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ABSTRACT
In Sweden, there are about 0.5 million single-family houses that are heated by electricity alone,
and rising electricity costs force the conversion to other heating sources such as heat pumps and
wood pellet heating systems. Pellet heating systems for single-family houses are currently a
strongly growing market. Future lack of wood fuels is possible even in Sweden, and combining
wood pellet heating with solar heating will help to save the bio-fuel resources.
The objectives of this thesis are to investigate how the electrically heated single-family houses can
be converted to pellet and solar heating systems, and how the annual efficiency and solar gains
can be increased in such systems. The possible reduction of CO-emissions by combining pellet
heating with solar heating has also been investigated.
Systems with pellet stoves (both with and without a water jacket), pellet boilers and solar heating
have been simulated. Different system concepts have been compared in order to investigate the
most promising solutions. Modifications in system design and control strategies have been carried out in order to increase the system efficiency and the solar gains. Possibilities for increasing
the solar gains have been limited to investigation of DHW-units for hot water production and the
use of hot water for heating of dishwashers and washing machines via a heat exchanger instead of
electricity (heat-fed appliances).
Computer models of pellet stoves, boilers, DHW-units and heat-fed appliances have been developed and the parameters for the models have been identified from measurements on real components. The conformity between the models and the measurements has been checked. The systems with wood pellet stoves have been simulated in three different multi-zone buildings, simulated in detail with heat distribution through door openings between the zones. For the other
simulations, either a single-zone house model or a load file has been used. Simulations were carried out for Stockholm, Sweden, but for the simulations with heat-fed machines also for
Miami, USA.
The foremost result of this thesis is the increased understanding of the dynamic operation of
combined pellet and solar heating systems for single-family houses. The results show that electricity savings and annual system efficiency is strongly affected by the system design and the control strategy. Large reductions in pellet consumption are possible by combining pellet boilers
with solar heating (a reduction larger than the solar gains if the system is properly designed). In
addition, large reductions in carbon monoxide emissions are possible. To achieve these reductions it is required that the hot water production and the connection of the radiator circuit is
moved to a well insulated, solar heated buffer store so that the boiler can be turned off during the
periods when the solar collectors cover the heating demand. The amount of electricity replaced
using systems with pellet stoves is very dependant on the house plan, the system design, if internal doors are open or closed and the comfort requirements. Proper system design and control
strategies are crucial to obtain high electricity savings and high comfort with pellet stove systems.
The investigated technologies for increasing the solar gains (DHW-units and heat-fed appliances)
significantly increase the solar gains, but for the heat-fed appliances the market introduction is
difficult due to the limited financial savings and the need for a new heat distribution system. The
applications closest to market introduction could be for communal laundries and for use in sunny
climates where the dominating part of the heat can be covered by solar heating. The DHW-unit
is economical but competes with the internal finned-tube heat exchanger which is the totally
dominating technology for hot water preparation in solar combisystems for single-family houses.
Keywords: Pellets, stove, boiler, solar heating, DHW preparation, system design, single-family house,
electricity savings, efficiency, emissions, flue gas losses, leakage losses; dishwasher, washing machine.
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SAMMANFATTNING
I Sverige finns omkring 0.5 miljoner småhus som enbart värms med direktverkande el och stigande elpriser framtvingar konvertering till andra energikällor som värmepumpar och pelleteldning. Pelleteldning i småhus ökar nu mycket kraftigt men en framtida biobränslebrist är möjlig
även i Sverige. Kombinering av pelleteldning med solvärme hjälper till att spara på biobränsleresurserna.
Syftet med denna avhandling är att undersöka hur elvärmda småhus kan konverteras med pelletoch solvärmesystem och hur systemverkningsgrad och solvärmebidrag kan bli så högt som möjligt. Även möjlig reduktion av kolmonoxid emissioner genom att kombinera pelleteldning med
solvärme undersöks.
Olika systemkoncept med pelletkaminer, pellet pannor samt solvärme har simulerats och jämförts
för att finna de mest lovande systemlösningarna. Modifieringar i systemlösningar och reglerstrategier har genomförts för att undersöka hur systemverkningsgrad och solvärmetillskott kan ökas.
Två teknologier för att öka solvärmetillskottet som har simulerats är varmvattenberedning med
tappvattenautomat (extern plattvärmeväxlare) istället för interna kamflänsrör och användning av
cirkulerande varmvatten för uppvärmning av diskmaskin och tvättmaskin via en inbyggd värmeväxlare istället för elvärme (värmedrivna vitvaror).
Datormodeller av pelletkaminer (både med och utan vattenmantel), pelletpannor, tappvattenautomater och värmedrivna vitvaror har utvecklats. Parametervärden till modellerna har identifierats från mätningar på riktiga komponenter och överensstämmelsen mellan mätdata och modell
har undersökts. Systemen med pelletkaminer har simulerats i tre olika hustyper där värmeöverföring i dörröppningar mellan olika zoner simulerats i detalj. För övriga simuleringar har en värmelastfil eller en husmodell med en zon använts. Simuleringarna är genomförda för Stockholm och
för undersökningen med värmedrivna vitvaror även för Miami, USA.
De viktigaste resultaten från studien är den ökade förståelsen av systemdesignens betydelse för
funktion och prestanda. Elbesparing och systemverkningsgrad är kraftigt beroende av systemdesign och reglerstrategi. Stora besparingar i pellet är möjliga genom att kombinera pelleteldning
med solvärme. Detta kräver att varmvattenberedning och radiatorkrets är kopplad till den solvärmda ackumulatortanken. Pannan stängs sedan av då solvärmen ensamt täcker energibehovet.
Besparingen av elvärme med pelletkaminer är kraftigt beroende av planlösning, system design
och reglerstrategi samt brukarnas komfortkrav och beteende. Väl fungerande systemlösningar
och reglerstrategier är avgörande för att uppnå hög elbesparing och god komfort med pelletkaminer.
De undersökta teknikerna för att öka solvärmetillskottet (tappvattenautomater och värmedrivna
vitvaror) ökar solvärmetillskottet men marknadsintroduktionen för värmedrivna vitvaror i småhus är problematisk på grund av relativt dåliga ekonomiska förutsättningar. En marknadsintroduktion i gemensamma tvättstugor eller i varma och soliga klimat är troligare. Tappvattenautomater är ekonomiska, men det är svårt att bryta den för småhus dominerande tekniken med interna
kamflänsrörvärmeväxlare.

Nyckelord: Pellet, pelleteldning, kamin, panna, solvärmesystem, varmvattenberedning, systemutformning,
småhus, elbesparing, verkningsgrad, emissioner, rökgasförluster, skorstensförlust, diskmaskin, tvättmaskin.
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1

INTRODUCTION

In Sweden, electricity used for heating and hot water in housing was 22.6 TWh in 2004 (SCB,
2005). This was an increase of 0.8 TWh compared to 2003 and corresponds to 14% of the total
electricity used in Sweden. The major part of this electricity (16.3 TWh) was used in single-family
houses. There are more than 0.5 million electrically heated single-family houses and another 0.5
million houses with a combination of electrical heating and other heat sources (SCB, 2001). In
addition there are 483 000 holiday houses with electric heating (Boverket, 2003) and many of
them are located in Swedish ski resorts and are therefore heated during the winter period. According to the National Board of Housing, Building and Planning (Boverket, 2003), 88% of new
built single-family houses in Sweden are equipped with electric heating (8% electric resistance
heating and 80% waterborne electric heating).
The increased electricity costs for heating makes the users convert electrically heated houses to
other heating sources. Electricity for heating causes problems with high peak loads in distribution
grids and production facilities when low outdoor temperatures occur (STEM, 2002a). Historically, electricity prices have been low in Sweden due to large amounts of hydropower and nuclear
power, but in recent years the electricity prices have increased considerably.
This thesis focuses on how electricity demand for heating in single-family houses can be reduced.
The aim is to investigate by aid of computer simulations how combined pellet and solar heating
systems shall be designed to achieve high electricity savings, high efficiency, high solar contribution (low pellet consumption) and low CO-emissions. To increase the solar contribution, domestic hot water production using flat plate heat exchangers and a technology for replacing electric
heating in dishwashers and washing machines by using hot water is studied.

