensate for the limited 

energy available in exhaust air. However, the heat pumps studied in the included papers had 

no such complement. 

2.3 Heating demand 

All of the papers included some variation of heating demand of the studied building models, 

either by varying the ventilation rate or by reducing the transmission losses through the 

building envelope with insulation or better windows. Paper II comprised economic and 

environmental analyses of renovation measures that affect the heating demand, while in the 

other papers these variations were simply made in order to investigate their influence on the 

performance of the studied HVAC systems. 

2.4 Economy and environment 

The European climate and energy goals for 2030 include a 40% reduction of greenhouse gas 

emissions, 27% increased energy efficiency and a goal of at least 27% of the total energy 

consumption to come from renewable energy sources [3]. With respect to these and the 

previous goals for 2020, the environmental impact of energy renovation measures was 

assessed in Paper II and Paper IV. As cost-effectiveness is an important factor with regard to 

the implementation of a renovation project, economic analyses were also performed. The 

methodologies of these analyses are described below. 

2.4.1 Environmental impact analysis 

In Paper IV, the primary energy consumption (PEC) of gas and heat pump systems were 

evaluated by multiplying the simulated energy consumption with primary energy factors 

(PEF), referring to non-renewable primary energy, from national sources in the respective 

countries [10-13]. The PEFs used in Paper IV are listed in Table 1.  
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Table 1. Energy prices and primary energy factors for natural gas and electricity in Sweden, Poland, 

Germany and the UK, as used in Paper IV. In italics: electricity-to-natural gas ratios. 

  Sweden Poland Germany UK 

Energy price (incl. VAT),  

€/kWh 

Natural gas 0.12 0.05 0.07 0.06 

Electricity 0.21 0.14 0.29 0.18 

 Electricity/Gas 1.75 2.80 4.14 3.00 

PEF, kWh/kWh Natural gas 1.09 1.10 1.10 1.00 

 Electricity 1.90 3.00 2.60 2.60 

 Electricity/Gas 1.74 2.73 2.36 2.60 

 

In Paper II, the environmental impact of systems using district heating (DH) and electricity 

was evaluated in terms of PEC, emissions of CO2-equivalents and non-renewable energy 

(NRE) consumption. PEFs and CO2 factors were calculated by weighting factors for all inputs 

to DH and electricity production, while the share of renewable (RE) energy was taken directly 

from statistics [13-15]. The factors used in Paper II are listed in Table 2. This paper also 

includes a comparison to marginal electricity production, taking all electricity to be derived 

from 100% NRE sources. All calculations were based on annual energy values. Calculation of 

the environmental factors used in Paper II was performed by Moa Swing Gustafsson at 

Dalarna University. 

Table 2. Energy prices, primary energy factors, emissions of CO₂-equivalents and share of renewable 

energy for district heating and electricity in Sweden, as used in Paper II. In italics: electricity-to-district 

heating ratio. 

 Energy price, €/kWh  PEF, kWh/kWh  CO₂ eq. g/kWh  Share of RE, % 
 DH Electricity  DH Electricity  DH Electricity  DH Electricity 

Abs. 0.074 0.138  0.30 1.42  51 32  83 60 

El./DH 1.86  4.73  0.63  0.78 

 

2.4.2 Economic analysis 

Papers II and IV included economic analyses of energy efficiency measures. This was done 

through life cycle cost analysis (LCCA), which provides a long-term perspective by 

comparing a set of options for a selected time frame [16]. Future costs for energy, 

maintenance and eventual reinvestments and disposal are converted into net present value and 

added to the investment costs to determine the total life cycle cost (LCC). The option with the 

lowest LCC, or the largest saving compared to the reference case, is considered to be the most 

profitable investment. Paper II also included calculation of discounted payback time, using 

net present values of future costs and savings to determine how many years it would take for 

an investment to reach the break-even point and begin repayment [17]. Energy prices were 

taken from Eurostat statistics [18-20]. The electricity price used in Paper II refers to large 

consumers, while the price used in Paper IV refers to small consumers. Table 2 and Table 1 

list the energy prices used in Papers IV and II, respectively. In Paper IV, the energy price 

increase was estimated to 5% for both electricity and natural gas, while in Paper II the price 

increase for both electricity and district heating was set to 3%, in all cases including inflation. 
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The LCCA in Paper IV included investment and installation costs of technical systems, 

maintenance costs and energy costs. Investment costs were taken from Swedish 

manufacturers or retailers and were then extrapolated to other countries using the relative 

difference in the consumer price index [21]. Investment, installation and maintenance costs 

for the HVAC systems covered in Paper IV are listed in Table 3. The calculation period was 

in this case set to 15 years, from the systems’ installation date until the end of their technical 

lifetime. Reinvestment costs and residual value were therefore omitted, as well as eventual 

disposal costs. The interest rate was set to 5%. The labor costs were, in both papers, taken 

directly from Eurostat statistics [22] and included in the installation costs. 

