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Abstract 

The growing share of energy usage for residential buildings in urban 

environments has led to a demand for increased energy efficiency, and an 

acceleration of the sustainable transformation of residential building stock. A key 

factor in bringing about such transformation is developing methods of efficient 

retrofitting decision-making, as well as sustainable retrofitting technology. As an 

energy-efficient alternative in cold climate countries such as Sweden, low-

temperature heating (LTH) technology has shown promising advantages and 

shortcuts to contribute to the efficiency of heat supply, as well as to the overall 

sustainability of building performance, incorporated with energy demand savings in 

the final building complex. There is still insufficient progress, however, in design of 

modeling tools, developing cost-effective retrofitting decision-making method and 

implementing LTH in existing residential buildings. More importantly, critical 

evaluations of sustainable retrofit options and their effectiveness in terms of: energy 

saving potentials, environmental impacts and occupant satisfaction are hindered by 

lacking of systematic modeling tools and integral methods. These are investigated in 

this thesis in regard to retrofitting in the Swedish housing stock. 

 

The goal of this thesis is to contribute to the development of methodologies 

and modeling tools to support sustainable retrofitting in the Swedish housing stock. 

Given the current limitations of simulation tools for both building energy and 

component modeling, a combination of three integrated modeling techniques was 

developed during different phases of retrofitting modeling. The main focus of this 

work was implementing LTH in retrofitting practice. Retrofit options studied 

include energy demand savings through building envelope/ventilation, 

implementation of LTH radiators and further indicate their contributions to up-

stream energy supply system. Combined effects and inter-dependencies among 

retrofits were also analyzed. The principle of the developed methods can be 

regarded as a top-down approach, underpinning the general definition of LTH and 

sustainability criteria.  

 

It was found that a preliminary compilation and investigation of the building 

typology could simplify the retrofitting decision-making. Also, 36–54% of final 
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energy savings could be achieved in studied housing archetypes by effective energy 

retrofitting.  Combining LTH radiators with ventilation heat recovery showed the 

largest contributions. Below 30 W/m2 (12 W/ m3) heating demand, both radiators 

(ventilation radiators and baseboard radiator) could work as LTH. They served as 

very-low-temperature heating with a heating demand of 10 W/m2 (4 W/ m3). These 

reduced supply temperatures further improved the COP of air-source heat pumps 

by approximately 12% - 18%, compared to conventional radiators with the same 

surface area. For retrofitting of conventional radiators, there was no concrete 

evidence to support Type 22 having higher thermal efficiency than Type 21, for the 

Swedish climate and heating seasons. Adding more convector plates/fins with low 

heat capacity did not necessarily lead to higher thermal efficiency. A heating power 

demand of 480 W/room was a threshold value for the lowest performing radiator 

Type 11, which had higher exergy performance than the most efficient radiator 

Type 21. The achievements and full potential of implementing LTH in retrofitting 

were found to require not only efficient radiators, but also a well-designed package 

– insulation, piping, pumping and energy supply system - that suited the current 

heating demand of the building, given the local climate condition. 

 

However, it should also be highlighted that retrofitting incorporating all 

evaluated measures would not always yield higher long-term economic profits 

among different archetypes. It is important to find the trade-off between cost-

effectiveness and energy savings in similar archetypes - instead of using a “one size 

fits all” types of solution. For conventional retrofit measures, such as insulations of 

building envelopes, it was necessary to evaluate the embodied energy during the 

whole retrofitting process. Neglecting this part may increase the risk of over-

representing the sustainability of the retrofitting package.  

 

 

 

Keywords  

Retrofitting, Low-temperature heating, Energy efficiency, Sustainability, Swedish 
residential buildings  
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Sammanfattning 

Den ökande relativa energianvändningen i bostadsbyggnader i stadsmiljö har lett till 

högre krav på energieffektivit och hållbar omvandling av redan existerande 

bostadsbyggnader. En viktig förutsättning för att genomföra en sådan omvandling 

är att först utveckla metoder för hur effektiva beslut om renovering ska ske, samt 

att utveckla teknik för hållbar renovering. Lågtemperatursuppvärmning (LTH) har 

visat sig ha fördelar som ett hållbart och energieffektivt alternativ i länder med kallt 

klimat som Sverige. Metoden bidra till ökad effektivitet för uppvärmning och 

minskade energibehov för byggnadskomplexet. Det saknas fortfarande flera steg för 

hur man ska utforma modelleringsverktyg och utveckla kostnadseffektiva metoder 

för beslutsfattning och implementering av LTH i redan existerande byggnader. 

Dessutom försvårar avsaknaden av dessa verktyg och metoder genomförandet av 

kritiska utvärderingar av renoveringsalternativ utifrån hållbarhets- och 

effektivitetssynpunkt med huvudfokus på energibesparingspotential, miljöpåverkan 

och nöjdhet hos de boende. Dessa frågor undersöks i denna avhandling i samband 

med renovering av existerande bostadsbyggnader i Sverige.  

 

Målet är att bidra till utvecklingen av metoder och modelleringsverktyg för hållbar 

renovering. Under arbetet utvecklades tre modelleringskoncept som integrerats med 

varandra och som svarar för olika steg i renoveringsmodelleringen. Huvudfokus i 

arbetet var att göra LTH till en del av vår renoveringspraxis. De 

renoveringsalternativ som studerats i arbetet inkluderar renovering av klimatskalet 

för att minska energibehovet samt implementering av LTH-radiatorer och där 

påvisa deras fördelar för valt primärenergisystem. Analysen omfattar även den 

sammantagna effekten av och de ömsesidiga beroenden som föreligger mellan olika 

renoveringsåtgärder. Här utvecklade metoder kan sägas följa en ”uppifrån och ner” 

strategi och stärker LTH som ett uppvärmningsalternativ som uppfyller 

hållbarhetskriterier. 

 

Avhandlingen visar att effektiv renovering av energisystem kan minska det slutliga 

energibehovet med 36-54 % i de studerade byggnadstyperna. Kombinationen av 

LTH-radiatorer med värmeåtervinning från ventilation gav de allra största positiva 

bidragen. LTH-radiatorerna (ventilationsradiatorer och värmelister) fungerade som 

lågtemperatursuppvärmning vid uppvärmningsbehov under 30 W/m2 (12 W/ m3) 
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och som ultra-lågtemperaturuppvärmning vid uppvärmningsbehov under 10 W/m2 

(4 W/ m3). 

De låga framledningstemperaturer som leds till LTH-radiatorer bidrar dessutom till 

att öka COP (värmefaktorn) för luftvärmepumpar med 12 – 18 %, jämfört med 

traditionella radiatorer med lika stor värmeavgivande area. 

Något konkret stöd fanns inte för att Typ 22-radiatorer (dubbel konvektionsplåt) 

skulle ha högre värmeeffektivitet än Typ 21-radiatorer (enkel konvektionsplåt) för 

svenska klimatetförhållanden. Ökat antal konvektorplåtar visade sig alltså inte 

nödvändigtvis leda till ökad värmeeffektivitet. 

Tröskelvärdet för när Typ 11-radiatorer (enkel panel) presterar sämre än den mest 

effektiva radiatortypen, Typ 21-radiatorer (dubbel panel) som även har bättre 

exergiprestanda, visade sig vara ett värmebehov av 480 W/rum. 

För att uppnå full potential för LTH-radiatorer som renoveringsalternativ visade det 

sig utöver mer effektiva radiatorer även behövas ett välutformat system av rör, 

pumpar och energitillförsel, anpassade till byggnadens värmebehov före renovering 

vid rådande klimat. 

 

Renovering som inkluderar alla möjliga alternativ leder inte alltid till högre långsiktig 

ekonomisk avkastning. Det är viktigt att finna en balans mellan kostnadseffektivitet 

och energibesparing för likande byggnadstyper, i stället för att utveckla en enda 

lösning som ska passa överallt. För traditionella renoveringsalternativ, så som 

isolering, var det nödvändigt att utvärdera den inbäddade energin under hela 

renoveringsprocessen. Stor risk för överskattad hållbarhet föreligger om man inte 

beaktar detta. 

 

 

 

 

 

Nyckelord 

Renovering, Lågtemperatursuppvärmning, Energieffektivitet, Hållbarhet, Svenska 

bostadsbyggnader 
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1.  Introduction 

1.1. Policy landscape – the promotion of retrofitting 

The European Union (EU) is committed to supporting the sustainable 

transformation of existing buildings, to which end a recent key instrument is 

the EU’s energy roadmap 2050. Its goal is to reduce greenhouse gas (GHG) 

emissions to 80-95% below 1990 levels by 2050. The prime focus is energy 

efficiency and improving energy efficiency is a priority in all decarbonisation 

scenarios [1]. In 2014, the European Council endorsed a binding EU energy 

and climate target for 2030. The ambitious framework declared that the 

following targets should be achieved by the end of 2030- at least 40% 

domestic reduction in greenhouse gas (GHG) emission (compared to the 

level of 1990), at least 27% for the share of renewable energy used in EU, at 

least 27% improvement in energy efficiency, and an electricity 

interconnection target of a 10% compared to projections of future energy 

consumption based on the current criteria[2]. This energy and climate target 

also assists to underpin the requirements for member states/associated 

countries to make a further effort in the race towards energy efficiency and 

low-carbon technology in existing buildings, in accordance with the EU “20-

20-20” targets. Notably, the measures are required to be delivered in a cost-

effective manner over a long-lease term [3].  

In EU, energy usage in buildings has increased from 400 million tonnes 

of oil equivalent (Mtoe) to 450 Mtoe in the past 20 years, and the increase is 

bound to continue if adequate energy saving measures are not carried out 

[4]. Existing residential building and service sectors account for a major part 

of this final energy usage. Currently, approximately 35% of EU’s buildings 

are more than 50 years old [5]. The EU energy roadmap 2050 pointed out 

that: higher energy efficiency in existing (and new) buildings is the key to 

transforming the energy system. As set out in the frameworks, development 

of new methodologies and technologies that can contribute to future 

regulations and technical solutions for large-scale retrofitting became the 

main challenges for building engineers. Additionally, that EU countries must 

draw-up long-term national building renovation strategies was put forward 

by the loaded EU and International Energy Agency (IEA) directives [6]. 

Specifically, the 2010 Energy Performance Building Directive (EPBD) and 

the 2012 Energy Efficiency Directive (EED) required member states to 
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implement annual energy-efficient retrofitting to at least 3 % of existing 

buildings owned and occupied by central government [3]. 