1.1

Background

Wood pellet for heating purposes has developed enormously in Sweden during the last ten years
(PiR, 2006; Äfab, 2004). The use of wood pellet boilers in single-family houses has been increasing strongly since 1995 and at the end of 2004 approximately 60 000 pellet heating units had been
installed (Östergren, 2005). In 2005, 590 000 tonnes of pellets were used in single family houses
(PiR, 2006), an increase of 33% compared to 2004. This corresponds to about 2 TWh heat with a
heating value of 4.7 kWh/kg (Svensk standard SS 18 71 20) and a system efficiency of 70%,
which can be compared to the use of electricity for heating in all single-family houses which was
16.5 TWh in 2002 (SCB, 2003). As the wood fuel is considered to be CO2 neutral it is also a
measure for reducing the CO2 emissions when replacing oil and electricity with wood pellets.
Pellets are an excellent heating source for single family houses as they are easy to transport and
store and as they can be burnt in automatic boilers or stoves without flue gas cleaning with relatively small emissions of harmful gasses (Olsson, 2001).

1.1.1

Biomass, wood fuels and pellet

In Sweden in 2002, 98.2 TWh bio-fuels were used including waste and peat (Hällgren, 2004). Of
this 48.8 TWh are wood fuels. Wood fuels were mainly used for hot water production in large
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heat plants (18.4 TWh in 2002), followed by single-family houses, and the paper industry (both
7.2 TWh in 2002). Farming properties and holiday houses used 3.3 TWh in 2002 (Hällgren,
2004). An estimation by Hagström (2006) is that the total usable Swedish bio-fuel resources are
188.9 TWh/yr. This includes trees from early thinning, direct fuel wood cutting, bark, black liquor, short rotation forests from agriculture etc.
The total heating demand of all buildings in Sweden, was 92 TWh in 2002 (SCB, 2003) and the
energy demand for transportation corresponds to 85 TWh according to Petersen et al. (2004).
Taking into account the conversion efficiencies, these demands are already higher than the resources estimated by Hagström (2006). In addition wood is, and will be, used for industrial processes, in board production, for electricity production and may also be exported. It is likely that
there will be strong competition between wood fuel producers, paper producers and timber producers. The increased pellet production has created a hard competitive situation for the board
production industry as shavings are used as a resource for both board and wood pellet. (STEM,
2003a) A combination of bio-fuel and solar heating may therefore be important for conserving
the bio-fuels.
The use of wood pellet for heating in Sweden started during 1980s with some more or less successful pellet production plants and installations in boilers for small heating plants, but from 1995
there has been a tremendous development on the single family house market. The first installations in single-family houses were as pellet burners in old oil boilers.

The pellet market development
The pellet heating market for single-family houses in Sweden has grown strongly since 2000 (Fig.
1.1) and at the end of 2004 approximately 60 000 pellet heating units had been installed (Östergren, 2005). Fig. 1.2 shows the annual number of sold pellet heating units in relation to the number of sold heat pumps, which dominate the market with about 600 000 in operation in Sweden
(Ny Teknik, 2005).
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Fig. 1.1. Delivered amount of wood pellets to users in Sweden (PiR, 2006) and energy content for a lower heating value of
4.7 kWh/kg (Svensk standard SS 18 71 20).

2

1. Introduction

100 000
Pellet boilers and stoves

-1

number of installed units [yr ]

90 000

Heat pumps

80 000
70 000
60 000
50 000
40 000
30 000
20 000
10 000
0
2003

2004

2005

Year

Fig. 1.2. Number of sold pellet heating units (boilers and stoves) and heat pumps (air to air heat pumps not included) in
Sweden. For 2005, the number of heat pumps sold during October to December is not included. The number of pellet heating
units sold is from Östergren (2005) and for 2005 from Arkelöv (2006). The number of heat pumps sold is from Ny Teknik (2005).

Besides a huge number of pellet burners and pellet boilers there are about 50 different pellet
stoves on the Swedish market, of which 16 are equipped with a water jacket (Bioenergi, 2006a;
Bioenergi, 2006b; Bioenergi, 2006c). In this thesis different system designs with pellet stoves for
electrically heated houses are investigated by system simulations and cost calculations. It is assumed, as hypothesis no. 1 (section 1.4), that combined solar and pellet stove systems are an economically feasible technology for the conversion of electrically heated houses.

1.1.2

Solar heating

Solar heating systems have been on the market in Sweden since 1980 and both large plants and
small systems were built. There has been sporadic financial support for installing the technology,
but the lack of continuity has made the market to vary drastically with the result that many companies have had problems with strongly varying sales in Sweden. However the development from
1998 to 2004 shows quite a stable increase from 7 500 m2/yr to 20 000 m2/year, but the volumes
are still too small for the companies to be able to decrease the costs (Miljö- och samhällsbyggnadsdepartementet, 2005). In recent years the small systems below 15 m2 completely dominate the market and the dominating collector type is the flat plate collector. The market for the
vacuum tube collectors has been increasing since 2003 and in 2004 reached about 2500 m2/yr.