Table 3. Investment, installation and maintenance costs for the systems studied in Paper IV 

  Sweden Poland Germany UK 

Investment and 

installation costs, € 

AWHP (A) 10 400 6 300 7 600 8 400 

EAHP (B) 10 100 6 200 7 400 8 200 

 Gas boiler (C) 3 300 1 900 2 400 2 600 

 DHW storage tank (C) 1 500 800 1 100 1 200 

 MVHR (A, C) 4 200 2 300 3 100 3 200 

 Exhaust ventilation (B) 1 500 800 1 200 1 100 

 Supply air ducts (B) 300 100 200 200 

Maintenance, €/year (All systems) 100 20 80 50 

 

In Paper II, the calculation period for the LCCA was set to 30 years and the interest rate to 

4%. Investment, installation and maintenance costs of HVAC systems and measures to the 

building envelope were included, as were the reinvestment costs for systems with a lifetime of 

less than 30 years and residual value of systems which after 30 years had not reached the end 

of their lifetime. Eventual costs of disposal were left out of the scope. All costs were defined 

as additional costs in relation to a reference case, which included basic renovation to repair 

and maintain functionality of the house. For example, the cost for 3-pane insulating windows 

was taken as the extra cost compared to windows of poor energy standard, and water taps and 

measures to the building envelope were not assumed to increase the maintenance costs. 

Likewise, the investment cost for exhaust fans was excluded for systems 0, B, C1 and C2 and 

subtracted from the MVHR cost for system A. The reference HVAC system comprised a 

hydronic heating system, a district heating substation and exhaust ventilation. Investment, 

installation and maintenance costs and the respective technical lifetimes are listed in Table 4.   
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Table 4. Investment and installation costs, maintenance costs and technical lifetimes for the 

renovation measures studied in Paper II 

Category Renovation measure 

Total investment 

costs, € 

Maintenance 

costs, €/year 

Technical 

lifetime, years 

Heating EAHP 17800 158 20 

 DHW heat exch. 6100 53 20 

Ventilation Exhaust fan 26300 253 15 

 MVHR 166500 505 15 

 Radiator air ducts 15400 - 30 

Building 

envelope 

Windows (3-pane ins.) 168100 - 30 

Balcony doors (ins.) 30700 - 30 

 Roof ins. (195 mm) 62100 - 30 

 Façade ins. (80 mm) 71900 - 30 

DHW Flow red. taps and showers 2800 - 15 

 

2.5 Simulation tools 

This thesis is based on simulation studies, using various computer programs for building and 

HVAC system simulations. Paper I included a comparison between two of these programs, 

TRNSYS and MATLAB Simulink. Descriptions of the simulation tools and how they were 

used are given below. 

2.5.1 TRNSYS 

TRNSYS is a tool for transient system simulations, developed at the University of Wisconsin, 

USA [23]. It is based on a modular structure and a graphical interface, where the user can 

connect components to build small and large systems. Open access to the source code allows 

the users to modify and add components. Areas of application include multi-zone buildings, 

HVAC systems, solar systems, control strategies and much more. Standard weather data 

readers use .tmy-files (Typical Meteorological Year) with a 1 hour resolution, but the 

simulation time step can be much smaller than that. The component library includes 

connections to other programs, e.g. MATLAB, Excel and EES. TRNSYS was used in Papers 

I, II and IV to model and simulate single family and multi-family houses with different 

HVAC systems. 

2.5.2 MATLAB Simulink 

Simulink is a simulation tool based on MATLAB algorithms [24]. Like TRNSYS, Simulink 

has a modular block diagram structure, but its area of use is wider and the simulations do not 

have a fixed time step. It was used in Paper I to simulate one of the three HVAC systems 

included in the comparison. It was also compared to TRNSYS through simulation of a 

common reference system. All simulations with Simulink were performed by researchers at 

the University of Innsbruck. 

2.5.3 Purmo Air Simulator 

In Papers I, II and IV, an external Excel model, connected to TRNSYS, was used to simulate 

ventilation radiators. In Papers II and IV this model was used for traditional panel radiators as 

well. The model was developed by the radiator manufacturer Purmo, based on their own 

products [25], and modified by the author to be used in TRNSYS simulations. In the Excel 
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document, the user specifies a radiator type (number of panels), height, width, temperature of 

room and outdoor air, temperature of distribution and return water and volume flow rate of 

supply air. In addition to the total heat output and supply air temperature given as outputs in 

the original Excel book, the modified version divides the heat output in radiation, convection 

to supply air and convection to surrounding room air, and calculates the mass flow rate of 

water. Normally, TRNSYS components are constructed the other way around, with mass flow 

rate as input and outlet temperature as an output. This was solved in Papers I and IV by 

deriving an equation for the return water temperature that resulted in a constant water flow 

rate, as explained in section 2.6.3. In Paper II, a constant temperature difference for the 

heating system was used instead, allowing the flow rate to vary. 