 Responding to the above EU policy challenges in retrofitting, Sweden 

has been actively engaged in this transformation. Residential and service 

sectors account for 40% of Sweden’s total energy usage, in which 41% goes 

to single family houses and 31% goes to multifamily building. Over half of 

this energy was used for space heating and domestic hot water (DHW) 

preparation [7]. Swedish building regulations (BBR) were revised in March 

2015, with operational energy usage in flats in multi-family residential 

buildings larger than 50 m2 being reduced by 10% (residential buildings 

include blocks of flats and dwellings in other premises) [8]. The current 

system of three climate zones for energy usage evaluations was upgraded 

with an additional fourth-zone system, in which original energy usage was 

reduced by a further 10% for all housing archetypes. Furthermore, the 

operational energy savings after retrofitting were recommended by BBR to 

be addressed from both final energy and primary energy (the total usage of 

up-stream fuel/resources) perspectives [8].  

Retrofitting has been considered as one of the most efficient ways to 

attain sustainability goals for existing buildings. From an engineering 

perspective, building retrofitting is defined as upgrading existing building 

performance over the long-lease term, such as by increasing energy 

efficiency, decreasing overall energy demand and providing better indoor 

environment for occupants.  

The above political targets are to be considered only as a pilot step 

toward more effective and sustainable retrofitting. However, large-scale 

implementation is still plagued by lack of technical guidelines and efficient 

decision-making methods for existing Swedish residential buildings. Swedish 

industries have shown evidence that retrofitting in Sweden has typically 

been conducted on a case-to-case basis over decades, and only occasionally 

in building clusters [9]. The prevalent approach is time-demanding and 

expensive, focusing on individual buildings, commonly requiring multiple 

visits with major disturbance to the occupants [10]. Furthermore, most 

researchers have focused on component development that is able to be 

potentially implemented in the retrofitting process. More systematic and 

practical solutions were not sufficiently attained. As a result, how to provide 

an optimal combination of traditional renovation measures with up-to-date 
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components has come to be a major concern in retrofitting practice. 

Evaluation of sustainability of retrofit options is not well covered in the 

literature. The above concerns, therefore, have led to the following 

requirements for the research work of this thesis: 

 How can retrofit strategies be more efficiently designed, to include 

practical considerations from stakeholders/occupants/construction 

industries, in order to save energy and obtain long-term benefits?  

 How can more efficient energy supply systems be implemented in 

retrofitting practice, such as low-temperature heating?  

 Are the current methods of evaluating retrofitting adequate to cope with 

both EU and Swedish policy landscapes? 

1.2. Existing Swedish residential buildings 

By 2015, the number of Swedish dwellings was approximately 4.7 

million. This comprised about 2.35 million (50%) apartment units or multi-

family residential buildings, and approximately 2 million (43%) detached or 

semi-detached single-family houses/villas [11]. Large-scale construction of 

Swedish residential buildings firstly started in major cities in the Stockholm 

area and the southern part of Sweden. Approximately 50% of all buildings 

were in the Stockholm area, 17% in Northern Sweden, and 35% in Southern 

Sweden, primarily in the Gothenburg and Malmö regions [12]. The average 

dwelling size in multi-family residential building was 68𝑚2, and 122 𝑚2 in 

single family houses [13]. The development of Swedish residential buildings 

has historically been linked to certain time periods. Approximately 930,000 

Swedish single family houses (including semi-detached) were built between 

1951 and 1990, and a further 20% of single family houses were built before 

1930. For multi-family housing (blocks of apartments), 54% of them were 

built during the period 1951-1980 [11]. This is because Swedish cities 

experienced a housing boom during 1951–1975 (the so-called “Record 

Years”), especially during implementation of the Million Program (MP) 

between 1965 and 1975. In these 25 years, 1.4 million dwellings were 

erected, including single-family houses, multi-family houses (high-rise 

apartment block and tower houses), and some two to three storey 

apartments. Figure 1 shows the age distribution of existing Swedish 
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dwellings (constructed up to 2013). The dominant period 1951-1980 is 

marked by a dashed line. 

Swedish residential development declined from approximately 65,000 

units annually in the early 1990s to about half that level by the beginning of 

the 21st century [12]. The current rate of new residential building 

construction is among the lowest compared to most European countries, 

typically accounting for less than 1% per year of the total building stock 

[14]. In other words, whether Sweden can achieve both EU and national 

energy and climate targets is mainly dependent on how efficiently 

retrofitting can be implemented in existing residential buildings.  

 

 

Figure 1 Age distribution of existing Swedish residential buildings up to 2003 

Figure 2 shows the retrofitting accomplished so far in the Swedish 

housing stock. A number of pioneering and demonstration projects have 

been carried out by industry, particularly in MP era multi-family residential 

buildings, marked by a dashed line in Figure 2. Retrofits carried out to date 

have mostly been very case-specific, and the strategies adopted were not 

developed with a view to implementing the methodologies in larger 

contingents of buildings or building clusters. Figure 3 presents evidence that 

the average annual retrofitting rate has been 2500 – 3000 units in recent 

decades (marked in dashed line). However, this number has declined since 

2008, which can be seen from Figure 3. In 2013, energy use within this 

sector was 147 TWh, a number that has returned to approximately the same 

level as prior to 2010.  This shows that by far the greatest portion of 

retrofits still remain to be carried out. 

 

0 5 10 15 20 25 30 35

Before 1921

1921-1950

1951-1970

1971-1980

1981-1990

1991-2003

Percentage of the existing residential buildings, %  

A
ge

 o
f 

th
e 

ex
is

ti
n

g 
d

w
el

lin
gs

 



6 | EXISTING SWEDISH RESIDENTIAL BUILDINGS 
 

 
 

 

Figure 2 Completed retrofitting in multifamily housing by construction date  
(in 2014) 

In Sweden, two pilot projects have provided relevant information on 

building performance and potential for efficient retrofitting: TABULA[15] 

and BETSI[16]. TABULA aimed at providing nation-based building 

typologies. The focus was the classification of existing residential buildings 

by their architecture and building physics. BETSI was carried out by 

Boverket (the Swedish National Board of Housing, Building and Planning) 

in 2007-2008. The project was carried out using survey and measurements. 

Some 1800 residential buildings in 30 municipalities were inspected and 

measured. Questionnaires were delivered to occupants who gave levels of 

satisfaction for factors such as indoor environment quality (IEQ). TABULA 

resulted in a general framework for existing Swedish residential buildings 

classified into architecture based building types (hereinafter referred to as 

archetypes). BETSI concluded 23 recommended retrofit options in Swedish 

housing stock. Both projects were survey and statistic based, and technical 

solutions and engineering guidelines were not fully studied.  These findings 

provided an inspiration for the current research work: existing residential 

buildings in Sweden are characterized by a limited numbers of archetypes 

and energy systems.  
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Figure 3 Dwellings with completed retrofitting in multi-family housing  

Major retrofitting principles are: the reduction of heat losses through 

building envelope and ventilation, improving indoor climate and control 

systems, installing more efficient lighting systems, and upgrading heating 

systems (especially by installing heat pumps and more efficient radiators). 

Therefore, the selection of retrofitting is closely dependent on the current 

heating demand of the building. Services in existing residential buildings are 

a core consideration in retrofitting.  

In Sweden, electricity is the most common energy carrier in single family 

houses (29% for direct-electricity heated), consisting of electric boilers, 

electric heaters, or electrically heated auxiliary units in combustion boilers. 

Throughout the 1990s and onwards, heat pumps have been increasingly 

installed in single family houses. Five times more heat pumps were being 

installed by 2014 compared to the level of 1993. By 2010, almost one 

million single-family houses (52% total single family houses) had installed 

various forms of heat pumps. Up to 2013, district heating is the most 

common method (92% of multi-family houses) for space heating and 

domestic hot water (DHW). 
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Figure 4 Distribution of building ages, heated floor areas and energy systems in Swedish multi-family housing (2014) 
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Figure 4 shows the overview of final energy usage in existing multi-

family housing with respect to building age and heated floor areas. Data 

were collected up to 2014 [7]. Columns show the heated floor areas with 

respect to building age and energy carrier. It can be seen that district heating 

dominated as the heating method in multi-family housing constructed up to 

1990s (green column). The corresponding final usage in this group (by 

district heating) ranged from 110-150 kWh/m2 (green markers with lines).  

Some heating methods using electricity, such as heat pumps, increased their 

share in buildings constructed after the 1970s. The usage of some heating 

methods such as gas and oil sharply decreased in multi-family housing. 

Newly built multi-family housing (2011-2013) was mainly heated by district 

heating and other methods, such as renewables. Gas and oil have been 

almost phased out in multi-family housing built after the 2010s. They are 

not discussed in this thesis. This result provided the basis of the current 

research background and this exploration of the potentials of developing 

retrofitting technology. 
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1.3. Low-temperature heating in retrofitting practice 

The special definition of low-temperature heating (LTH) (or, high-

temperature cooling) was originally governed by the supply temperature of a 

hydronic heating (cooling) system. LTH can be outlined as follows: given 

specific heating demand, a room can be heated by more efficient heating 

terminal units/room heaters (hereinafter referred to as radiators for wall-

mounted water-air heaters) with markedly lower supply temperature than in 

traditional methods, while at the same time not compromising thermal 

comfort.  

This definition was constructed based on the idea of increasing heat 

transfer between radiators and room air. As a result, by special definition of 

LTH, the major research challenge lies in how to improve the total heat 

output of a radiator with a given supply temperature. This can be explained 

by the energy balance of a radiator[17]: 

𝑃 = 𝑐𝑝 ∙ �̇� ∙ (𝜃𝑠𝑢𝑝𝑝𝑙𝑦 − 𝜃𝑟𝑒𝑡𝑢𝑟𝑛) = 𝑈𝑟 ∙ 𝐴
𝜃𝑠𝑢𝑝𝑝𝑙𝑦 − 𝜃𝑟𝑒𝑡𝑢𝑟𝑛

𝑙𝑛 [
𝜃𝑠𝑢𝑝𝑝𝑙𝑦 − 𝜃𝑟𝑜𝑜𝑚

𝜃𝑟𝑒𝑡𝑢𝑟𝑛 − 𝜃𝑟𝑜𝑜𝑚
]

 

                         ≅ 𝐾 ∙ (
𝜃𝑠𝑢𝑝𝑝𝑙𝑦+𝜃𝑟𝑒𝑡𝑢𝑟𝑛

2
− 𝜃𝑟𝑜𝑜𝑚)

𝑛

                                                                       (1) 

𝑈 = (ℎ𝑎𝑖𝑟
−1 + ℎ𝑤𝑎𝑡𝑒𝑟

−1 + ∑ 𝛿𝑖𝜆𝑖
−1𝑛

𝑖=1 )−1                                                                      (2) 

From Eq. (1), it can be found that the total heat output of a radiator is 

governed by: operating water flow (mass flow rate), design of a radiator 

(size, material, geometry), as well as the temperature differences between the 

surface temperatures of the radiator and room air.   