1.1.3

Combined pellet and solar heating systems

Pellet heating is a young technology and research has so far, mainly focussed on the emissions
and the details of the combustion chamber. Research on combined pellet and solar heating sys3
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tems focusing on the system design and control strategies is rare. This project (called PESTO)
which aims at investigating systems with pellet and solar heating started during 2000. In 2003,
another project (called REBUS) was started also at SERC, Högskolan Dalarna in cooperation
with other Nordic universities. The state of the art of the pellet technology was investigated by
Fiedler (2003) and Fiedler (2004). It was found that combined solar and pellet heating systems
designed for houses without boiler rooms required development and the aim for the REBUS
project was to develop a compact solar and pellet heating system for electrically heated houses
without a boiler room (Fiedler et al., 2005). There were also system simulations performed, investigating how CO-emissions from combined solar and pellet heating systems can be reduced
(Fiedler et al., 2006b). The major results show the importance that the combustion power
matches the maximum consumption of the house. Another study investigates how the auxiliary
volume can be optimised regarding the CO-emissions and the heat losses (Fiedler et al., 2006a).
Ellehauge and Sæby (2000) and Overgaard et al. (2000) investigated and measured combined solar
and biomass heating systems (wood boilers and stoker boilers) for single-family houses in Denmark and found both well designed and well functioning systems as well as poor system designs.
The major problems that were found were oversized and undersized components, insufficient
insulation, complicated systems with a lot of piping connections and small solar gains. Though
much has happened in boiler development since then, there is still a lack of knowledge among
the manufacturers and the installers who actually also work as designers for plants in singlefamily houses. Lennermo (2004) have developed an overview of possible combinations of pellets
and solar and recommendations for the control system. Such an overview of stove systems have
also been published Persson (2005b).
There are no standardised measurements and evaluations for combined pellet and solar heating
systems but the complexity of these systems (Persson, 2004; Persson et al., 2005; Fiedler et al.,
2004; Fiedler et al., 2006c; Persson et al., 2006a; Persson et al., 2006b; paper no. II, III, IV1)) lead
to the assumption that the systems do not work optimally though they fulfil their tasks of keeping the houses warm.
Results from Löfgren and Arkelöv (2003) indicate that the total system heat losses from wood
pellet boilers during winter conditions always increase if a buffer store is connected; however
emissions may decrease for burners operating in ON-OFF mode, due to fewer starts and stops.
Modulating operation of the burner seems to increase the efficiency of a boiler connected to a
store during winter conditions.
Bohm (2004) has measured efficiencies for pellet boilers as low as 10 % for summer periods with
low hot water load. Bohm (2004) measured the efficiency of an electrically heated domestic hot
water store to 65%. If boilers have these low efficiencies it is possible that, if the plant is combined with a solar heating system that restricts the operation of the boiler in the summer, the
saved energy for the boiler could even be larger than the collected energy from the solar collector. This is one of the explanations given by Larsson (2000), as to why single-family house owners who have installed solar heating systems report that they have saved more energy than the
maximum that can be collected by the solar collector. Another hypothetical explanation by Larsson (2000) is that the users might change to a more energy efficient way of life, when a solar
plant is installed.
The same results have been presented by Thür et al. (2004) and Thür et al., (2006b), who have
carried out long term measurements of new oil and gas boilers in real plants in Denmark. The
system efficiencies were found to be between 61 and 87% for oil boilers with a strong dependence on the monthly energy consumption. For a consumption of less than 1000 kWh/month the
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efficiency was below 70% for the oil boilers. Simulation results with a model developed from the
measurements show that savings of up to 960 kWh/m2 solar collector and year are possible even
though the solar contribution is 480 kWh/m2 and year. The reason for the large savings is that
when a boiler is combined with a solar heating system, the boiler can be turned off and kept cold
during the summer period as the hot water is prepared in a separate buffer store. Thus, the savings arise from the decreased boiler losses which may be much larger than the losses from the
store. This is formulated as hypothesis no. 2 in section 1.4.

1.1.4

Why combine pellets with solar heating?

System efficiency
From the literature investigated in section 1.1.3 it can be seen that solar and pellet heating systems may be a perfect combination as the solar heating system covers the energy demand during
the summer when the boiler has the lowest efficiency and the highest emissions. However using
the investigations from Löfgren and Arkelöv (2003) one can also argue that the extra buffer store
that is required for solar heating systems will increase the heat losses to the boiler room even
more than the annual solar gains and will therefore give no positive results at all. These questions
are elaborated in this thesis, and are formulated as hypotheses nos. 2, 3 and 4 in section 1.4 .

Emissions
It can be expected that the emissions can be reduced if the number of starts and stops can be
reduced. Reduction of starts and stops can be achieved if the solar storage volume is used to
store heat from the boiler in the winter season. In addition the solar heat will reduce the operation time of the boiler during summer, when it can be expected to have a lot of starts and stops,
but relatively little energy is being used.
There is a potential for decreasing the emissions even more than the fraction contributed by the
solar heating, as the highest emissions per delivered kWh are assumed to take place during the
summer when the number of starts and stops are high compared with the delivered amount of
energy.
To sum up, there is a lack of knowledge in how combined solar and pellet heating systems shall
be designed and controlled in order to maximise the boiler efficiency and to minimise the emissions. Consequently a basic hypothesis for this study is that the efficiency can be increased and
the emissions can be reduced by optimising these parameters (hypothesis nr 4 in section 1.4).

1.1.5

Stoves and heat distribution problems

There are pellet stoves both with and without water jackets, with heat distribution to the water
circuit varying from 25 to 95% of the emitted heat (Bioenergi, 2006c) Pellet stoves are dependant
on the heat distribution in the house to be able to heat as large part of the house as possible, but
the dependence is expected to decrease with an increased fraction of heat to the water circuit. A
full scale measurement study by Nyström (1999) investigated the electricity saving potential using
a pellet stove in an electrically heated single-family house in Marma, Sweden.
Measurements and evaluations of systems with a combination of pellet boilers/stoves and solar
heating are rare, so the practical knowledge of how such systems work in houses is small, and
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there is very little knowledge on whether or not there are mistakes and imperfections in the systems that are installed. However, a measurement project evaluating a demonstration system comprising solar heating and a water jacketed stove has been started during summer 2006 (Fiedler,
2006).
In this study, the aim is to investigate how different systems and house plans affect the electricity
savings. The heat distribution within the house is expected to be a crucial parameter (Hypothesis
nr 5 in section 1.4). The heat distribution is expected to be dependent on the house plan, the
behaviour of the user and the comfort requirements and must be investigated in this study. This
requires detailed simulations of the houses (Fig. 2.18, Fig. 2.20 and Fig. 2.21). The simulated
houses are divided in several zones and heat transfer between the zones through door openings
and interior doors (section 2.4.1) is taken into account.

1.1.6

Measures to increase the solar gains

Lorenz et al. (1998) and Lorenz (2001) showed that DHW-units for hot water production (domestic hot water units) could give increased solar gains in a combisystem and they decreased the
auxiliary energy demand. A DHW unit is a flat plate heat exchanger with a pump and a controller/valve that regulates the DHW temperature by controlling the primary water flow rate (Fig.
2.9). Compared to using internal spiral-tube heat exchangers, the savings for a combisystem in
Stockholm using a DHW unit were 495 kWh/yr (Lorenz et al., 1998) and 350 to 450 kWh/yr
depending on the heat exchanger size (Lorenz, 2001). In this thesis the possible energy savings
using different types of domestic hot water units are further investigated. It is further investigated
under what conditions DHW-units reduce auxiliary heating demand and increase the solar gains
(hypothesis nr 6 in section 1.4)
Increasing the solar gains in an active solar heating system can also be achieved by increasing the
collector area or the use of more effective collectors such as vacuum tube collectors or collectors
with concentrators. However this will increase overheating problems during the summer period
with longer stagnation periods and higher temperatures with faster degradation of the heat carrier
as a result (Perers et al., 2003). Using load adapted concentrating collectors that have higher efficiency in spring and autumn than in summer makes it possible to build larger collector areas
without increasing over heating problems (Nordlander, 2004; Nordlander and Rönnelid, 2004).
Other possibilities are more effective buffer stores and improved control systems (Lorenz, 2001;
Furbo et al., 2005a; Furbo et al., 2005b; Rönnelid et al., 2004). Chemical storage makes it possible
to store heat for long time with small heat losses, but not many applications can be found in the
market (Hadorn, 2005). Ground heat storage gives possibilities for seasonal storage of heat (Fisch
et al., 1998), but requires large systems to keep the heat losses within reasonable limits.
Another possibility for increasing solar gains would be if electricity use could be replaced by the
use of hot water, so that the heat load would increase. An increased heat load, especially in summer will increase the solar gains as there is often more available energy from the collector than
what is needed to cover the hot water load. Using hot water to heat dishwashers, washing machines and tumble dryers would increase the heat load and decrease the electricity demand. The
most common way to use hot water in dishwashers is by connecting them to the hot water pipe
and filling the machine with hot water. These are known as hot water-fed machines or hot fill
machines. As cold water is required for the rinses, the washing machine requires connection to
both the hot and cold water pipes.