2.5.4 TMF Energi 

TMF Energi is an Excel based energy calculation tool for buildings, developed by SP, the 

Technical Research Institute of Sweden, on behalf of TMF, the association for Swedish wood- 

and furniture industries [26]. The tool calculates the annual energy demand of a house 

according to ISO 13790 [27]. The user specifies the geometry and boundary conditions of the 

building. Based on the average outdoor temperature, a duration curve for the outdoor 

temperature is created and used to calculate the static energy balance for the house in 4-hour 

periods, which are then summed up for the entire year. Energy consumption for heating and 

DHW production can be calculated for a selection of HVAC systems, which are specified on 

individual sheets in the Excel document. Limits on specific energy consumption for new 

buildings are embedded in the tool and used to indicate the compatibility of the specified 

building and system. TMF Energi is intended for pre-design construction planning of wooden 

framed single family houses, but can be used for low-energy buildings in general. It was used 

to evaluate the energy performance of HVAC systems for a small multi-family house in Paper 

III. 

2.5.5 PHPP 

PHPP is an Excel based tool for the calculation of the monthly energy balance and 

certification of passive houses [28]. In Paper I, PHPP was used to calculate the required 

insulation thicknesses to achieve the desired levels of heating demand in simulations with 

TRNSYS and MATLAB Simulink. PHPP can also be used to model HVAC systems, but in 

this case only the results for the building were of interest. All calculations with PHPP were 

performed by researchers at the University of Innsbruck.  



9 

 

2.6 Models and boundary conditions 

2.6.1 Building models and climates 

The house in Paper I was a semi-detached, two-story single family house (SFH) with a floor 

area of 78 m². The two floors were modeled as one single zone, as simulations indicated that 

the difference between having one or two zones in the model was small when the attic and 

solar gains to the roof were disregarded. Two renovation levels were defined, based on the 

calculated space heating demand with air heat recovery:  

1) 15 kWh/(m²·a) 

2) 25 kWh/(m²·a) 

These levels were chosen based on standards for new passive houses [29] and retrofitted low-

energy houses [30], respectively. The insulation thickness was adapted to reach the desired 

levels of heating demand for each climate. The ventilation rate was set to 0.4 /h and was 

varied to 0.3 and 0.5 /h, while the infiltration rate was set to 0.1 /h and was varied to 0.2 and 

0.3 /h. When one of these parameters was varied, the other was kept at its default value. 

Simulations were done for seven European locations: Stockholm, Sweden; Gdansk, Poland; 

Stuttgart, Germany; London, UK; Lyon, France; Madrid, Spain; and Rome, Italy. 

Paper II examined a multi-family house (MFH), with a heated floor area of 4700 m², with 

four floors and 15 apartments per floor. The model consisted of nine zones: three per floor on 

the bottom, top and one of the middle floors, each comprising three apartments. To obtain 

results for the remaining apartments on each floor, the middle zone was multiplied by three. 

Similarly, the one middle floor was multiplied by two to acquire results for the other middle 

floor. In addition to the apartment zones, there was one zone for each stairwell and one for the 

unheated space between the top floor and the external roof. The three levels of heating 

demand studied in Paper II were defined as renovation packages: 

0) Basic renovation to maintain functionality 

1) Level 0 + Better insulating windows and doors 

2) Level 1 + additional insulation on façade and roof 

These packages were chosen as possible measures to improve the energy performance of an 

old house, assuming some form of renovation were to take place in order to keep the building 

in good condition (level 0).The ventilation rate was set to 0.5 /h and was not varied in this 

study. Simulations were done for the climate of Stockholm, Sweden.  

In Paper III, the house was defined by a simplified parametric model in the Excel tool TMF 

Energi. It was a small MFH, with a heated floor area of 285 m². The model was based on an 

existing building in Ludwigsburg, Germany, and energy performance calculations were done 

both for this climate and for Falun, Sweden. The mean U-value was set to 0.28 W/(m²·K) and 

varied to 0.15, 0.20, 0.35 and 0.40 W/(m²·K), while the ventilation rate was set to 0.3 /h and 

varied to 0.5 /h. While varying one of these parameters, the other was kept at its default value. 
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The SFH in Paper IV was based on the model from Paper I, with a 10 m² increase of floor 

area and separate zones for the two floors. Two levels of heating demand of the house were 

simulated: 55 kWh/(m²·a) and 85 kWh/(m²·a). No variation was done of the ventilation rate, 

which was set to 0.5 /h for systems with air heat recovery and 0.6 /h for the system with 

exhaust ventilation, as this type of ventilation was assumed to create a larger pressure 

difference between indoor and outdoor. Simulations were done for four European locations: 

Stockholm, Sweden; Gdansk, Poland; Stuttgart, Germany; and London, UK. 

2.6.2 HVAC systems 

The theme of all of the papers was a performance comparison of different HVAC systems. 

The systems included in the comparisons varied from one paper to another, but some 

components and methods were common for two or more papers, for example the Excel 

radiator model that was used for ventilation radiators in TRNSYS simulations. Heat pump 

models in TRNSYS were based on performance maps, which were either given by 

manufacturers or derived from published data. The performance maps consist of the outputs 

(e.g. compressor power, COP, heat output, water temperature) for a number of input points 

(e.g. water temperature, air temperature, compressor frequency). Given a set of inputs, the 

heat pump model will then interpolate between the points in the performance map to find the 

corresponding outputs. 