Based on the above definitions, reducing the water flow rate can be one 

option. However, the energy balance must be compensated by increasing 

both supply temperature and temperature drops across room heaters to a 

considerable extent. LTH differs in that it features both low supply 

temperature and temperature drops across room heaters, but the heat 

output is maintained by high water flow rate. As a result, LTH systems can 

give the same heat outputs as the form of high-flow hydronic systems. LTH 

is compatible with the development of energy efficiency policies. 

Historically, from EU level, the supply/return temperature has been strictly 

kept between 90/70℃ and 80/60℃. This limitation was further dropped to 

75/(60-65)℃ between the 1980s and the 1990s [18].  
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In Sweden, supply temperatures higher than 80 ℃  were no longer 

permitted in the 1980s, and the latest transformation is toward 55/45℃ for 

the 4th generation of district heating [19]. A temperature drop of 5-10℃ 

between supply and return temperature has become common. This has led 

to a more developed classification of LTH by the supply temperature, with a 

high water flow ranged from (1.7𝑥10−2 − 3.4𝑥10−2) kg/s [20] [21]:  

Table 1 Current temperature classifications of the LTH system 

Classification  
Supply temperature 
℃ 

Return temperature  
℃ 

High-temperature system 90 70 
Medium- temperature system 55 40-35 
Low- temperature system 45 35-25 
Very low temperature system 35 25 

 

Secondly, the area of the heat transfer surface of a radiator plays a major 

role. This can be seen directly from Eq. (1). Additionally, the internal design 

of a radiator is also important. This can be explained by Eq. (2). The heat 

transfer coefficient of radiator (𝑈) is dominated by heat transfer coefficient 

ℎ𝑎𝑖𝑟 , which is a combination of two heat transfer effects: convection and 

radiation. As we know, heat flux from radiation is a function of emissivity 

and absolute temperature differences, according to Stefan–Boltzmann law. 

Radiation typically pre-dominates by initial temperatures (such as very hot 

objects), also for objects with relatively large temperature drops. In a LTH 

system, this heat transfer contribution (from radiation) will be relatively 

constant, within the supply temperature range 55-35℃. The main potential 

for improving the heat outputs of this part lies in enhancing convective heat 

transfer. This can be achieved by improving the temperature gradients inside 

the radiators, for example, by using cold forced incoming air flow.  

Thirdly, the temperature differences between the surface temperature of 

the radiator and room air is important. This results from considering 

convective heat transfer from above. It can be explained by Newton-

Richmann relation (Newton’s law of cooling): 

𝑞
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒

= ℎ(𝜃𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝜃𝑟𝑜𝑜𝑚 𝑎𝑖𝑟)                                                                                                   (3) 

 This means that the heat flux density on the surface over which air 

flows (𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 ) is controlled by the temperature differences between 
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radiator surface (𝜃𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ) and room air (𝜃𝑟𝑜𝑜𝑚 𝑎𝑖𝑟 ). The mean surface 

temperature of a radiator can be enhanced by an increased water flow rate. 

An increased surface temperature will accordingly increase the convective 

heat transfer (ℎ𝑎𝑖𝑟) for natural convection. It is known that the lower the 

position of a thermal boundary layer, the higher the amount of convective 

heat that be transferred to the surrounding air, and ℎ𝑎𝑖𝑟  varies along the 

surface temperature (vertically) of a radiator. As a result, the research 

question developed further to become: how to design the geometry of a 

radiator, and how the incoming air should be introduced in order to increase 

the convective heat transfer along the vertical surface. 

The above special definition and research challenges of LTH previously 

have resulted in studies that mainly focused on designing heat terminal units 

and product development [21] [22]. Based on the above theoretical 

principles, most existing modeling of LTH used an idealized room 

environment, with a given heating demand. Further, the area addressed was 

commonly just one room, or some similarly well-defined boundary 

condition. This definition is suitable for new buildings with relatively low 

heating demand, but it has limitations when applied in retrofitting practice. 

Retrofitting concerns the whole building complex instead of one or two-

room environments. The main goal of energy retrofitting is not only 

developing efficient components, but also improving the total energy 

performance of the building. However, according to the special definition of 

LTH, evaluating the energy saving potential of a building is challenging and 

needs to be viewed in a wider perspective. Therefore, another energy 

balance relevant to the whole building has been employed here:  

Φ𝑇𝑜𝑡𝑎𝑙 = Φ𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 + Φ𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 + Φ𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 + Φ𝐸𝑙 + Φ𝐷𝐻𝑊 − Φ 𝑔𝑎𝑖𝑛𝑠         (4) 

Φ𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 + Φ𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 + Φ𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = Φ𝑎𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 

 = 𝜂 ∙ Φ𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑒𝑛𝑒𝑟𝑔𝑦                                                                                                                  (5) 

 

The total heat outputs of radiators Φ𝑎𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 are always balanced by 

the total heating demand of a building, which is composed of both heat loss 

from building envelope (Φ𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 ) and indoor air (Φ𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 +

Φ𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛), as can be seen from Eq. (5). Clearly, efficient heat terminal 

units alone may not be enough for achieving energy-efficient retrofitting. 

This is further explained in Figure 5 by considering the chain of energy 



INTRODUCTION| 13 
 

 
 

usage. Figure 5 shows that the definition of LTH should be extended to 

include the combined effect of: local climate conditions, reduced heating 

demand, increased efficiencies of heat terminal units, decreased heat 

distribution heat loss and more efficient heat supplier. Figure 5 shows the 

interdependencies of the final building complex and the whole energy flow. 

From these wider perspectives the following research directions arose. 

 Can efficient radiators with low supply temperature meet the heating 

demand of a building/room environment? Heating demand is the basis 

of designing all active heating components. Eq. (5) shows that effective 

energy retrofitting for heating demand can be achieved by measures 

that reduce both transmission heat losses from building or room 

envelope and indoor air. The combined contribution of these measures 

when applied together with efficient radiators, however, was still 

unknown. It would not be a simple sum of their individual 

contributions 

 In LTH systems, high water flow requires larger pressure drops than 

traditional high-temperature low-flow systems, particularity in old 

buildings. Most commonly, existing buildings were installed with high-

temperature systems, which have smaller piping sizes and low flow 

coefficients (Kv-values for valves). As a result, LTH requires suitable 

piping and pumping systems, which will further impact the electricity 

usage of the building  Φ𝐸𝑙 from heat distribution components, such as 

circulation pumps and district-heating substations. 
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Figure 5 The definition of low-temperature heating in its wider context 
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 When evaluating energy savings, a clear definition of boundaries 

between elements of an energy system is essential. Figure 5 shows that 

energy is converted from primary resources to the form that can be 

directly used by a building complex, in a way that is well-known from 

the first law of thermodynamics. As a result, the basic principle of 

energy retrofitting lies in: transferring the existing building efficiency to 

an upgraded level by using less secondary energy (Φ𝑎𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔/𝜂 in 

Eq. (5)), or assisting the energy convertors to provide secondary energy 

more efficiently by sharing more low-grade resources. As a result, an 

evaluation of energy savings by LTH should take into account its 

impacts on secondary energy and further upstream, on primary 

resources.  

 Retrofitting needs to be realistic and cost-effective. Solutions cannot be 

determined only in the laboratory in the short term. Many more 

factors, such as impact on occupants, provision for multiple visits and 

on-site feasibility must be all taken into consideration. 

As a result, the concept of implementing LTH in retrofitting practice has 

here been extended to a broader question: how should an optimal 

renovation package be designed so it is suitable for the local climate, final 

building complex and existing heating system, as well as bringing long-term 

benefits to the occupants. Construction of a new heating curve as a result of 

optimal retrofitting thus became a major motivation for this thesis work. 

1.4. Research objectives 

The overall objective was identifying methods for developing, designing, 

and evaluating sustainable retrofitting in existing Swedish residential 

buildings. The main focus of this work was directed toward implementing 

LTH in retrofitting practice. Solutions were aimed to provide technical 

guidance for engineers, decision-making supports for building 

owners/politicians, and guidelines for occupants to accelerate the 

sustainable transformation of existing Swedish residential buildings. 
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1.5. Hypothesis 

 “Retrofitting of residential buildings with low-temperature heating can decrease 

heating demand and increase efficiency of the heat supply system for given climate 

conditions. Sustainable retrofitting is an optimal combination of energy savings, 

environmental considerations and cost-effectiveness, without compromising occupant 

satisfaction.”   
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2. Method 

2.1. Definition of sustainable retrofitting and criteria 

In principle, sustainable retrofitting of buildings is aimed at increasing 

their overall energy performance (hereinafter referred to as energy 

retrofitting). Energy retrofitting can be classified into three main 

approaches: 

 Decrease the energy demand for both building operation and 

maintenance 

 Improve the efficiency of systems using non-renewable energy 

resources 

 Increase the share of renewables in the overall building energy mix 

However, energy retrofitting is not the only measure of effective building 

renovation. On the basis of BBR and ASHRAE standards regarding 

occupant satisfaction, the success of retrofitting should be evaluated 

according to the provision of occupants spaces with an upgraded 

combination of humidity, temperature within the comfort zone, and 

acceptable indoor air quality (IAQ) [8] [23] [24]. In addition, as mentioned 

above, finding the cost optimal choice between insulating buildings to use 

less heating (cooling) and upgrading energy supply systems with higher 

efficiency has been required by energy policies [1]. EPBD framework also 

recommended that investigation of certain economic factors that address 

the long-term financial benefits, such as pay-back period and life-cycle costs 

of renovations, shall be adopted [6]. As a result, the choice of the most 

suitable retrofitting in Swedish residential buildings should be based on 

detailed knowledge about prevailing local climate conditions, current energy 

utilization levels and the specific characteristics of the Swedish building 

typologies. Here, sustainable retrofitting is defined as shown in  

Figure 6. Four indicators of sustainable retrofitting have been given as energy 

savings, environmental contributions, long-term cost effectiveness and 

occupant satisfactions, defined as follows:   

Sustainable retrofitting is integral renovation measures/packages that combine energy 

savings, environmental contributions and costs effectiveness without compromising occupant 

satisfaction. Solutions need to be tailored to the as-built conditions/climate and the 

building complexes in question. Benefits shall be evaluated from both primary and long-

term perspectives. 
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Figure 6. Definition of sustainable retrofitting 
 

Evaluation criteria are further defined as follows:  

Delivered energy: (often referred to as ‘purchased energy’ or “energy 

demand”) means the level of final operational energy, in normal use during a 

reference year, that needs to be supplied to a building for space heating 

(comfort cooling), DHW and the building’s property energy, as given in Eq. 