6

1. Introduction

Another concept with heat exchangers in a washing machine and a tumble dryer was developed
and tested by Zegers and Molenbroek (2000). This required a circulating heating circuit with a
supply temperature of about 70°C. This concept makes it possible to convert a tumble dryer
from electricity driven to heat driven. In this thesis electricity savings and solar gains are evaluated for a heat-fed dishwasher and a heat-fed washing machine connected to a solar heating system (hypothesis nr 6 in section 1.4).

1.1.7

Energy scenarios

The use of electricity for heating in Sweden strains the electricity production and distribution
systems during cold weather (STEM, 2002a). 88% of all newly constructed one and two family
houses in the south of Sweden are equipped with electric heating (Boverket, 2003). Johansson et
al. (2006a) and Johansson et al. (2006b) have investigated the trends in the heating market in the
south of Sweden between 1997 and 2003 and, if the data are extrapolated to 2025, this means
that no savings in house heating demand will be achieved, heat pumps will be the technology
which replaces oil and electricity in 70% of the cases, and district heating and pellet boilers will
share the remaining 30% equally. For such a scenario Johansson et al. (2006 b) predict an increased primary energy use of 10% and increased CO2 emissions of 15%.
A hypothetical development assumes 25% reduced heating demand in the buildings, all electric
boilers and almost all local electric heaters will be phased out, district heating grids will be extended, pellets or biomass will be used in houses with boiler rooms outside district heating areas,
electric heating will be very restricted and heat pumps will be installed outside the district heating
networks in houses with electric resistance heaters and in electrically heated houses without boiler
rooms. This development would cause a reduction of primary energy use of 47% and a CO2
emission reduction by 77%. Both scenarios assume that all oil heating will be replaced.
The huge differences between these two scenarios illustrates the importance of minimising electricity use for heating in Sweden, and the importance of biomass and wood pellet in this process.
It is important that attractive and efficient systems for wood pellet are developed.

1.1.8

Electrical saving potential in single-family houses

The Swedish single-family building stock consists of 1.6 million single-family houses (agricultural
holdings and holiday houses not included), where 0.5 million are heated by electricity alone and
0.5 million are heated by a combination of electricity and other heating sources (SCB, 2001). Of
the houses heated by electricity alone, 220 000 have waterborne electric heating and 270 000 have
electric resistance heating. The electricity use for heating and domestic hot water in the 0.5 million Swedish single-family houses heated only by electricity was 7.8 TWh in 2000. The total electricity use in Sweden was 132 TWh in 2002 (STEM, 2003b).
Statistics on the total electricity demand for heating, domestic hot water and household electricity
for single-family houses with only electric heating are presented in Table 1.1 according to the year
of construction. The houses built between 1941 and 1960 have the highest electricity demand. It
is notable that the average electricity demand in the houses heated by electricity is not much
lower in the houses from the 1990s than in the houses from the 1970s. Some possible reasons are
larger windows, use of underfloor heating in poorly insulated floors, (Persson, 2000) and increased household electricity use and stand-by electricity losses.
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Table 1.1
Total electricity use for heating, domestic hot water and household electricity for electrically heated single-family houses depending on year of construction (Nygren, 2003).
Year of construction

Total electricity use
[kWh/(m2·yr)]

-1940
1941-1960
1961-1970
1971-1980
1981-1990
1991-1999

186
195
168
148
147
140

Sweden is introducing regulations requiring energy declaration of all buildings according to the
new EU Directive (2002) (Fritzes, 2005). The aim is to influence building owners to invest in
energy saving measures in order to improve the energy classification of the building and thereby
reduce the energy demand.
Common ways to save energy in the houses are additional building insulation and new windows
with lower U-values (STEM, 2002b). These measures may also decrease the air leakage losses, but
are usually carried out as the windows or the façade need to be replaced due to aging. The radiator thermostats both on waterborne radiators and electric resistance radiators may deteriorate
with aging and should be replaced. The installation of a new electronic regulation system is a way
to reduce electricity demand for heating and to improve comfort in houses with old electric resistance heaters (STEM, 2002b). The use of heat pumps and solar heating systems may be considered as energy saving measures as the amount of bought energy decreases. The behaviour of the
consumers is also an important factor to reduce appliance energy demand, heating and hot water
demand. Individual measurements of heat and electricity (Boverket, 2002) may be a tool to influence the consumer in multi-family buildings.

Primary energy
European electricity is mostly produced from fuel combustion where the waste heat is not utilised. Weiss (2003) recommend using an average electricity generation efficiency in Europe of
40% which means that saving 1 kWh electricity would save 2.5 kWh primary energy (heat). The
major focus in this thesis is investigating measures to reduce the electricity demand and investigating how much primary heat that is required to save a certain amount of electricity.

1.1.9

Potential for solar heating

Though the study by Johansson et al. (2006b) does not account for the possible solar thermal
contribution in Sweden, it may be a substantial part of the contribution in single-family houses. A
solar domestic hot water system covers roughly half of the domestic hot water load in Stockholm, Sweden (Persson, 2004; II) and if it is assumed that the total DHW load on average is 3100
kWh per house (Persson, 2004) and that solar heating is implemented in half of the 0.5 million
electrically heated houses, the solar gain would be 0.4 TWh or 5% of the 7.8 TWh electricity used
for heating and domestic hot water in these houses (section 1.1). If solar domestic hot water systems are implemented in 50% of all the 1.5 million Swedish single-family houses it will contribute
1.2 TWh. If the systems are combisystems, they may contribute twice as much (2.4 TWh, paper
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IV). For district heating systems using ground bore holes or water filled caves, annual storage of
solar in the ground could be achieved, and it is possible to provide a major part of the heating
demand solar heating for the whole year, but this technology must be built on a very large scale
as otherwise the heat losses become large and the economics are poor (Nordell and Hellström,
2000, Fisch et al., 1998).

1.2

Objectives

The objective of the thesis is to define how combined pellet and solar heating systems should be
designed to achieve:
-Low electricity use when replacing electrical heating with wood pellets and solar
-High annual system efficiency
-Low annual CO-emissions
-High solar gains (reduced need for auxiliary heat)
This thesis focuses on evaluating the current technological status of pellet and solar heating systems, and investigates the potential for optimisation by modifying the system design and control
strategy. The possibility of increasing the solar gains by using DHW-units for hot water production, and hot water for heating of dishwashers and washing machines is also studied. The aim is
also to quantify the savings in energy and the potential for lower CO-emissions from system
modifications and from combining pellet heating with solar heating so that the savings can be
related to the investment costs of a modification.
The results are intended to be useful for boiler manufacturers, engineers and installers in the pellet and solar business and for decision makers and politicians.