In Paper I, three HVAC systems with low-temperature heating and/or air heat recovery were 

compared to a conventional air-to-water heat pump system. DHW and cooling were not 

included in the study. A desired room temperature of 20 °C was assumed. The HVAC 

systems studied in this paper were: 

A) Micro heat pump, MVHR and electric radiators 

B) EAHP, exhaust ventilation and ventilation radiators 

C) AWHP, exhaust ventilation and ventilation radiators 

D) AWHP, exhaust ventilation and traditional panel radiators (reference system) 

Systems A and B were chosen as novel, innovative alternatives to the more traditional air-to-

water heat pump (AWHP) system used as the reference (D). The micro heat pump is a 

compact air-to-air heat pump (AAHP) with a heat capacity of around 1 kW, working in series 

with the heat recovery unit of the ventilation system. In this case it utilized exhaust air as heat 

source, but it can also be configured to use outdoor air. System C was added to the 

comparison to assess the possible energy performance improvement with low-temperature 

heating in such a system. The system layouts are shown in graphical form in Figure 3. 
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Figure 3. Layouts of the HVAC systems studied in Paper I 

Paper II treated the effects of installing a heat pump or a ventilation system with heat recovery 

in a Swedish MFH with district heating. Sweden has one of the highest per capita rates of 

district heating usage in Europe [19], and the share of connected houses is particularly high 

among multi-family houses [31]. The HVAC systems were set to provide heating, ventilation 

and DHW, while cooling was out of the scope of the paper. The desired room temperature in 

the apartments was set to 22 °C and the tapping temperature of DHW to 55 °C. The HVAC 

systems evaluated in this paper were:  

0) District heating and exhaust ventilation (reference system) 

A) DH + mechanical ventilation with heat recovery (MVHR) 

B) DH + exhaust air heat pump (EAHP) for space heating 

C1)  DH + EAHP for space heating and DHW 

C2)  C1 + ventilation radiators 

Systems B and C1 represent two of the many possible combinations of district heating and 

EAHP, and the aim was to investigate whether it is better to have the heat pump for both 

heating and DHW or just for heating. System C2 was identical to C1, except some of the 

radiators were converted to ventilation radiators by installing a supply air duct in the wall 

behind them. System A was chosen to perform a comparison between heat pump and MVHR 

as complements to district heating. System layouts are shown in Figure 4. 
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Figure 4. Layouts of the HVAC system studied in Paper II 

In Paper III, the energy performance of five HVAC systems was compared. The desired 

indoor temperature was set to 21 °C. The following HVAC systems were evaluated: 

A) Micro heat pump, MVHR and electric radiator 

B) EAHP, exhaust ventilation and ventilation radiators 

C) Ground source heat pump, exhaust ventilation and traditional radiators 

D) AWHP, exhaust ventilation and traditional panel radiators 

E) District heating, exhaust ventilation and traditional panel radiators 

The layouts of systems A, B, and D are shown in Figure 3 and the layout of system E is found 

in Figure 4 (system 0). System C has a similar layout to D, but with a ground source 

evaporator. The idea was, as in Paper I, to compare the innovative systems A and B to the 

more conventional alternatives C, D and E.  

Three HVAC systems were studied in Paper IV: 

A) AWHP, MVHR and traditional radiators 

B) EAHP, exhaust ventilation and ventilation radiators 

C) Gas boiler, MVHR and traditional radiators 

Heating, ventilation and DHW were included, while cooling was excluded. The desired room 

temperature was set to 20 °C and the tapping temperature of DHW to 45 °C or 55 °C, 
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depending on the type of DHW usage (lower for hand-washing and showers, higher for dish-

washing). The system comparison in this paper was based on a comparison of two different 

energy carriers: natural gas and electricity. Heat recovery was present in all systems, either 

through MVHR or EAHP, and system B comprised low-temperature heating with ventilation 

radiators. The system layouts are shown in Figure 5. 

 
Figure 5. Layouts of the HVAC systems studied in Paper IV 

 

2.6.3 Radiator model 

Papers I, II and IV included simulations of ventilation radiators with the software described in 

section 2.5.3. Apart from the calculation of some additional, such as share of radiative and 

convective heat output, the tool was also modified to keep the mass flow rate of water to a 

constant value. In the original version of the simulation tool, the inputs included the number 

of panels, height, width, inlet and return water temperature, indoor and outdoor air 

temperature and the volume flow rate of air, while the outputs were the total heat output and 

the temperature of heated supply air. To make this radiator model part of a complete system 

model, the mass flow rate of water was required as an extra output. Given the total heat output 

and the temperatures of inlet and return water, the mass flow can be obtained easily through 

well-known thermodynamic relations. Controlling the mass flow, on the other hand, is a 

somewhat more challenging task, given the circumstances. In Papers I and IV, the heat pump 

data that were used relied on a nominal mass flow of water that referred to test conditions. For 

the water temperatures and heat outputs to be correct, it was therefore necessary to keep the 

mass flow in the space heating loop at this precise level. In order to do this, an ad hoc 

methodology was developed to regulate the return water temperature in a way that the mass 

flow remained at the desired value. Fixing the dimensions, the number of panels, the air flow 

rate and the room temperature, the Goal Seek function in Excel was used to find the return 

water temperature that resulted in a set mass flow rate for a range of inlet water temperatures 

and outdoor air temperatures (30 – 58 °C and -20 – 12 °C, respectively, with 2 °C intervals). 