(4). The building’s property energy consists of the electricity used for 

building service systems, where the electricity usage unit is located under or 

affixed to the exterior of the final building complex[8].  

 

Primary energy: means an estimation of primary energy resources used, in 

which corresponding up-stream energy mix and energy producing systems 

have been considered. The modeling of primary energy was estimated by 

multiplying delivered energy by the corresponding primary energy factors of 

the investigated energy carrier, see Eq. (6) [18] [25]. This method commonly 

excludes renewables. 

Φ𝑝𝑟𝑖𝑚𝑎𝑟𝑦 = 𝑓
𝑝𝑟𝑖𝑚𝑎𝑟𝑦

∙ Φ𝑑𝑒𝑙𝑖𝑒𝑣𝑒𝑟𝑒𝑑                                                   (6) 

Cost effectiveness: means the cumulative cost expressed in present value 

over the same period-of-analysis for a given building or complex, with and 

without retrofitting. In this thesis, life-cycle cost (LCC) analysis (LCCA) was 

adopted, see Eq. (7). Operational energy savings were estimated by 

integrating LCCA with net present value (NPV) method, Eq. (8): 

LCC=IC+OC+RMC                                                             (7) 

Investment cost (IC) considers the material, operating, labor and installation 

costs based on data from typical Swedish construction industries [26]. 

Selections of important economic factors such as energy price, escalation 
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rate and discounting value, were based on the averages of Swedish statistics 

(selected data up to year 2012). 

𝑂𝐶𝑠𝑎𝑣𝑖𝑛𝑔𝑠 = ∑ [(𝑂𝐶𝐵𝑎𝑠𝑒)
𝑗

∙ (𝐶𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑖𝑐𝑒)
𝑗

∙ [∑ (
1+𝑓𝑖

1+𝑑
)

𝑦
𝑦𝑃

𝑦=1 ]]𝐽

𝑗=1 − ∑ [(𝑂𝐶𝑅𝑒𝑡𝑟𝑜𝑓𝑖𝑡𝑡𝑖𝑛𝑔)
𝑗

∙
𝐽

𝑗=1

(𝐶′
𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑖𝑐𝑒)

𝑗
∙ [∑ (

1+𝑓𝑖

1+𝑑
)

𝑦
𝑦𝑃

𝑦=1 ]]                                                                            (8) 

Embodied energy: estimates the environmental sustainability of different 

building construction and installation materials over the material’s life cycle. 

It is the sum of all the energy necessary to produce a particular material or 

product, as if emissions were “embodied” in the material or product itself 

during retrofitting process.  

 

Environmental contribution: estimates the environmental impacts of 

operational energy before and after retrofitting using life-cycle assessment 

(LCA) methodology. A streamlined life-cycle energy analysis was carried out 

and employed a “cradle-to-grave” approach, accounting for all of the 

upstream stages before the final energy utilization phase in Sweden. This 

thesis has focused on just two energy carriers: local electricity, and heat 

produced by combined heat and power (CHP) plants. LCA was modeled 

using two methods embedded in SimaPro—i.e., “IPCC 2013 GWP 100a” 

(v1.00) and “ILCD 2011 Mid-point+” (v1.05) [27] [28]. Impacts were 

evaluated using 16 impact categories, including climate change, acidification, 

terrestrial eutrophication, freshwater eutrophication, and photochemical 

ozone formation. The ILCD 2011 approach focused on 15 material and 

emission flows in the studied energy systems. Regarding climate change (16 

category), “the IPCC 2013 GWP100a” (v1.00) method was employed, as the 

“ILCD 2011 Midpoint+” (v1.05) referred to the IPCC 2007 method. 

 

Occupant satisfaction: means a combination of humidity and temperature 

within the thermal comfort zone, and acceptable IAQ. Global thermal 

comfort was measured by predicted mean vote (PMV) based on mean 

predicted percentage of dissatisfied (PPD) level. Local thermal comfort was 

not included. IAQ was represented by commonly used indicators, such as 

CO2. The relations between the concentrations of CO2 in a space exclusively 

polluted by human bio-effluents and the percentage dissatisfied (PD) with 

air quality were calculated by:  
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𝑃𝐷CO2 = 395 × exp(−15.15 × 𝑐CO2
−0.25)                               (9) 

The levels of IAQ used in CEN standard EN 1521 with the relation 

between CO2 – based PD and flow rate is presented in Table 2. Category I 

represents the highest level. 

Table 2. Levels of IAQ with respect to CO2 – based PD and flow rate 

Category 
CO2 concentration above 

outdoors, ppm 
Expected PD 

% 
Air flow per person 

𝑙/𝑠 

I 350 15 10 
II 500 20 7 
III 800 30 4 
IV Above 800 Above 30 Below 4 
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2.2. Low–temperature heating radiators 

As stated earlier in the introduction, development of efficient radiators 

was the main focus of LTH according to the special definition of LTH.  

This thesis is partly a continuation of pilot work [21] and [22], but it also has 

focused on implementing and evaluating LTH radiators in retrofitting 

practice. In total, 6 types of radiators (refer Fig. 7 and 8) were investigated 

and evaluated. These included the three most common types of 

conventional radiators (CR): Type 11, Type 21 and Type 22. Type 11 

consisted of one panel and one convector plate, chosen as a reference type. 

Type 21 consisted of 2 panels and one convector plate. Type 22 consisted of 

2 panels and double convector plates. The other three radiators considered 

as LTH radiators (more efficient than CR) were: the ventilation radiator 

(VR), the baseboard radiator (BR) and radiator boosters. All the radiators 

studied have been available on the market and introduced in appended 

publications. Floor heating was not included in any retrofitting evaluation.    

                                                            
                   (a)                                   (b)                                  (c) 

Figure 7 Conventional radiators Type 11 (a), Type 21 (b), Type 22 (c) 

                                                                                              
                 (a)                                      (b)                                          (c) 

Figure 8 LTH radiators (a) VR, (b) BR, (c) Radiator booster 
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2.3. Development of retrofitting modeling tools 

The main contribution of this thesis is developing methodologies 

furthering the development of modeling tools. The method was a 

combination of three integrated modeling techniques during different steps 

and phases of retrofitting modeling. The principle of the methods 

developed was a top-down approach that underpinned the general definition 

of LTH and sustainability criteria, listed in Section 2.1. Results were aimed 

at a target group consisting of decision makers such as building owners, 

property managers, developers, architects, consultants as well as engineers 

all of whom are may be in need of retrofitting guidelines.  

2.3.1. One-zone model development for retrofitting decision-making 

As pointed out in Section 1.2, Swedish residential building is dominated 

by limited numbers of housing types and energy service systems (such as 

district heating or heat pumps).  This offered the opportunity to use a 

combination of existing energy-demand modeling techniques to formulate 

evaluations and recommendations of efficient retrofitting packages for 

similar housing types. Furthermore, to derive the greatest effectiveness and 

trade-off between energy savings and retrofitting cost, long-term financial 

estimations were performed in relation to the proposed retrofit scenario and 

national energy prices.  

Based on the above motivations, the priority was to develop an efficient 

modeling tool that could provide general recommendations for retrofitting 

effectiveness together with cost analysis. Energy demand was in focus in 

this model. A one-zone model, namely Consolis Retro, was further 

developed on the basis of energy balance modeling [9] [29] [30]. A particular 

housing archetype was selected by users as the first step. Major types of 

Swedish residential buildings were collected and programmed as the starting 

interface of the model, shown in Appendix. This was done by an extensive 

compilation of existing Swedish residential archetypes and pilot studies, as 

introduced in Section 1.2. Secondly, buildings were modeled as one-zone, 

only considering heat loss from all envelope components, ventilation and air 

infiltration, for a specified climate condition (solar radiations and outdoor 

dry-bulb temperature). Internal heat gains and DHW were assumed 

according to the average numbers of occupants in the selected archetypes. 
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Energy savings of different retrofit options and the combined effects in 

each were coupled with sensitivity analysis in order to screen the “most 

sensitive” retrofitting measures/joint packages. This was carried out by local 

sensitivity analysis, under the given range of one/several building 

parameters with respect to controlled intervals. Thirdly, the “sensitive” 

measures/packages were coupled with LCCA analysis. This step involved a 

optimization process that ranked all retrofits studied in order to find the 

trade-off between energy savings and cost, with respect to the national 

energy policy and economic factor variations. The program was developed 

in Excel. The energy demand modeling was based on a monthly interval. 

The tool was compared with IDA ICE and EnergyPlus for accuracy 

analysis, with an acceptable agreement of less than 9% error [31]. Retrofit 

options were selected based on the best practice for Swedish residential 

buildings. Developed model - Consolis Retro, has been given in Figure 9. 

The advantages of this developed model lie in:  

 Provision of both energy-demand modeling and a retrofitting rating 

scheme that is capable of handling and ranking large numbers of retrofit 

options at the same time. 

 The open-access code and transparency of the model provides flexibility 

for alternating input parameters and for energy outputs with extended 

economic considerations.  