1.3

Outline

The work builds on the segmentation of the typical electrically heated houses defined by Nygren
(2003) (Fig. 2.18 to Fig. 2.22 in section 2.4.1) and how they may be converted to pellet and solar
heating systems. This work featuring systems with pellet stoves and pellet boilers and the design
of the investigated pellet heating systems are presented in Appendix 1.
The measurements and the modelling of the boilers and stoves are presented in section 2.1. The
boundary conditions for the simulations with stoves and boilers are described in sections 2.4 and
2.5. The system simulations investigating the thermal performance of the pellets stove systems
and investigations of the influence of the major parameters are performed in section 3.2. The
system simulations with pellet boilers and investigations of possible system improvements are
preformed in section 3.3.
Investigated technologies to increase the solar contribution are domestic hot water units (section
2.2) and a heat-fed dishwasher and a washing machine (section 2.3). The boundary conditions for
the simulations with DHW units are described in section 2.6 and the simulation results are presented in section 3.4 showing which concepts that gives the largest energy savings.
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The boundary conditions for the simulations the heat-fed appliances are described in section 2.7
and the results are presented in section 3.5 showing the possible savings using this technology.
The possibilities of implementation and economic evaluations of the technologies are discussed
in section 4 and a general discussion and final conclusions are presented in section 5 and 6 respectively.

1.4

Hypothesis

System simulations and parameter studies allow many ideas and hypotheses to be tested. Based
on the discussion in the previous sections the following general hypotheses are formulated and
tested in the thesis:
1. Pellet heating systems with stoves are an economically feasible technology for conversion
of houses with electric resistance heaters.
2. Combining a pellet boiler system with solar heating gives larger energy savings than the
amount of energy supplied by the solar collectors to the store.
3. Combining pellet systems with solar heating reduces CO-emissions much more than what
could be expected with regard to the saved amount of energy, as the worst operation
conditions for the pellet systems during the summer are excluded.
4. The sizes of the energy savings and the CO-emission reductions from combining pellets
and solar heating are highly dependant on system design and control strategy.
5. For pellet heating systems in general, and stove heating systems in particular, the house
plan and the user behaviour are important factors influencing efficiency and electricity
savings.
6. The installation of DHW-units and heat-fed machines will decrease the use of auxiliary
heating and increase the solar gains.
The different hypotheses are evaluated in sections 3.2.3, 5.1, 5.2 and 5.5.

1.5

Method

Quantifying the influence from different parameters on an annual basis for pellet and solar heating systems is important in this study. The best way to do this within a reasonable time is by using computer simulations. Using measurements, only limited typical operation conditions can be
studied. An advantage of using simulations is that all the parameters except the one being studied
can easily be kept constant and annual simulations give the annual energy balance. However, the
reliability of the results is dependant on the accuracy of the model and the boundary conditions.
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TRNSYS
For system studies of this kind, where the efficiency and emissions from a combined pellet and
solar heating system are to be studied, using simulations of complicated systems, TRNSYS (Klein
et al., 2000) is a natural choice. There are several component models such as solar collectors,
buffer stores, pipes and controllers as well as house models (named "Types") that can be combined to complete systems. The program is very flexible and new models can be created. The
different models are combined in the program by connecting the components’ time dependant
outputs to other components’ inputs. In addition equations can be used to modify the outputs
from the components. For a time step, the chain or circle of time dependant components is iterated until convergence is reached, then simulation continues for the next time step.
Many models in TRNSYS exist that already have been widely tested and used and therefore can
be used in the system with reasonable accuracy without making any further measurements for
sub model verification. To find the parameters for these models, manufacturers’ data and experience from earlier projects have been used. Surrounding components such as radiators or solar
collectors create the surrounding operation conditions and are not as important as the components that should be studied in detail: in this study the boilers, the stoves, the buffer stores, the
DHW units, the dishwasher and the washing machine. Therefore, the simulations have been preceded by measurements, where the behaviour of the component for different operation conditions has been measured.
At the time when the project started there were no suitable models available for simulation of
pellet boilers and pellet stoves (I), so a new boiler/stove model (Type 210) was developed within
the project by Nordlander (2003). Recently another TRNSYS boiler model (Type 269) has been
developed at SPF, Hochschule Rapperswil in Switzerland by Haller (2006). A laboratory intended
for measurements and parameter identification was built; however it has not yet resulted in any
publications.
The heat-fed machines were modelled using the store model Type 140 (Drück and Pauschinger,
2000). For controlling the heat-fed machines the sequential controller Type 212 was developed
by Nordlander (2005).
For the other modelling, existing components and equations were used. The characteristics of the
radiator thermostats were quite complicated, but were modelled by using equations and the recall
unit Type 93. The procedure is documented by Persson (2003) and Persson (2004).
The work in this study has been carried out in the following stages:
1. Measuring the components in a laboratory. The boilers, the stoves, the domestic hot water units and
the domestic appliances were measured in a laboratory. This was carried out in order to gather
enough data to be able to create models of the components.
2. Modelling and parameter identification. Mathematical "black box" models were developed for the
different components within the dynamic simulation programme TRNSYS (Klein et al., 2000) by
combining existing and newly developed models. Measured values like ambient temperature, inlet
water temperature and flow rate were used as input to the simulation. The parameters for the
model were adjusted so that the outputs from the model (outgoing water temperature and transferred heat rate, etc.) had reasonable agreement with the measured data.
3. Model verification. Some of the models with the identified parameter values were verified with
other measured data that was not used in the identification process. The verification process is
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similar to the identification process, but the identified parameter values are used and kept constant. The relative errors in transferred energy εW through the boiler or the heat exchanger was
calculated as by Bales (2004)

εW =

Wc − Wm
⋅100%
Wm

(1.1)

where Wc is the calculated amount of energy that is transferred through the component and Wm
is the measured amount of energy that is transferred through the component. The relative error
in heat transfer rate through the heat exchanger is calculated by
t

∫ Pc − Pm dt
εP =

0
t

⋅ 100%

(1.2)

∫ Pm dt
0

where Pc is the calculated heat rate, Pm is the measured power and t is the operation time.
4. Modelling of the surrounding system and control strategies. A surrounding system was built up from
other TRNSYS components.
5. Annual system simulations. Annual simulations were carried out where the key parameters, the
system design and the control strategies were varied. Monthly, and annual energy balances were
received as results and the influence from different key parameters, system design and control
strategies were investigated.

1.6

Limitations

System studies of combined pellet and solar heating systems are a new research area, so the assignment became relatively broad to allow investigation of the whole field. But the work also
needs to be detailed in the sense that detailed system models are required to give realistic results.
As the work also includes studies on how the solar gains can be increased, the thesis became
quite diverse. These circumstances mean that there are interesting lines of research that are not
followed up completely but left for future work.
The aim has not been to show how to fully optimise systems for pellet and solar heating, as this
would have required a much more circumscribed work. The work has been limited to simulations
of different system concepts with models built from measurements of a few boilers and stoves.
The system designs are restricted to hot water stores and buffer stores with internal finned-tube
heat exchangers. The performances of the different system concepts are compared, though they
are not fully optimised.
The evaluation of the stove systems has been restricted to three different house types and the
only climate studied is for Stockholm, Sweden except for the studies of heat-fed appliances,
where Miami, USA has also been simulated. The influences of different user behaviour, cleaning
intervals and combustion air settings have not been investigated (except for open and closed internal doors and a few simulations with different room air temperatures).
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When quantifying the emissions from the boilers and stoves, only CO-emissions are considered
in the simulations. They will not give full information on how harmful the emissions are, as there
are many harmful substances such as particles, total hydrocarbons (THC), organic gaseous carbon (OGC), benzene, naphthalene and phenanthrene that may not be in proportion to the reductions in CO-emissions (see section 2.1.7).
Detailed simulations have been carried out for a few pellet heaters on the market and as the characteristics of the heaters vary strongly depending on the product, the adjustments and maintenance, it was not possible to draw general conclusions from the simulation results. Parameter
studies and sensitivity analyses are not thorough enough to give a full understanding of the different parameters and performances and the relation between them.
Though section 1.1.6 show many possibilities to increase the solar gains, the efforts in this thesis
have been restricted to the use of DHW-units (domestic hot water units) and heat-fed dishwashers and washing machines (using heat instead of electricity to heat the machines).
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2