For each inlet water temperature, the return temperature was then plotted as a second-order 

function of the ambient (outdoor) temperature on the form: 
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𝑇𝑟𝑒𝑡  = 𝑓(𝑇𝑎𝑚𝑏)  =  𝑎𝑖 ∙ 𝑇𝑎𝑚𝑏
2 + 𝑏𝑖 ∙ 𝑇𝑎𝑚𝑏 + 𝐶𝑖                      (1) 

where 𝑎𝑖, 𝑏𝑖 and 𝐶𝑖 were constants derived from trend line equations in Excel, one for each 

inlet temperature 𝑖. The factor 𝑎 was found to be very small, in some cases even 0, resulting 

in a linear relationship between the ambient air and return water temperature. Furthermore, 

the lines for the respective inlet water temperatures were almost perfectly parallel to each 

other, as 𝑏𝑖 was nearly constant for the whole range of inlet temperatures. Step two was to 

determine the constant 𝐶 and find a relationship that enabled mass flow control regardless of 

the inlet temperature. This was done by taking into account the relative difference between the 

inlet water temperature and the return water temperature, which was then plotted as a first-

order function of the inlet temperature: 

𝑇𝑟𝑒𝑡 𝑇𝑖𝑛⁄ =  𝑓(𝑇𝑖𝑛)  =  𝛼 ∙ 𝑇𝑖𝑛 + 𝛽                    (2) 

with constants α and β. The equation derived from the new trend line was multiplied by 𝑇𝑖𝑛𝑙𝑒𝑡 

and inserted in place of 𝐶 in equation (1), resulting in the equation:  

𝑇𝑟𝑒𝑡 = 𝑓(𝑇𝑖𝑛, 𝑇𝑎𝑚𝑏) =  �̅� ∙ 𝑇𝑎𝑚𝑏 + 𝛼 ∙ 𝑇𝑖𝑛
2 + 𝛽 ∙ 𝑇𝑖𝑛                   (3) 

where �̅� was taken as the average of all 𝑏𝑖 within the inlet temperature range. As mentioned 

before, 𝑏𝑖 was nearly constant over the whole range from 30 °C to 58 °C. However, since the 

intended use was for low-temperature radiators, the range for which �̅� was calculated was 

limited to 30 – 44 °C.  

In the simulations where equation (3) was applied, the mass flow of water in the heating 

system was indeed found to remain constant at the set value over the whole year, with 

variations of less than ±10% in the discrete time steps. Equations were derived for a number 

of air flow rates and dimensions of the radiator, to enable variations in the simulations. 

In the case of traditional radiators, which in Paper IV were modelled with the same tool, the 

heat output, and consequently the return water temperature, does not depend on the outdoor 

temperature. A new equation was then derived in a similar way, but looking only at the 

relationship between the inlet temperature and the return temperature. In Paper II, the heat 

pump model did not require a fixed mass flow. Instead, the difference between inlet and 

return temperature was set to a fixed value and the mass flow was allowed to vary.  
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3 Results and discussion 
 

In this section a review of the results of the included papers is given, along with discussion of 

these results. The chapter is divided into sub-sections, outlining the main themes of the 

results: Low-temperature heating, Air heat recovery and Economy and Environment. 

3.1 Low-temperature heating 

In Papers I and II, ventilation radiators were shown to improve the seasonal performance 

factor (SPF) of heat pumps, thus lowering the energy consumption compared to a traditional 

radiator system. 

In Paper I, the benefit of ventilation radiators compared to traditional radiators was 

investigated for an air-to-water heat pump (AWHP) in a low-energy single family house. The 

study included two levels of heating demand and seven European locations in various 

climates. DHW was not included. Figure 6 shows the relative SPF with ventilation radiators 

compared to traditional radiators. The ventilation radiators were found to improve the SPF of 

the heat pump up to 9% (Stockholm and Gdansk, level 2). The effect was more significant in 

the colder climates, where the SPF with traditional radiators was lower, and for renovation 

level 2. 

 
Figure 6. Relative SPF of heat pump with/without ventilation radiators in low-energy single family 

house for two different renovation levels and seven European locations 

In Paper II, ventilation radiators and traditional radiators were compared for an exhaust air 

heat pump (EAHP), used in combination with district heating in a multi-family house. Three 

renovation levels were also studied. As seen in Figure 7, the EAHP had a higher SPF with 

ventilation radiators, up to 17% for the lowest renovation level. However, the lower 

temperature on the condenser side induced a lower compressor speed, thus reducing the total 

heat output and increasing the need for backup heating. Enabling the compressor to run at 

higher speed would allow the heat pump to cover a larger share of the total load, which might 
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be better from an economical as well as an environmental point of view. This, however, needs 

to be further investigated, as the increased compressor speed would give a lower SPF of the 

heat pump, possibly leading to higher total energy consumption.  

Lowering the heating demand by renovation of the building envelope also resulted in a lower 

temperature range in the heating system, even with traditional radiators. Hence, the relative 

difference between ventilation radiators and traditional radiators was smaller for lower 

heating demands. Moreover, DHW constitutes a larger part of the total heating demand at 

renovation levels 1 and 2, and the SPF for DHW production is not affected by the temperature 

in the radiator circuit. 