 Both the individual and concurrent effects between energy saving 

potentials and cost analysis among retrofit options can be modeled 

efficiently. This can be convenient when comparing the trade-off of large 

numbers of retrofit options.   
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Figure 9 The one-zone method for retrofitting modeling and cost effectiveness 

analysis, Excel-based 

 

Limitation:  

In building energy performance modeling, simplicity commonly leads to 

inaccuracy. This model is capable of handling most retrofitting measures, 

such as insulation levels of external walls, roof and ceilings, ground floor, 

basements, performance of windows, external openings, linear and corner 

thermal bridges, public lighting, as well as ventilation heat loss with/without 

heat recovery. However, all retrofitting measures focused only on the energy 

Existing Swedish residential 
buildings 

Selection of the studied archetype 
Retrofit option input sheet 
Base case before retrofitting 

Energy demand simulation 

Sensitivity analysis function 

Energy ranking of retrofit options 

Retrofitting scenario/packages 

Energy demand output sheet after 
proposed retrofitting 

Swedish 
BBR 

Cumulative cost under the predio-
of-analysis output sheet 

LCCA Cost function and data input 

Economic factors 

Cost-effectivness rankings 

Recommended/optimal retrofitting 
scenario for the archetype and 
climate condition 

Yes 

No 

Input data   Up-bottom model 
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demand of a building with assumed total internal heat gains. Energy supply 

systems were not included. In addition, the model was not able to model the 

performance of individual components - such as radiators. Climate profile 

did not include transient wind-driven effects to the envelope. As a result, a 

constant air leakage was assumed for the relevant heating system for 

different climates. Inevitably, this one-zone method cannot provide detailed 

local energy performance simulation and IEQ modeling. A more powerful 

tool with multi-zones that incorporate both energy distribution and supply 

systems can be of benefit to further research. 

     In this context, the developed one-zone method was employed as a first 

step to retrofitting modeling. Results were applied as a pilot 

recommendation to promote understanding of which retrofit options, or 

their combinations, can be an optimal for the studied archetype. Both 

energy demand and cost-effectiveness solutions were given in this phase.  
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2.3.2. Multi-zone model application for energy retrofitting simulation  

As pointed out in Section 2.3.1, the steady-state one-zone model showed 

limitations in providing dynamic energy performance simulation. More 

importantly, it showed constraints in simulating LTH systems. IDA ICE 

(Indoor Climate and Energy performance simulation program) was 

employed for simulating both thermal performance and operational energy. 

This dynamic tool also extended the evaluations to IEQ, such as thermal 

comfort and IAQ. The accuracy of the IDA ICE program was evaluated by 

the IEA Solar Heating and Cooling Program, Task 22, Subtask C, in 2003 

[33]. The applications of IDA ICE for building energy and IEQ modeling 

have been widely applied in Scandinavian countries. Specially for LTH 

modeling, it was further validated in several studies, including both single-

family houses and multi-family residential buildings [34] [35]. It was found 

that good agreement with measurements was achieved for air and surface 

temperature in different types of LTH systems. The maximum deviation of 

annual energy modeling with on-site measurements was below 7% [34].  

The accuracy of IDA ICE modeling is highly dependent on how well the 

user can define the zones and respective input parameters. The whole 

program consisted of three major sub-systems: the building envelope 

module, the zone environment module, and the external energy service 

module. Occupant behavior can also be defined by the schedules of their 

occupancy. Figure 10 shows an existing low-rise multi-family building 

constructed in IDA ICE. Each room of each flat was constructed as a zone 

in the model.  

 
The multi-functional strength of IDA ICE provides an opportunity to 

simulate the performance of efficient components from a building 

Figure 10 A constructed low-rise Swedish multifamily building in IDA ICE 
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perspective, such as LTH radiators, introduced in Section 2.2. The 

retrofitting solutions from the one-zone model, discussed in Section 2.3.1 

can be directly implemented in IDA ICE incorporated with energy supply 

system retrofitting. Figure 11 shows an example of how the thermal 

performance of radiators was simulated in IDA ICE. 

 

Figure 11 Constructed LTH radiators in the zones of the IDA ICE model 

In this thesis, the application of IDA ICE has followed the modeling 

structure presented in Figure 12. In principle, as one of the most advanced 

energy simulation programs on the market to date, IDA ICE was used with 

the purpose of finding the accurate heating demand before and after 

retrofitting. More importantly, it was used in order to find the representative 

room/zone in which to evaluate the thermal performance of radiators, 

together with other retrofit options. Their potential contributions to the 

efficiency of the energy service system, such as the coefficient of 

performance (COP) of heat pumps, or lowest supply/return temperature 

potentials for district heating, can be further addressed. The advantages of 

using IDA ICE lie in the fact that they:  
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 Provide hourly-based dynamic simulation for energy performance. IDA 

ICE has detailed input portals for building envelope and internal heat 

gains. Energy demand can be accurately simulated and adjusted. 

 Provide zone/room-based modeling environment. This offers detailed 

modeling on local thermal performance of building parameters and 

thermal comfort, such as: mean temperature of walls, floors, and ceilings.    

 Provide detailed and customer-defined alternatives for ventilation 

systems. This extends the opportunity of testing energy saving potential 

for retrofitted ventilation systems, such as heat recovery and demand-

controlled ventilation. 

Limitation: 

Similar to other commercial simulation software, IDA ICE has its own 

constraints as well. First, the model is not fully transparent. All the 

programs were embedded backstage. The common way of adjusting the 

models is by alternating the input parameters via user’s interface instead 

of changing the background equations and calculating modules. Second, 

the module of some energy supply systems was not fully developed, such 

as a heat pump that was simulated originally as a boiler. IDA ICE is 

developing more up-to-date supply systems, such as exhaust–air heat 

pumps, and ground-source heat pumps with heat recovery. However, 

some of them are not fully technically ready for the market yet. Third, 

accurate simulation may lead to long running time and systems crash. 

The running time of IDA ICE varies from hours to days. If certain input 

parameters are too detailed, such as schedules of occupancy, DHW, 

window-opening or other occupant behavior, there is a chance the 

system may crash. Last, there is no ready-made radiator model yet for 

LTH radiators. The performance of such radiators is commonly defined 

by alternating: supply/return temperature (or mass flow rate), 

length/width of the radiators, together with k-value and exponent-n. 

Afterwards, the heating curve of the whole building can be automatically 

constructed. These factors may lead to inaccuracy, especially for LTH 

radiator modeling. A more accurate analytical model is needed in order 

to evaluate the full retrofitting potentials of LTH radiators and energy 

supply systems, such as heat pumps. 
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Figure 12 Simulation structure of Multi-zone model (IDA ICE) 

2.3.3. Analytical model of LTH systems 

Based on the experiences gained from both one-zone steady-state 

models and dynamic multi-zone simulation programs, it has been concluded 

that the optimal tool should be combining the strengths of the above 

models and the analytical model. At this stage, analytical models for 

modeling LTH in retrofitting practice were further developed. In existing 

buildings the most cost-effective renovation in order to reduce the 

environmental impact is often a combination of energy efficiency measures 

with energy demand reduction, as introduced in Section 2.1. Therefore, the 
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development of such an analytical model underpins the general definition of 

LTH, shown in Figure 13, starting from the final stage of building complex 

retrofitting. 

 

Figure 13 Principle of developing an analytical model for the LTH system 

As presented in Figure 14, the developed analytical model focused on 

mapping the inter-correlations of parameters and inter-dependencies of 

components, in order to provide transparency for users/researchers to 

further validate/adjust the model with on-site measurement data and real-

life performance. A complete set of Swedish climate data was applied in 

order to critically evaluate the retrofit options under different Swedish 

climate profiles. Data were extracted from real-measured climate profiles 

from national weather stations [36]. Furthermore, the model was adjusted by 

the real-life performance data provided by radiator manufacturers.  

In LTH systems, the electricity usage by circulation pumps needs to be 

addressed, due to the high-flow system, as introduced in Section 2.2. In this 

model, the pumping power demand was calculated by Darcy-Weisbach 

equation for a closed-loop piping system, shown in Eq. (10). The pressure 

loss over radiators and valves was calculated by Eqs. (11) and (12), 

respectively: 
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Figure 14 Structure of analytical model for LTH (hydronic) system 
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      Exergy performance was calculated by Eq. (13), in which 𝑇𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 was 

selected as the daily average outdoor temperature according to the climate 
profile. The exergy efficiency is a measure of how close the analyzed process 
approaches the ideal. By applying the concepts of exergy (or entropy), the 
second law of thermodynamics evaluates the quality of energy and its 
degradation during a thermal process. Thereafter, presents the lost 
opportunities to do work. In an energy conversion process, exergy is 
consumed or destroyed, and entropy is created, as a result, exergy is used to 
indicate the depletion of natural resources and their environmental impacts 
accordingly. 

 

𝐸𝑥 = �̇� ∙ 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 ∙ [𝑇𝑠𝑢𝑝𝑝𝑙𝑦 − 𝑇𝑟𝑒𝑡𝑢𝑟𝑛 − 𝑇𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ∙ 𝑙𝑛 (
𝑇𝑠𝑢𝑝𝑝𝑙𝑦

𝑇𝑟𝑒𝑡𝑢𝑟𝑛
)]                                  (13) 

Performance of heat pumps was modeled mainly by the supply and 

return temperature. However, on-site measurement showed evidence that 

COP was controlled by both supply temperature and user’s behavior in 

reality: 

 𝐶𝑂𝑃 = 𝑓{𝜃𝑠𝑢𝑝𝑝𝑙𝑦 + 𝑓𝑢𝑠𝑒𝑟 ∙ (𝜃𝑠𝑒𝑡 − 𝜃𝑎𝑖𝑟)}                                                                                         (14) 

Modeling of environmental impact considers the release of thousands of 

chemicals, radiations, and resource usage associated with the energy 

producing, transportation, transformation, and usage. The background data 

(e.g., data for the production of Swedish energy mix), were taken from the 

Ecoinvent database life-cycle inventory (LCI) [37]. The LCA modeling was 

processed by SimaPro calculation program. Quantified environmental 

impacts per function unit were estimated on the basis of 16 environmental 

indicators, as introduced in Section 2.1.  
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3. Results and discussion  

In this chapter a brief summary of the most important contributions in 

Papers 1-7 is given. The results and major findings from the papers have 

been presented in detail in each appended paper, thus only a short outline is 

given here.  

Paper 1 

Wang, Q., & Holmberg, S. (2015). A methodology to assess energy- 

demand savings and cost effectiveness of retrofitting in existing Swedish 

residential buildings. Sustainable Cities and Society, 14, 254-266. 

 

Contributions: 

      The aim of the study in Paper 1 was to develop methodologies and 

modeling tools to design retrofitting measures for selected archetypes of 

existing Swedish residential building complexes. The study was based on the 

building industry requirement that most Swedish residential buildings were 

to be renovated on a case-to-case basis, which commonly needed high costs, 

large numbers of technicians employed, and multiple visits to the occupants. 