SIMULATION MODELS AND SYSTEM MODELLING

This section describes the different component models that were developed within the project,
and the different systems and houses that were modelled within the project. The boiler/stove
models are described in section 2.1, the models of the domestic hot water units are described in
section 2.2 and the models of the heat-fed dishwasher and the washing machine are described in
section 2.3. The simulated house types and the boundary conditions for the simulations with
stoves are described briefly in section 2.4. A detailed description of the models is given by Persson (2004) together. In section 2.5 the boundary conditions for the simulations with pellet boilers
are described and in sections 2.6 and 2.7 the boundary conditions for the simulations with DHWunits and the heat-fed appliances, respectively are described.
Three different component models have been developed for this work in the dynamic simulation
program TRNSYS. The most important model for this work is the boiler/stove model Type 210,
that was developed and described by Nordlander (2003) and Nordlander et al. (2006) (paper I 1)).
The models for the domestic hot water units were developed by Lorenz et al. (1997), Persson
(2002) and in paper V and the models for the heat-fed domestic appliances were developed in
paper VI. The houses with pellet stove-systems that are simulated in paper II are described in
detail by Persson (2003) and Persson (2004). Systems with pellet boilers are described by Persson
(2003) and such systems are simulated in paper III and IV.

2.1

The boiler/stove model

The boiler/stove model by Nordlander (2003) and paper I was developed to be able to make
detailed dynamic system simulations. The model calculates output water temperature, flue-gas
temperature CO-emissions and electricity consumption. The start and stop sequences are modelled with lumped emissions of CO, and electricity consumption. The schematic structure of the
model is described in Fig. 2.1. Fuel and combustion air enter the stove and combust to form a
hot gas. Energy is transferred from the gas to a first thermal mass, m1, representing the part of
the stove that transfers heat to the ambient air. Having passed m1 the gas has temperature Tg1
and heat is transferred to m2, which represents the gas-liquid heat exchanger in the stove. Finally
the gas leaves the stove at temperature Tg2. Heat transfer between the room and m1 is governed
by the coefficient UAma and heat transfer between m2 and the liquid flow stream is governed by
UAmliq. Heat transfer between m1 and m2 is governed by UAmm, etc.
A limitation of the model is that it does not take into account the thermal mass of any volume of
water in the heat exchanger. All thermal capacity is included in the thermal masses with the result
that the water in the heat exchanger acts as a fully mixed flow rather than a plug flow, which is
more likely to be the case for a real boiler. This may cause discrepancies between the measured
and the simulated outlet temperature if the inlet temperature changes suddenly. However, combining Type 210 (Nordlander, 2003) with store model Type 140 (Drück, and Pauschinger, 2000),
as described by Persson (2003) and Persson et al. (2006a) and simulated in paper III, (paper VI 1))
makes it possible to model boilers with large water volumes more accurately.

1)
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Fig. 2.1. Schematic structure of the boiler/stove model Type 210 by Nordlander, (2003). Reprinted from Fiedler et al.
(2006c) with permission from Elsevier.

2.1.1

Measurements

Three pellet stoves, one traditional with only convection/radiation to the room and two water
jacketed stoves were tested in the combustion laboratory at SERC, Högskolan Dalarna in Borlänge, Sweden. Two of the stoves were modelled from measurements (K1 and K3). The stove K2
is a modified version of K3 with lower fraction of heat to the water circuit and is to be considered as a generic model. Three different boilers were also tested: one boiler, with integrated hot
water preparation (B2) and a relatively large volume, one small boilers without DHW preparation
and a smaller volume (B3), and one boiler with an integrated buffer store for solar heating of 0.63
m3 (BR1 + B1, system S16 in Appendix 1:3). A methodology for carrying out the measurements
is described by Persson et al. (2006a). A measurement set up with required measurement points
for a boiler is illustrated in Fig. 2.2. Instantaneous pellet consumption (WS1), various temperatures (TS1 to TS10), flue-gas composition (CO2, O2, CO and NOx) by GA1, liquid mass flow
(VFS1) and flue gas mass flow as a dynamic pressure (PS1) were monitored.
The following measurements sequences were used:
1) Measurements of stationary operation data for maximum, medium and minimum operation power.
2) Measurements of a cooling down sequence with blocked chimney.
3) Measurement of the heat loss coefficient with blocked chimney and open chimney with
varying draughts (under-pressures 2) up to 15 to 20 Pa) using an electric heater in the water circuit.
4) Measurements of start sequences when the boiler water is cold and when it is hot before
measurements start.
5) Measurements of stop sequences when the boiler is turned off completely.
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Fig. 2.2. Schematic of the test apparatus for the boilers and stoves.

2.1.2

Modelling and parameter identification

The boiler/stove model was originally developed by Nordlander (2003) for the investigation by
Persson (2004) and Persson et al. (2005) (paper II 1)). The model was gradually improved by making measurements and comparing the output from the simulations with the measured values.
Parameters have been identified for two stoves (K1, K3) and three boilers (Br1+B1, B2 and B3).
The process of developing the model took almost five years. The method that was used for the
parameter identifications together with this model changed along with the process as more and
more knowledge was gathered, so all boilers and stoves were not tested in a similar way. All boilers and stoves except the boiler B3 were tested with a real chimney; however it was found that
more constant test conditions could be created using a fan creating a constant draught instead of
the chimney.
The procedure for the parameter identification processes for boilers and stoves is described by
Persson et al. (2006a) and is summarised below. The list of parameters and the identified parameters for the components are presented in Appendix 4.
The following procedure was used in order to identify parameters for the Type 210:
1)

1)

The lower heating value (parameter 3 in Type 210) of a test sample from the pellets used
during the measurements was determined by Belab AB in Norrköping, Sweden. The pellet
should be stored in a plastic bag and filled just before the measurements are made in order
to keep a constant humidity. From the combustion calculations demonstrated by Persson
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et al. (2006a) parameter 2 can be identified. Uncombusted matter in ashes has not been
considered.
2)

From measurements of stationary operation data for maximum, medium and minimum
operation power, the UA values (parameter 21 to 30) was identified using a separate spread
sheet program with the theory of the model implemented as a Visual Basic program.
As the model does not take into account the thermal mass of any volume of water in the
heat exchanger the UAmliq (Parameter 27) should be given a very high value (Persson et al.,
2006a; Nordlander et al., 2006; paper I). The temperature of m2 is kept the same as the
outlet water temperature (Persson et al., 2006a and I), making it possible to include the
thermal mass of the water volume in thermal mass m2. If m2 has a low value the model
may present good agreement with measured data during operation anyway; however when
the liquid flow rate stops, the outlet water temperature suddenly rises to the temperature of
m2. This can be problematic if the water temperature in the stove is used for controlling
purposes.
During parameter identification work (Persson et al., 2006a and I) it was found that the
measured heat loss coefficient UAloss at no combustion could be used as a boundary condition during the identification of the UA-values. The parameters defining the heat losses at
no combustion UAm1-Amb and UAm1-m2 (parameters 25 and 29) shall be correlated to each
other by the following equation

UAm1− Amb =

1
1
1
−
UAloss UAm1−m 2

(2.1)

.