 
Figure 7. Relative SPF of exhaust air heat pump with/without ventilation radiators in a Swedish multi-

family house for three different renovation levels and the climate of Stockholm 

 

3.2 Air heat recovery 

The advantage of recovering heat from exhaust air was seen, in different ways, in all of the 

included papers. The two levels of heating demand defined in Paper I were based on standards 

that presume ventilation with heat recovery. The effect on the heating demand could then be 

seen as the difference between these levels and the simulated level for systems without heat 

recovery, as shown in Figure 8. The reduction of heating demand with heat recovery was the 

largest in the climate of Stockholm, with an average outdoor temperature of 7.5 °C over the 

course of the year. For warmer climates, the benefit of heat recovery steadily decreased. This 

is because the ventilation losses to be compensated for increase with the gradient between 

indoor temperature and ambient temperature. Moreover, the longer the heating season, the 

longer the usage period for the heat recovery unit. 
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Figure 8. Space heating demand with and without air heat recovery for seven European locations, in 

relation to the yearly average outdoor temperature 

Another point regarding heat recovery is that a heat pump that uses exhaust air energy to 

provide both space heating and DHW can be utilized all year round, whereas heat recovery 

via ventilation is only used during the heating season from autumn to spring. In Paper II, two 

configurations of EAHP and district heating were compared where the heat pump in one case 

was set to provide both space heating and DHW, and in the other case only space heating. The 

effect on the time of usage of the heat pump is illustrated in Figure 9: combining space 

heating and DHW extends the time that the heat pump is used by approximately 2-3 months 

compared to when it is used for space heating only. 

 
Figure 9. Energy supplied for space heating and DHW by district heating and EAHP for the multi-

family house in Paper II 

  

0

2

4

6

8

10

12

14

16

18

0

10

20

30

40

50

60

A
ve

ra
ge

 o
u

td
o

o
r 

te
m

p
er

at
u

re
, 

°C
 

H
ea

ti
n

g 
d

em
an

d
, k

W
h

/(
m

²·
a
) Level 1, no heat

recovery

Level 2, no heat
recovery

Level 1, with heat
recovery

Level 2, with heat
recovery

Tout,av

0.00

5.00

10.00

15.00

20.00

25.00

30.00

Su
p

p
lie

d
 e

n
er

gy
, k

W
h

/(
m

²·
a
) 

DH heating

EAHP heating

DH DHW

EAHP DHW



18 

 

3.3 Heating demand 

The interaction between heating demand and heating systems came out in different ways in 

each paper. Sections 3.1 and 3.2 have already presented some of these interactive effects. In 

Paper I, the influence of the ventilation rate, both infiltration and controlled ventilation, was 

studied. Figure 10 shows the influence of varying the ventilation and infiltration rates on the 

performance of two heating systems that include heat recovery, in relation to a reference 

system without heat recovery. The reference case is marked with a thick border line. 

Increasing the controlled ventilation rate favored both the system with MVHR and the one 

with EAHP compared to the reference system, as they can both take advantage of the higher 

air flow rate. Increasing the infiltration rate, on the other hand, is favorable for the EAHP 

system but not for the MVHR. The EAHP can recover heat from the entire volume of 

ventilated air, regardless of how the air enters the house, while the MVHR cannot recover 

heat from air that leaks through the building envelope. This confirms the importance of a tight 

building envelope for a well-functioning MVHR system. The results shown in Figure 10 refer 

to the house with a heating demand (with heat recovery) of 25 kWh/(m²·a) in the climate of 

Stockholm, but similar trends were seen for other climates and for lower heating demand. 

 
Figure 10. Influence of a) ventilation rate, and b) infiltration rate on the energy consumption of heating 

systems with heat recovery (AAHP and MVHR, EAHP and ventilation radiators) compared to a system 

without heat recovery (AWHP) 

Another aspect that is touched upon in Paper I is that of thermal comfort. Preheating the 

supply air through air heat recovery or ventilation radiators should give a more comfortable 

indoor climate and reduce the draft compared to taking in air at outdoor temeprature, 

especially during winter. Reducing the heating demand of a house will lower the balance 

temperature, i.e. the outdoor temperature below which the house needs to be heated. If the 

house has a ventilation system that includes heat recovery, this will lower the minimum 

temperature of supply air from the ventilation system, since the heat recovery unit will be 

bypassed at outdoor temperatures above the balance temperature. A similar situation will 

occur with ventilation radiators, which will not preheat the supply air above the balance 

temperature. Thus, there could be problems with cold drafts from such systems. This risk is 
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particularly apparent with ventilation radiators, since they are placed below the windows. 

Mixing the outdoor air with room air before passing through the radiator could reduce the 

problem. 

Finally, it is important to remember that in houses with low space heating demand, DHW will 

make up a relatively large share of the total energy consumption. For the house with a space 

heating demand of 85 kWh/(m²·a) in Paper IV, DHW accounted for 20-30% of the total 

heating consumption (varying depending on climate and heating system), while for the 55 

kWh/(m²·a) house the DHW consumption made up 33-45% of the total. This will affect the 

system performance, not least for heat pumps, which will then have to work with a higher 

temperature on the condenser side during a larger part of their operation. 