This study was an exercise in the developed one-zone static model, 

introduced in Section 2.3.1. Building typologies, energy demand modeling, 

retrofit options, rating schemes and LCCA were analyzed as an integrated 

tool to systematically map the optimal retrofitting measures for different 

Swedish residential archetypes. Four dominating types of Swedish residential 

buildings were taken as representative examples. To derive optimal 

effectiveness and a trade-off between energy savings and costs, LCC-based 

financial estimations were performed in relation to the proposed retrofitting 

packages and national energy prices. Thirteen conventional retrofit options 

were in focus, mainly covering building envelope and ventilation retrofitting 

– with the aim of energy demand savings in the building complex as a 

whole. These measures included: thermal insulations of walls, roof, ceilings 

and ground floors, thermal bridges, performance of window and glazing 

systems, air infiltration, ventilation controls and heat recovery, public 

lighting controls.  

      It was found that the developed typology-based modeling tool could 

assist the decision-making of selecting retrofitting to achieve both energy 
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savings and cost effectiveness, but optimal retrofit options varied among 

archetypes. Combining all of the high-ranking retrofitting measures at their 

best level would not necessarily yield maximum energy savings. In general, 

lighting energy savings, upgrading air-tightness level, insulating roofs/attics 

and introducing heat recovery showed both energy savings and cost-

effectiveness in multifamily residential buildings. The co-benefits of 

ventilation retrofitting can be further enhanced in high-rise multifamily 

housing due to the large volume of exhaust air. For single family houses, 

multi-stage retrofitting was recommended, with priority given to installing 

more efficient heat supply systems, such as heat pumps. Benchmarking the 

optimal retrofitting packages can be further accelerated by governmental 

subsidies, such as tax deductions, and “added-value” in real-estate market 

promotions for retrofitted dwellings.  

 

Limitations: 

      Performing both accurate energy modeling and long-term cost 

estimations for various building complex can be very challenging. First of 

all, large numbers of uncertainties exist. Uncertainties range from 

retrofitting material costs, national energy policies, and interest rates to the 

current real-estate market. Second, the applied one-zone model could 

provide efficient modeling results with validated measurement data, but it 

showed limitations in retrofitting design, as introduced in Section 2.3.1. 

Third, the study used four typical housing archetypes to represent large 

numbers of similar existing Swedish residential buildings, but the influences 

resulting from occupant behavior, social development as well as the local 

municipality were not able to be fully considered. Therefore, this study was 

considered as a pilot investigation for the next step toward research and 

general solutions for industry in the area of retrofitting development.  
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Paper 2 

Wang, Q., Laurenti, R., & Holmberg, S. (2015). A novel hybrid 

methodology to evaluate sustainable retrofitting in existing Swedish 

residential buildings. Sustainable Cities and Society, 16, 24-38. 

 

Contributions: 

      Paper 2 was a continuation and further development of the 

methodology presented in Paper 1. The main objective of the study was to 

further develop a hybrid methodology to critically evaluate the most 

commonly implemented retrofit options in Swedish residential buildings. 

Retrofitting includes all retrofit options in Paper 1 and additional retrofits 

that can improve the efficiency of energy supply, such as LTH radiators. 

The method and assessment were carried out from a sustainability 

perspective. The evaluation and modeling parameters were extended from 

energy demand to a primary perspective, namely primary energy and 

embodied energy, introduced in Section 2.1. By enlarging the scope of the 

assessment, the embodied energy pertaining to retrofitting itself was 

critically analyzed. Three types of typical Swedish dwellings derived from 

Paper 1 provided the basis for the developed model.  

      It was found that the conventional method for evaluating retrofitting 

merits, which considers only the greenhouse gas (GHG) reduction led by 

the operational energy savings, was limited. The embodied GHG in some 

conventional retrofitting, such as insulating the building envelope, is 

estimated as 64% of GHG from operational energy savings. Ignoring the 

embodied energy/GHG in retrofitting itself markedly increased the risk of 

over-representing the environmental contributions of renovation measures, 

especially envelope retrofitting in high-rise multifamily buildings. The 

combined effect of the retrofitting investigated here could contribute 44 – 

53% final energy savings, which was estimated equivalent to 51 – 62% 

primary energy savings, with respect to the investigated energy supply 

system and carrier. Using a “break-even” years modeling method can further 

assist the development of sustainable retrofitting. LTH radiators, such as 

VR and radiator boosters, showed competences with short break-even years, 

assuming a given design temperature. 
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Limitations: 

      The largest challenges of this study lay in quantifying and modeling the 

embodied energy of retrofitting in the final building complex. This study 

used an approximation method and function units to quantify the material 

usage in each retrofitting example. Quantities were modeled based on the 

standardized industry experiences resulting from existing projects and 

implementations. In reality, however, this varies greatly in actual engineering 

practice. Second, the approach to estimating primary energy showed 

limitations. Different methods led to large variations of primary energy 

factor values in energy accounting. In this study, the selection of primary 

energy factors was based on the energy systems of major electricity and heat 

suppliers for the Stockholm region. Primary energy does not critically reflect 

the energy efficiency improvements of a technology or strategies. This has 

been widely addressed by using primary energy factors to estimate primary 

energy. Third, the studied energy carriers were mainly electricity and district 

heating, supplied by Swedish mix and combined heat and power plant 

(CHP), other alternatives were not in focus. Rather, this study focused on 

inter-dependencies within a building complex. The inter-dependencies 

between final building stage and secondary energy systems such as the 

influence on CHP of district heating, were considered here but not studied 

in depth.  
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Paper 3 

Wang, Q., Ploskić, A., & Holmberg, S. (2015). Retrofitting with low-

temperature heating to achieve energy-demand savings and thermal 

comfort. Energy and Buildings, 109, 217-229. 

 

Contributions: 

      The main aim of Paper 3 was to investigate the applicability and 

contributions of LTH radiator in retrofitting practice. Ventilation radiators 

(VR), introduced in Section 2.2 were in focus. The study was based on the 

background that LTH has shown advantages to occupants in low energy 

demand buildings. However, the performance of LTH radiators and how 

they should be implemented in rather old buildings was unknown. In 

addition, previous studies have indicated that LTH have the potential to 

improve the efficiency of heat supply systems, such as heat pump and 

district heating. This could further lead to primary energy conservation. 

Therefore, the investigation considered whether low temperature radiators 

could cope with requirements in existing buildings, and if not, what retrofit 

options were needed as a “pre-retrofit” to explore the full potential of LTH 

radiators. VR in combination with 5 building envelope retrofit options and 

ventilation heat recovery was studied.  Multi-zone dynamic modeling was 

applied for this practice, as introduced in Section 2.3.2. 

      It was found that combining VR with each of the studied energy-

demand retrofitting scenarios could provide improved temperature and 

acceptable thermal performance in the representative building, which was a 

typical Swedish low-rise multifamily building constructed as part of the 

Million Program (MP). Combining LTH with ventilation retrofitting showed 

the largest contribution to air temperature, PPD, and reduction in energy 

required for space heating. This measure was recommended as the 

preferable first option for combination with LTH, to the building industry. 

Adding insulation to an attic/roof, replacing windows, improving air-

tightness levels and thermal bridges all showed similar effects, both 

individually, and in improving thermal performance. The total delivered and 

primary energy savings of these three measures were between the range of 

16–18.4% and 20.2–22.2%, respectively. When combining LTH with all five 

energy-demand retrofit options as a package, 6.2% of PPD could be 

achieved. More importantly, a reduction of 55.3% and 52.8% of total 
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delivered energy and primary energy, respectively, can be achieved in this 

archetype. The minimum operative temperature was improved to 21.8◦C. 

Major differences regarding the combined effects of VR with individual 

retrofit options lay in the operative temperature fluctuations and the ability 

to save energy. After holistic retrofitting, the ratio of energy required for 

DHW production and building electricity usage were likely to be important 

parts to be considered, particularly from primary energy perspectives.    

 

Limitations:  

Accurate thermal performance simulation on retrofitting options was 

challenging, due to inconsistencies that varied from actual engineering work 

in the whole renovation process to impact by occupants. No 

communications with occupants have been carried out. Second, there are 

limitations in using IDA ICE to model more advanced radiators, such as 

VR. The ventilation vents of VR were modeled as small external openings in 

the building envelope, which did not fully represent reality. This limitation 

has been also pointed out in Section 2.3.2.  Thirdly, the inter-dependencies 

between supply/return temperatures and district heating and further to the 

CHP were not fully studied. This study provided modeling results mainly in 

order to assist the building industry in implementing VR in existing 

residential buildings, in assessing the likely benefits, from both energy and 

thermal comfort perspectives.   

Paper 4 

Wang, Q., Ploskić, A., Song, X., & Holmberg, S. (2016). Ventilation heat 

recovery jointed low-temperature heating in retrofitting − An investigation 

of energy conservation, environmental impacts and indoor air quality in 

Swedish multifamily houses. Energy and Buildings. 121, 250-264. 

 

Contributions: 

       Paper 4 was a continuation and further development of the findings 

presented in Paper 3, but focused further on investigating the combined 

effect of LTH radiators with ventilation retrofitting. With respect to the 

limitations found from applying IDA ICE in modeling energy savings, an 

analytical model combined with IDA ICE was developed, as introduced in 

Section 2.3.3. The multi-zone dynamic model (IDA ICE) was only applied 
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in finding the worst room/zone with the highest heating demand and 

simulating the energy balance of the building. The performance of LTH 

radiators and their impacts on energy suppliers, such as heat pumps, were 

coupled in the analytical model. In order to more closely represent reality, 

real-life performance data were employed for both modeling the LTH 

radiators and air-source heat pumps. By implementing the general definition 

of LTH, introduced in Section 2.2, energy conservations, environmental 

impacts, and the corresponding IAQ contributions were all considered in 

the evaluation. Mapping the influence of LTH radiators to the performance 

pattern of heat supply systems was in focus. Two types of LTH radiators – 

VR and BR - were both  analyzed and compared to to CR.  

      It was found that VR and BR both started to work as LTH, when the 

building was retrofitted to 30 W/m2  (12 W/m3 ). Their low-temperature 

performance improved further when this value was reduced to about 

10W/m2 (4 W/m3). Compared to the CR (with the same surface area), VR 

and BR could improve the COP of a heat pump by 12% and 18%, 

respectively. The estimated final and primary energy savings were 55% and 

25%, when replacing district heating with heat pump for space heating, 

given the as-built condition of the studied building. Interestingly, 11 of 16 

environmental indicators were positively impacted by the retrofit, with 7 of 

16 environmental impacts being reduced by 50% compared to before 

retrofitting. The largest contribution of the studied retrofitting concerned 

emissions. However, 5 of 16 environmental indicators were negatively 

impacted by the retrofit, and should not be omitted from discussion. It is 

safe to conclude that it is risky to solve one environmental and climate 

target that policy is currently promoting—namely, climate change—at the 

expense of other environmental impacts. In conclusion, there is no 

“absolutely right” or “one solution benefits all” solution when it comes to 

energy savings and environmental contributions. Sustainability means using 

critical methods and multiple indicators to evaluate suitability for a given 

location long-term – instead of judging by one common political goal under 

all conditions.    