The parameters are then arranged so that the simulated losses are consistent with the
measured losses both during combustion and during standby. The heat loss coefficient
UAloss is calculated from a test where the boiler is heated by electricity with the chimney
blocked to avoid all chimney losses. The following equation can be used to calculate the
heat loss coefficient from heat loss measurements for the boiler.

UAloss =

Wel ,h+b


 Tboil ,h+b − Tamb ,h+b  ⋅ t


______

_______

−

Wel ,h
_______


 Tboil ,h − Tamb,h  ⋅ t


_______

(2.2)

The first term is the total heat loss coefficient from the boiler and the electrical heating
circuit and the second term the heat loss coefficient only for the heater and the heating
circuit.
The heat loss coefficients to the ambient are for most boilers higher during combustion
than during stand-by and this can be compensated by the power dependency of the heat
transfer coefficients and the fact that Tm1 attains a high temperature during combustion.
Due to the fact that m1 attains high temperatures, the thermal mass of the water and the
major part of the steel in the boiler/stove should be included in m2.
3)
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From the stationary combustion measurements, the maximum combustion power and the
minimum combustion power (parameter 7 and 8), the air factor (inputs 2 and 3) and the
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CO-emission parameters (parameters 31 and 32) can also be identified. The measurements
indicate that an exponential function describing the CO-emissions and the air factor for
some of the components would be a better option, thus the air factor and CO-emissions
have been modelled externally in some of the models.
4)

From a start and a stop sequence where the operation of the fan and the pellet feeder are
measured, the parameters 13, 14 and 15, can be identified. By using the flow rates measured by the Prandtl tube, the flue-gas mass flow rate during the stop phase and during
standby (parameters 17 and 18) can be identified. The sequence might be different depending on whether or not the boiler is warm or cold and whether the boiler is operating with
stand by combustion or not. The average values of several measurement sequences should
be used.

5)

As shown below, the leakage flow rate is set by parameter 18 ( m& air ,50 ) internally in the
model developed by Nordlander (2003) which shows that the leakage flow rate varies with
the outgoing gas temperature and the outdoor air temperature.

m& air = m& air ,50 ⋅

T g 2 − Toutd
50

(2.3)

In practice the leakage flow rate will not only vary depending on the outdoor temperature
and the outgoing gas temperature but also with the chimney height and diameter, the
thermal mass and the insulation standard of the chimney, if there is a valve that maximises
the under-pressure2) in the chimney, and the actual pressure in the boiler room relative to
the outdoor pressure, but this cannot be taken into account by the model.
If the measurements have been carried out at a specific under-pressure2) in the combustion
chamber and the measurements are to be used for the verification sequence, an artificial
outdoor temperature must be calculated to give the right leakage flow rate at no combustion. The following equation, derived from Eq. (2.3) shall be used.

Toutd = T g 2

 m&
− 50 ⋅  air
 m& air ,50





2

(2.4)

The coefficient m& air ,50 is the parameter to be identified and is the leakage flow rate of air
at 50K difference between the gas leaving the boiler and the outdoor temperature (Nordlander, 2003).
When identifying the leakage loss parameter, it is advantageous to have a plot with measurements of the heat loss coefficient as a function of the under-pressure2) in the combustion chamber, and, for the point of zero pressure, a value for the heat losses with the
chimney blocked. Assuming an outdoor temperature of 0°C, a flue-gas temperature of
50°C and a chimney height H of 5 m (ignoring friction losses, that the gas is cooled down
along the chimney and that the gas might contain other substances near a combustion period), an under-pressure corresponding to these conditions can be calculated as
p = (ρ air ,50°C − ρ air ,0°C )⋅ g ⋅ H

2)

The pressure measured in the combustion chamber related to the pressure in the boiler room

(2.5)
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by evaluating the densities of air at the two temperatures. The heat loss coefficient for the
natural convection UAlos,flu can now be derived from the plot of heat loss measurements
for the certain under-pressure p that corresponds to a chimney height of 5 m, an outdoor
temperature of 0°C and an exhaust gas temperature of 50°C. The mass flow rate for these
particular conditions can then be calculated as

m& air 50 =

UAloss , flu

(2.6)

c p ,air ,T

where cp,air,T is the heat capacity of the air at the measured average temperature between
the incoming and outgoing air (45°C if the incoming air was 20°C and the outgoing air was
70°C).
6)

Electricity consumption parameters (Parameters 10, 11 and 12) were identified from the
electricity consumption measurements of the boiler. Average power consumption during
the start sequence was measured and the operating electricity consumption was measured
at different combustion powers and at standby. The model assumes that the electricity
consumption is linearly dependant on combustion power.

7)

From a cooling-off sequence where the chimney is blocked to avoid flue-gas losses, the
thermal mass of the boiler (parameters 5 and 6) can be adjusted during simulations of the
cooling off sequence. The mass was adjusted so that the simulated temperatures of the
masses correspond well with the measured boiler water temperature during the whole
cooling down period. In particular for a stove with a large part of the heat rate to the
room, it is important to compare the measured temperature at the convection air outlet
and the glass surface with the simulated heat rate to the room both at the start up period
and the cooling down period. Increasing the thermal mass m1 will have a delaying effect on
the heat rate to the ambient and should be carefully adjusted using a start sequence.
The thermal masses (parameters 5 and 6) and the heat loss coefficient to the ambient
(mainly parameters 25 and 26) are highly correlated and it is difficult to find the correct
values by this method. Further measurements such as a fast cooling-off sequence or heating-up sequence by circulating water through the boiler would increase the accuracy of the
heat capacity parameters for the boiler.

8)

The time constant for the afterglow phase can be identified by simulating a measured stop
sequence and comparing the measured boiler water temperature (or air outlet temperature
and glass temperature for a stove) with the temperature of the thermal masses.

9)

Verification of the model was carried out to show that the model can make predictions
during real operating conditions. For this, a sequence including real operating conditions
should be used. The measurement data should be prepared in such a way that combustion
power, ambient air temperature, inlet water temperature and inlet water flow rate are used
as inputs. If a real chimney is used during the measurements the outdoor temperature is
given as input and if a fan with a constant draught is used, a fictive outdoor temperature is
calculated using Eq. (2.4).

For boilers with large water volumes, the boiler model Type 210 can be combined with the store
model Type 140 (Drück and Pauschinger, 2000). The model then produces the hot gases, and the
heat exchanger in the store model is used to transfer the heat to the water. Parameters for such a
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combination have been identified by Persson (2003) and the model is used for simulations in
paper III.

2.1.3

Modelled stoves and boilers

Two pellet stoves, one traditional with only convection/radiation to the room (K1), and one water jacketed stove with about 80% of the heat going to the water circuit (K3), were measured in
the combustion laboratory and the measurements were used for parameter identification. The
model of the stove K3 was modified to get a lower fraction of heat going to the water circuit by
changing the UA values (K2). This generic stove was used to investigate how the fraction of heat
to the water circuit influenced the electricity savings in the electrically heated houses.
Three different boilers were tested: one boiler, with integrated DHW (hot water) preparation and
a relatively large volume (B1), one small boiler without DHW preparation and a smaller volume,
B2) and one boiler with an integrated solar store of 0.63 m3. (B3). The identified parameters are
given in Appendix 4.