3.4 Economy and environment 

The combined economic and environmental analyses in Papers II and IV assessed the 

complexity of finding renovation solutions that satisfy all criteria on low cost and low 

environmental impact, especially when comparing systems based on different energy carriers. 

In Paper IV, the gas boiler system with MVHR had the lowest life cycle cost in almost every 

case, due to the low gas-to-electricity price ratio in the studied countries, while the heat pump 

system with MVHR had the lowest primary energy consumption in all cases. Figure 11 shows 

the results for a single family house with an annual heating demand (without heat recovery) of 

55 kWh/(m²·a), and Figure 12 shows the results for the same house with a heating demand of 

85 kWh/(m²·a). All systems were assessed for four European cities: Stockholm, Sweden; 

Stuttgart, Germany; London, UK; and Gdansk, Poland. As seen in the figures, there was only 

one case found where one system was the best in both aspects: The AWHP with MVHR for 

the 85 kWh/(m²·a) house in Stockholm. 

 
Figure 11. Life cycle cost and primary energy consumption for three HVAC system combinations for a 

single family house with a heating demand of 55 kWh/(m²·a) in four European climates 
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Figure 12. Life cycle cost and primary energy consumption for three HVAC system combinations for a 

single family house with a heating demand of 85 kWh/(m²·a) in four European climates 

Adding more environmental factors to the analysis is bound to make the picture even more 

complicated. In Paper II, the effects of installing a heat pump or a ventilation system with heat 

recovery in a district heated multi-family house in Sweden were investigated. Figure 13 

shows results on LCC, PEC, CO₂ emissions, non-renewable energy consumption (total 

amount and share of total energy consumption) for three renovation levels, described in 

section 2.3 Heating demand, and five HVAC systems, as described in section 2.6.2 HVAC 

systems. All results were normalized in relation to the reference case (Level 0 + system 0, 

index = 1), marked with a thick border line. 

 
Figure 13: Life cycle cost, primary energy consumption, emission of CO2-equivalents, and absolute 

and relative non-renewable energy consumption of all cases studied 
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The results showed that even though these HVAC systems can reduce the emissions of CO₂-

equivalents, they may still increase the PEC by a small amount. The effect on non-renewable 

energy consumption can be viewed in two ways: the amount of non-renewable energy 

consumed with the different systems, or the non-renewable share of the total energy 

consumption. Systems that increase the electricity consumption, like heat pumps or 

ventilation systems with heat recovery, tend to also increase the share of non-renewable 

energy used in a district heated house. However, the higher conversion factor of energy in 

these systems will in fact decrease the amount of energy consumed, including non-renewable. 

Any conclusions on how well a renovation measure complies with the climate and energy 

goals are therefore dependent upon which side of the results is considered. The EU goals for 

2030 include to have at least 27% renewable energy in the total energy consumption and to 

increase energy efficiency by at least 27% [3], but it is not clear how individual energy 

efficiency measures are to be evaluated in relation to this, or how the goals will be prioritized 

in the event of a conflict. 

The system that was found to have the lowest overall values regarding costs and 

environmental impact was C1, where the EAHP was set to provide both heating and DHW 

with DH as backup. System B was nearly equal to C1 in all aspects, with slightly higher SPF 

for renovation levels 1 and 2. However, the heat pump in system B provided only space 

heating and could not be used during summer. The heat pump of system C2, with ventilation 

radiators, had the highest SPF, but was not able to cover as much of the heating load as the 

heat pump in C1. This was because the compressor speed was proportional to the temperature 

on the condenser side. Thus, the compressor ran at a lower speed with the low-temperature 

heating system in C2, increasing the need for backup heating. System A, with MVHR, had 

higher LCC and significantly longer payback time than the heat pump systems, on account of 

its higher investment cost. What speaks in favor of systems A and C2 is the improved thermal 

comfort that can be achieved in winter with preheating of supply air. 

Both Paper II and Paper IV show that low cost and low primary energy consumption do not 

always go hand in hand. While some divergences were found in the system comparisons, the 

comparison of renovation measures in Paper II revealed an even clearer discrepancy between 

cost and environmental impact (see Figure 13). For renovation level 1, with energy efficient 

windows and flow reducing water taps, there was a reduction in both LCC and environmental 

indicators compared to the reference level, whereas the façade and roof insulation added in 

renovation level 2 was environmentally beneficial, but not cost-effective. Assuming that 

energy renovation measures are more likely to be taken if they can be proven to be profitable, 

it would be good from an environmental and energy saving perspective if the costs of a 

renovation measure were proportional to its environmental impact. That way, the options with 

the best environmental performance would be the most profitable, and thus the most likely to 

be implemented. This idea, however, is complicated by the fact that there are many categories 

of environmental impact which, as shown above, do not always have the same trends. 

Financial subsidies and other incentives to encourage energy renovation must therefore be 
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carefully planned to avoid doing more harm than good, and it might be necessary to prioritize 

or more clearly define which impact categories matter the most. 