 

       Limitations: 

       As with the limitations pointed out in Paper 3, the impacts of occupant 

behavior were not studied. Internal heat gains and presence of occupants 
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were all assumed based on averages from building industry experience, 

which may led to energy performance deviations in reality. Second, the 

modeling of VRs, BRs and air-source heat pumps is also closely influenced 

by how engineers, technicians and occupants would choose, install and 

operate the components. Different air-source heat pumps perform in very 

different ways. Therefore, the results were not intended to be used for any 

recommendation for one-or-two particular parameters that influence the 

COP of an air-source heat pump. Third, some practical drawbacks from BR, 

VR, CR, such as noise level and placement of furniture, were not critically 

considered. Last, the modeling of environmental contributions by LCA 

modeling only focused on electricity produced by Swedish energy mix and 

heat produced by CHP. The results cannot be generalized to other energy 

producing systems, such as renewables.  

Paper 5 

Wang, Q., Ploskić A., Holmberg S., Low-temperature heating in existing 

Swedish multifamily houses - an assessment of the significance of radiator 

design and geometry. Science and Technology for the Built 

Environment (HVAC&R Research). 

 

Contributions: 

This paper is a further continuing study of the developed analytical 

model, introduced in Section 2.3.3, with a focus on evaluating the design 

and geometries of radiators. The main aim of this paper was to contribute to 

the future development of radiators, in terms of how they should be 

designed, and to critically evaluate their exergy performance under different 

Swedish climate conditions. The developed analytical model combined: on-

site measurement data and manufacturer’s real-life performance data, with a 

view to representing reality as closely as possible. Three major Swedish 

climates from the north to south were covered: Kiruna, Stockholm, and 

Malmö. Three types of CR, compared to BR, were analyzed.  

It was found that CR type 21 showed the highest exergy efficiency – by 

computing the thermal efficiency of a heat exchanger taking the second law 

of thermodynamics into account. Type 11 showed the lowest. Among all 

studied radiators, a maximum 4℃ supply temperature difference between 

Type 11 and Type 21 was found when the outdoor temperature was -20℃. 
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Adding more convector plates with low heat capacity would not necessarily 

lead to higher thermal efficiency. There was no concrete evidence to show 

Type 22 had higher thermal efficiency than Type 21, for temperature range 

of –20℃ to 15℃. When the heating demand of a building is below 380 

W/room, the most efficient CR will start to work as LTH. At 480 W/room, 

which was the threshold value for the lowest thermal-performing CR, which 

had worse exergy performance than the most efficient radiator.  Outdoor 

climate played an important role in selecting the radiators. In mild to cold 

temperatures, Type 11 and Type 21 performed similarly during the whole 

heating season. LTH radiators such as BR, showed 34 % better exergy 

performance than the most efficient CR, given the same area and average 

outdoor temperature of the heating season in Sweden.  

 

Limitations: 

      The major limitations of the study, as in all modeling works, lay in how 

accurately it could represent reality. In this study, the same housing type was 

used for all locations in Sweden. Clearly this was not realistic. The buildings 

of cold climate cities such as Kiruna tend to have more thermal insulation, 

and building physics differs slightly in different parts of Sweden. Second, the 

modeling of mass flow is by compensation to the supply and return 

temperatures. The external control of mass flow, whether by valves or by 

occupants, was not considered. This was considered the major shortcoming 

of the study in not fully representing reality. Last, the study focused mainly 

on radiators– the final heating units. It should be noted, however, that a 

highly efficient heating system can never be achieved by a few highly 

efficient components. A more systematic study is needed as a next step.  

Paper 6 

Ploskić, A., Wang, Q., Sadrizadeh, S., (2016) Low-Temperature Heating 

with Heat Pumps in Single Family Houses - Design Requirements and 

Future Perspectives. Minor revision resubmitted to Energy. 

 

      Paper 6 follows on from Paper 5 and summarizes Papers 1-4. The main 

aim of this study was to contribute to design development of LTH systems 

considering the whole hydronic heat supply system rather than component 

development. The study developed an analytical model, combining results 
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achieved from both Papers 1-5 and previous studies [21]. Heating demand, 

radiators, circulation pumps, control valves, air-source heat pumps, as well 

as some practical concerns, such as noise levels and system operations were 

all considered.  

      The most important findings of this study can be summarized as: LTH 

is to be achieved not by single highly efficient components, but rather by a 

well-designed system, or retrofitting packages suited to LTH. In practice, 

the size, type and efficiency of radiators is determined to a large extend by 

the heating demand of a building. The efficiency of the closed-loop heat 

pump under discussion was increased by about 1.3% per degree reduction 

of supply water temperature. It was found that the current guideline design 

value of 100 Pa/m for pressure loss is too low for LTH with heat pumps in 

single family houses. By allowing the pressure loss to increase to 500 Pa/m, 

the pumping power requirement would still be about 1% of generated heat 

output for hydronic systems with distribution pipes of 10 mm internal 

diameter. By increasing the water flow rate from 0.01 to 0.05 kg/s, the heat 

output from a conventional radiator system would increase by 29%. This 

would improve the efficiency of a closed-loop heat pump by 6.5%. In order 

to avoid unwanted noise levels in radiators served by water flow of the LTH 

0.05 kg/s, the 𝑘𝑣-value of valves should not be lower than 0.65 𝑚3/ℎ. The 

full potential of low-temperature heating was found most likely to be 

achieved when the system was designed and retrofitted using a well-

designed combination of components, such as radiators, circulation pumps, 

piping, valves, heat pumps that suited the given as-built heating demand and 

climate conditions.  

 

Conference papers and technical reports 

      The final results presented here have arisen from conferences and 

measurements carried out in collaboration with industry that were not 

included in the above journal papers. Mainly two on-site measurements have 

been carried out to evaluate the contributions of VR and radiator boosters. 

These two radiators were introduced in Section 2.2. Results are presented 

briefly in two parts: 
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On-site measurement of VR – intended to assist radiator 

manufacturers and building owners 

      According to the results presented in Papers 4 and 5, VR showed 

advantages when retrofitting existing multifamily houseing, both in terms of 

thermal comfort and operational energy savings, especially for heat pump-

served systems. The measurement program was carried out during the 

heating season 2015 – 2016. The demonstration building was a high-rise 

multi-family apartment building located in Trångsund, south of Stockholm, 

owned by Huge Fastigheter AB. CR Type 11 was replaced by VR in this 

retrofitting exercise, as shown in Figure 15. Measurements were carried out 

jointly by the radiator manufacturer, the building owner and KTH. 

 

  

Figure 15 The implementation of VR in a bedroom of the studied multifamily 
building 

     Based on previous modeling and experimental findings of VR, the 

radiator type was further developed by placing an additional 3 mm – 5 mm 

of thermal insulation at the ventilation vents, as well as similarly insulating 

the surroundings below the VR. Special attention was given to insulating the 

internal filter box and the joints between air path and radiator edges. These 

improvements were shown in Figure 16. 

 

Figure 16 Further product development of VR that was implemented in the 
multifamily building 
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      Measurement mainly focused on testing the air temperature 

(fluctuations) and supply/return temperatures. The demonstration building 

was renovated changing district heating to exhaust-air heat pump, while 

retaining district heating only for DHW and backups. Two rooms, one 

living room and one bedroom were chosen for this exercise. Figure 17 

shows the tested results of hourly average room temperatures of these two 

rooms before and after retrofitting. It was found that replacing existing CR 

with VR could contribute more than 3℃ of room temperature on average. 

The fluctuations of room temperature could be kept approximately between 

21℃ and 23℃. This was in line with previous modeling results, although the 

housing archetype was slightly different.  

Figure 17 Measured air temperature of the two test rooms before and after 

retrofitting (installing VR)  

 

Figure 18 Measured supply and return temperature of VR after retrofitting 
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Figure 18 shows the supply and return temperatures of one type radiator 

tested in the bedroom. A thermo-camera was applied to indicate the in-and-

out temperature to the radiators, as indicated by the cross in the picture. 

The outdoor air temperature was around -2 ℃ . It was found that 

supply/return temperatures of 41.0/32.6 ℃  can be achieved by VR, as 

demonstrated in Figure 18. This result was almost in line with the modeling 

results presented in Paper 4, though the current building may have lower 

heating demand due to installing an exhaust-air heat pump, together with 

better insulated VR. This measurement demonstrated that VR can provide 

better thermal performance with a potential of energy savings. This 

potential can be enlarged by introducing efficient heat pumps, reduced 

heating demand and better insulated VR.  

 

On-site measurement of radiator booster – as a support to radiator 

manufacturers and occupants 

 

      As introduced in Section 2.2, installing fans below CR can be an 

effective way of increasing the efficiencies of LTH. The principle of 

increasing heat distributions by add-on fans has been studied in previous 

investigations [38] [39]. This study aimed to solve two practical concerns 

brought up by building industries and occupants: how much radiator 

boosters can contribute to global thermal comfort, and effect on 

supply/return temperatures of the heat pump. The evaluation methods were 

mainly carried out by on-site measurements in one typical single family 

house, built in the 1960s in a northern suburb of Stockholm. Figure 19 

shows the measured single-family house and Figure 20 shows the 

implemented radiator with add-on fans (boosters). 

             

Figure 19 The measured single-family house and its floor plan (shows radiator 
locations) 
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Figure 20 The installed radiator with add-on fans in both single - and double- panel 
radiators is shown. Forced convection increased heat transfer to the room 

      Measurements were aimed mainly at evaluating global thermal 

comfort and influence on supply and return temperatures. Due to 

complexities of real life factors such as the influence of occupants on 

radiators and the control systems of heat pumps, the net energy savings here 

were not fully investigated. Electricity usage for fans was 0.4 W/unit, each 

unit having 4 fans. 