Comparing environmental impact factors of different energy carriers can be a precarious 

business, as there is no definite consensus on how it should be done. For primary energy 

factors, EU directives allow the use of either national values or average values recommended 

by the European Commission [32, 33]. Moreover, there are many ways to allocate 

environmental impact between energy carriers in co-production, e.g. in combined heat and 

power plants [34]. If all additional electricity production is assumed to affect the use of fossil 

fuels, or the marginal electricity production, the environmental impact of the MVHR and heat 

pump systems in Paper II is considerably increased (Figure 14). However, the district heating 

production also has a higher share of fossil fuels during peak load hours. A margin 

perspective could therefore be in place for district heating as well, along with an investigation 

on how the use of electricity and district heating varies throughout the year, in relation to the 

production. 

 
Figure 14. Relative PEC, CO₂ emissions, NRE consumption and share of NRE with factors for 

Swedish electricity mix and marginal electricity production for renovation level 0 

The results of Paper II only reflect the house owners’ costs and the environmental impact of a 

building. The other side, namely the effect on the district heating network, is not taken into 

consideration. For a single building, the effect on the network is negligible, but if these 

systems are to be installed on a larger scale it cannot be ignored. Measures that lead to a 

significant reduction of the district heating consumption will inevitably affect the production 

as well. On the one hand, it would be good to decrease the need for fossil fuels during peak 

hours; on the other hand, district heating networks often have inputs of industrial excess heat, 

which has no other use than heating buildings. Moreover, reducing the district heating 

production can lead to reduced capacity of electricity production, since many district heating 

plants are combined heat and electricity plants. 
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In Paper II, EAHP was found to be a better investment than MVHR, while the combination of 

MVHR and AWHP had lower LCC and PEC in Paper I. Which system is the best will, in 

reality, depend on specific conditions and vary from case to case. For example, the space 

available for HVAC systems (e.g. heat pump, storage tank, ventilation ducts) will affect the 

time and cost of installation.  

Although all of the results presented in this thesis are from studies on renovated houses, most 

of the results should be applicable to new houses. The exception is life cycle costs, which 

were based on a specific starting point and cannot be generalized arbitrarily. For energy 

performance and environmental impact of HVAC systems, on the other hand, the results 

should be the same as long as the energy demand of the building is the same. Given a 

different starting point for the HVAC system, for example electric heating instead of district 

heating, the system comparisons could still be, to some extent, valid. Absence of a hydronic 

system would limit the selection of heating system, but heat recovery could nevertheless 

reduce the energy consumption. 

In future studies, building-integrated photovoltaic systems could be of interest for lowering 

the environmental impact of heat pumps. Solar collectors are another possibility for 

renovation of buildings, as they have higher efficiency at low temperatures and should work 

well together with low-temperature heating systems.  
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4 Conclusions 
 

This thesis summarizes the results of studies on energy renovation of residential buildings 

with low-temperature heating and air heat recovery. Both single family houses and multi-

family houses were studied, from a Swedish and a European perspective. Combinations of 

HVAC systems and building envelope renovation measures were compared in terms of 

energy performance, economy and environmental impact. Results were derived through 

computer simulations. 

Low-temperature heating systems, more specifically ventilation radiators, were found to 

enhance the performance of both air-to-water heat pumps (AWHPs) and exhaust air heat 

pumps (EAHPs). The seasonal performance factor (SPF) of the AWHP is improved more in 

cold climates. For a heat pump that is used only for space heating, ventilation radiators 

increase the SPF more at lower heating demands. With the heat pump providing both space 

heating and DHW, the effect on the SPF is smaller when the heating demand is lower, as the 

DHW constitutes a larger part of the total heating demand. For an EAHP with temperature 

dependent compressor frequency, the heat output will be limited with a low-temperature 

heating system, since the compressor speed will decrease and the energy from exhaust air is 

limited by the ventilation rate. 

The energy saving potential of air heat recovery was found to be greater in cold climates and 

with high heating demands. With an EAHP, heat from exhaust air can be recovered all year 

around, while ventilation with heat recovery is useful only during the heating season. A 

system with air heat recovery is also more sensitive to ventilation losses through infiltration. 

Both options were found to be better than systems without heat recovery, and the choice 

between EAHP and MVHR is likely to depend on case specific conditions such as costs and 

available space for installations. 

Optimizing for both costs and environmental impact in the choice of renovation measures is a 

complex matter. Cost-effective solutions are not always the best from an environmental point 

of view, and vice versa. There can even be divergence between environmental aspects. 

Financial subsidies could be used to promote measures that reduce environmental impact, but 

the conflict between different impact categories makes it difficult to clearly define how they 

should be formulated.  



25 

 

5 Future work 
 

Based on the results and findings up to this point, the following issues for future work have 

emerged: 

 Optimal configuration and regulation of combined heat pump and district heating 

system for low-temperature heating in multi-family houses. 

 Cost and environmental impact for energy renovation of district heated houses in other 

countries in Europe, with other conditions regarding costs and energy production 

(environmental impact factors) than in Sweden. 

 Environmental impact and costs with respect to time variations in energy production. 

 Solar energy systems as part of building renovation.  
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