Two consecutive weeks, one with add-on fans and one without, were 

selected to present the results. This measurement was carried out jointly by 

booster manufacturer Elementfläkten, Nicklas Ganter from Reutlingen 

University, Germay [40] and KTH. Figure 21 shows that the main supply 

temperature was reduced by the add-on fans from 36℃ to 33℃ during the 

measured periods. All radiators were working with a supply temperature 

lower than 50 ℃  when equipped with boosters. The reduced supply 

temperature led to an improvement of COP of ground-source heat pump 

from approximately 3.8 to 4.2 (8.6% improvement). Correspondingly, 

electricity usage of the compressor decreased from 1.48 kWh/ (week ∙ m2) 

to 1.40 kWh/ (week ∙ m2), with an energy reduction of 4.5%. The energy 

needed for add-on fans was rather small when all radiators (9 radiators in 

total) were operating. Figure 22 and Table 2 show the results of air and 

operative temperature with/without boosters. The average outdoor 
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temperatures were 4.3℃ and 4.6℃ with and without boosters, respectively. 

It was found that boosters allowed an increase in average operative 

temperature from 23.7℃ to 24.℃, i.e. an improvement of half a degree. The 

duration of operative temperatures exceeding 24℃, was extended by the 

boosters. Their largest contribution was found to be to floor temperature. 

Main floor temperature was improved by 1℃. When the radiators were 

equipped with boosters floor temperature was higher than 22℃ more than 

90% of the time. Main temperature gradients from floor to ceiling were 

reduced by boosters from 2℃ to 1.4℃. The overall measurements contain 

uncertainties and were not fully reliable, however, it provided an indication 

and confirmed previous findings. 

 

Figure 21 Measured supply/return temperature with boosters (left) and without 
add-on fans(right)
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Figure 22 Measured room temperature: without add-on fans (left), with boosters (middle) and floor temperature (right) 
 

Table 3 Impacts of add-on fans on thermal performance of radiators 

Parameter 
With boosters 

(average) 
Without boosters 

(average) 
Contributions, % 

(average) 

Operative temperature, ℃ 24.2 23.7 1.8 

Air temperature, ℃ 24.6 24.4 0.6 

Floor temperature, ℃ 23.0 22.0 4.6 

Temperature gradients ,℃ 1.4 2.0 - 

Total heat outputs, W 3110 3000 3.7  

Mean outdoor temperature,℃ 4.3 4.6 - 
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4. Conclusions  

This thesis is a complementary summary of a project implementing low-

temperature heating and developing sustainable retrofitting procedures for 

existing Swedish residential buildings.  

 

From the perspective of  developing retrofitting methods it was found 

that a preliminary investigation of  the building typology assisted with 

strategic retrofitting decisions. Identifying priorities according to both 

energy and financial concerns simplified the design of  retrofitting. It was 

found that 36-54% of  final energy savings could be achieved in studied 

archetypes by energy-demand retrofitting. The trade-off  between cost and 

energy of  the explored retrofit options varied. Retrofitting scenarios 

incorporating all possible measures did not always yield higher long-term 

economic profits in the housing archetypes. For conventional retrofit 

options for building envelope and ventilation system, embodied energy and 

GHG emissions from the retrofitting materials must be taken into account 

in sustainability assessments. Neglecting the embodied energy from the 

retrofit options themselves may increase the risk of  over-representing the 

sustainability achievements of  the selected measures. 

 

From the perspective of  implementing low-temperature heating 

components in retrofitting, it was found that when combining LTH 

radiators with conventional retrofitting, a maximum 55% and 53% of  total 

delivered energy and primary energy savings respectively could be achieved 

in the archetypes studied. Combining LTH radiators with ventilation heat 

recovery showed the greatest contribution to air temperature, global thermal 

comfort, and energy required for space heating. In practice, after retrofitting 

(below 12 W/m3 heating demand), both LTH radiators (ventilation radiators 

and baseboard radiators could work as LTH. They served as very-low-

temperature heating with a heating demand of  10 W/m2 (4 W/m3). 

Implementing LTH could further improve the COP of  an air-source heat 

pump by approximately 12% - 18%, compared to conventional radiators 

with the same surface area. Among conventional radiators, the performance 

of  Type 22 was very similar to Type 21 under Swedish climate conditions. 

There was no concrete evidence that Type 22 had higher thermal efficiency 

than Type 21, under the outdoor temperature range of  -20 to 15℃. Adding 
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more convector plates/fins with low heat capacity would not necessarily 

lead to higher thermal efficiency. A threshold value of  480 W/room for 

radiator Type 11 (1.2m x 0.45m) had 1 W/m2 worse exergy performance 

than the most efficient radiator Type 21 (1.2m x 0.4m).  

 

From an engineering perspective, the current guideline design value of  

100 Pa/m for water-side pressure loss was found to be set too low for LTH 

with heat pumps in single family houses, and was not applicable for low-

temperature systems. By allowing the pressure loss to increase to 500 Pa/m, 

the required pumping power would still be about 1% of  generated heat 

output for hydronic systems with distribution pipes of  10 mm inner-

diameter. In conclusion, the full potential of  low-temperature hydronic 

heating can be achieved when this whole system is adopted for LTH 

operation from final building complex retrofit to energy supplier, such as 

heat pumps. It should be also highlighted the whole study did not aim at 

replacing district heating with heat pumps. Instead, the study provided 

complements and retrofitting alternatives for existing residential buildings 

located in low-condensed municipalities. 

 
      This study also provided evidence that it is arbitrary to evaluate the 

sustainability of energy-saving measures only by carbon emissions, 

particularly when retrofitting buildings/building clusters, which commonly 

extend the life of a building by more than 50 years. Reducing environmental 

impacts by final energy savings should not be sacrificed in the race to reduce 

greenhouse gas emissions. This finding agrees with the reports of the 

Swedish Environmental Objective Council that 9 of the 16 Swedish 

environmental quality objectives will be difficult or impossible to achieve by 

the target date, with the trends pointing in the wrong direction despite a fall 

in Swedish emissions. 

 

Lastly, a secondary but by no means less important objective of this 

thesis has been to provide a stepping stone for further research into 

implementation of low-temperature heating in sustainable retrofitting of 

residential buildings. 
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5. Future work 

      This thesis has been mainly based on modeling works and developing 

evaluation/analytical models, as detailed in previous sections. A natural step 

forward to future work is long-term and on-site measurement/monitoring 

in buildings being modified using the proposed systems/techniques.  

      As presented in the publications, most of the retrofitting focused on 

conventional options for LTH components, which have been readily 

available on the market for some time. There has been no implied claim of 

furthering product development or presenting cutting edge achievements. 

Technology that further promotes the efficient applications of renewable 

energy mix is yet to be attained. Additionally, it should be noted that this 

thesis mainly has dealt with space heating and building electricity usage. 

Energy savings from DHW was not discussed. This raises further questions, 

because when most buildings are transferred to NetZero/low energy 

buildings in the future, energy usage from DHW will play a major role. 

Therefore, future works are planned to cover the following three directions: 

 Development and application of efficient heat recovery systems in 

the final building complex that include both exhaust air and waste 

water. 

 Development and application of on-site renewables that can be 

integrated with LTH systems, such as solar collectors and 

photovoltaic cells.   

 Integration of the above systems with the next generation of district 

heating system and electricity grids. 

     Another limitation of the current study is that no cooling of any kind was 

considered, due to the fact that there is no cooling in Swedish residential 

apartment buildings. Given climate change plans for transformation of such 

buildings, LTH will be a natural consideration for the future. However, for 

less-severe cold climates than Scandinavia, cooling plays a major role in the 

overall energy performance of both residential and commercial buildings. 

Therefore, the following two perspectives should also be of interest: 

 Implementation of high-temperature cooling systems in whole 

buildings  
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 Development of smart control systems in NetZero/low-energy 

buildings 

      In conclusion, as a researcher working in the area of applied science and 

engineering, it is in unwise to focus solely on the contributions of academia 

or of industry. It is vital to find a balance between theoretical evidence and 

practical innovations in an investigation. Constant communications and 

concrete validation in reality between industry partners and stakeholders are 

the keys for future constructive development of this study.    
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Appendix 

 

Construction Periods Single Family House Multi-Family House Apartment Blocks Terraced House Hifh-rise Building Stock

1880-1920 Trähus Trähus Trähus

1880-1920 ; 1900-1930 Tegelhus Tegelhus Stenstadshus Tegelhus

1875-1950 Landshövdingehus Landshövdingehus

Before 1945,1945-1975 Lamellhus Lamellhus Lamellhus Lamellhus

1940-1970 Punkthus Punkthus Punkthus Punkthus

1965-1975 Public Renting House Parallellställda Loftgångshus Skivhus

1980-2000 Pulpettak Houses Lamellhus Flerbostadshus Ägarlägenheter Punkthus

Please Specify the Typology of the Building You Want to Retrofit Now Help?
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CONSOLIS ENERGI

ENERGY+

Version 070826 Special version for students in KTH COURSE Byggnaders energianvändning

Licenced for educational and training purposes only

European climates added

Program for calculation of yearly use of energy in buildings

The programme has been written by Gudni Jóhannesson professor in Building Technology at KTH

This is a Beta version for test

The author is not responsible for calculation results and any potential damage that can be caused

by their application

This version is not writing-protected in some parts and therefore the unaltered version should be saved as back-up.

The programme is based mainly upon the new EN standards for energy optimization in buildings

Annual energy use in buildings

Ground heat loss 

Thermal bridges

Some simplification has been done, especially with repect to ground heat losses  

For badly isolated ground floors, a special invesigation should be carried out

The values of climates has been collected from different sources. In Sweden, there are no standardised climate tables for this type of calculations. 

The program treats the building by dividing it into two zones with different temperatures called Part 1 and Part 2

The monthly average of temperatures and solar radiation from different references establishes the basis for calculations

The heat inertia is observed by its influences on the amount of internal heat gain that can be used for heating

The air flow can be expressed freely between the parts and the ambient atmosphere and is mutual between the parts

The parts of buildings can face onto two different spaces with fixed temperatures

Part 1 Part 2

Air flow

Sun Internal heat gain Internal heat gain Sun

Air flow

Effective heat capacity Effective heat capacity Ext.temp

Ext.temp. Ext.temp.

Electricity utilization Electricity utilization

Air flow Air flow

Hot water utilization Hot water utilization

Transm

Transm Air flow Transm

Transm Transmission Transm

Transm Transm

Transm Transm

ext.temp Ext.temp

Ground temp Groundtemp

Temp 1 Temp 1

Temp 2 Temp 2

To ground

Transmission

Ventilation Int.-ext.filtration

Solar radiation

Consumption of 
hot water Thermal bridges

Heat storage

Internal load