2.1.4

Model verification

Verification of a model means that the model is compared with measured data that was not used
in the parameter identification process. Preferably the verification sequence should be realistic
and contain a wide range of operating conditions.
The boiler model B3 has been verified against three short test sequences (Table 2.1 and Table
2.2). The combustion power, the air flow rate, the ambient air temperature, the water inlet temperature and water mass flow rate are used as inputs to the model. Calculated relative errors in
energy and heat rate are given in Table 2.1. Three different sequences are used for the parameter
identification: two sequences of about 6 hours with start and stop sequences (sequence 1 and 2)
and one sequence with heating up and cooling down curves (sequence 3).

Table 2.1
Relative error in transferred energy εW calculated by Eq. (1.1) for the B3 boiler model during dynamic operation conditions
with measured pellet mass flow and combustion air flow as input. The leakage losses are included in the flue gas losses.
Sequence
1
2
3

εW,water

εW,flue gas

εW,ambient

2%
4%
-6%

-7%
-6%
2%

-12%
-18%
34%

The results show that the discrepancy in transferred energy to the water circuit is maximum 6%
and the discrepancy in the energy to the flue-gas is maximum 7%. The discrepancy between the
simulated and measured energy to the ambient is between -12% and +34%. This indicates that
the heat losses to the ambient are too small during combustion and too large during non combustion periods, as there are mostly combustion periods in sequence 1 and 2 and mostly stand-by
periods in sequence 3. Limitations in the model or the parameter identification method cause this
deviation, however the uncertainty in the measured heat rate to the ambient may be large. The
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energy to the ambient is a residual term derived from the combustion power minus the energy to
the water and the chimney. As the heat rate to the ambient air corresponds to about 12 to 13% of
the combustion power (Fig. 2.8) it is obvious that the uncertainty in the measurements of energy
to the ambient is large.

Table 2.2
Relative errors in transferred energy and CO-emissions from the B3 boiler model (εW and εCO) calculated by Eq. (1.1)
during dynamic operation conditions with measured combustion power and ambient temperature as input. The relative error
in transferred heat rate to the water circuit εP,water is calculated by Eq. (1.2). The leakage losses are included in the flue gas
losses.
Sequence
1
2
3

εW,water

εP,water

εW,flue gas

εW,ambient

εCO

3.7%
7.5%
-3.7%

16.0%
14.1%
6.4%

-12.3%
-29.2%
-3.6%

-2.7%
-6.8%
43.7%

-16.1%
0.0%
-29.6%

Verification of the whole model including start and stop sequences and the equation for the air
factor is given in Table 2.2. The air factor was calculated by the model, thus the measured combustion power and the outdoor temperature were used as input to the model. As the boiler was
tested with constant under-pressure using a fan, a fictive outdoor temperature is calculated from
Eq. (2.4). The outdoor temperature is used by the model to derive the leakage flow rate during
non-combustion periods.
The results in Table 2.2 show larger differences than in Table 2.1 in most cases. The flue-gas
losses are too low in the first two sequences with mostly combustion periods. It is during the
start sequences that the flue gas losses are much too low, indicating that the model should have a
higher air factor during the start sequence than during normal operation. The current model uses
the same equation for the air factor during the start sequence as during operation which is a limitation in the model. The CO-emissions are much too low during sequence 1 and 3, but not in
sequence 2. It was found that the repititivity of a certain sequence concerning the CO-emissions
is quite low. Thus the verification against a single short sequence may give large errors.

Suggestions for modifications
During the parameter identification it was observed that the thermal mass and the heat loss coefficient both affect the dynamic behaviour of the model, and these coefficients should be defined
to give the best possible agreement for many different operation sequences. This is not possible
for the method that is described in section 2.1.2. The method used by Bales (2004) on buffer
stores, involving the use of the dynamic parameter identification programs DF (Spirkl, 1999) and
FITTRN (Huber, 1998), will make it possible to take into account several different measurement
sequences. The suggestion for improvements is therefore to use this method in further work with
the model.
The other boilers and stoves have not been verification against independent measurements; however they have been compared to stationary and dynamic data that was also used during the parameter identification.
The stationary results for the pellet stove K1 (Fig. 2.3) show quite good agreement between the
model and the measurements, looking at the heat rate to the room. The relative deviation in the
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flue-gas losses is quite high as the amount of energy is much smaller. For the dynamic conditions
(Fig. 2.4) the calculated heat rate to the room air is slightly lower than measured.

kW
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100%
90%
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70%
60%
50%
40%
30%
20%
10%
0%

P room meas
Proom sim
P gas meas
P gas sim
Eff meas
Eff sim

6
4
2
0
A

B

C

D

E

Fig. 2.3. Comparison between measured and simulated values for the stove K1 during stationary operation conditions.
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Fig. 2.4. Comparison between measured and simulated values for the stove K1 during dynamic operation conditions.

Fig. 2.5 shows the correspondence between measured and calculated data during stationary operation for a water jacketed stove K3. The simulated data generally have good agreement with
measured data for the cases with high heat rates. The simulated heat rate to water is within 5%
from the measured, except in cases H and L where it is up to 12%. The measured and simulated
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heat rate to the ambient and flue-gas are within 10% except from sequence B, G, H, I, J and L,
where they differ by up to 30%. Measurement uncertainties for flue-gas losses are relatively high,
and the heat rate to the ambient is calculated from the energy balance of the other terms.
For the dynamic conditions (Fig. 2.6) the results agree completely for the energy going to the
water circuit, but the calculated flue gas losses are 7% lower than measured.
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Fig. 2.5. Comparison between measured and simulated ("sim") values for the stove K3 during stationary operation conditions. Reprinted from Nordlander et al. (2006) with permission from Svebio.
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Fig. 2.6. Comparison between measured and simulated values for the stove K3 during dynamic operation conditions. Reprinted from Nordlander et al. (2006) with permission from Svebio.
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From the Figures 2.3 to 2.6 it can be observed that the energy balance of the simulations with
both stationary and dynamic conditions has proved to have high agreement with measured data.
However, the uncertainty of the measurements is large in the measured heat rate to the ambient
and the flue gas flow rate. This may be a contributing reason for the larger discrepancies between
data at low combustion power. The large uncertainties in the flue gas flow rate cause uncertainties in leakage losses, flue-gas losses and CO-emissions.

2.1.5

The performance of simulated stoves and boilers
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Fig. 2.7. The simulated characteristics with stationary conditions of the pellet stove models that are used in the thesis (papers
II and III). The ambient air temperature is 22°C, the inlet water temperature is 55°C and the water flow rate is 0.111
kg/s for the water jacketed stoves K2 and K3. The stove K2 is a generic stove (a modified version of K3. The parameters for
the models are given in Appendix 4. Reprinted from Persson et al. (2005) with permission from Elsevier.

25

2. Simulation models and system modelling

Performance charts of the stove models and the boiler models during stationary operation are
presented in Fig. 2.7 and Fig. 2.8. There are two versions of the stove K3; one with optimised
settings based on measurements from the Swedish National Testing and Research Institute that is
used in II and another version with factory settings based on measurements from the combustion lab at SERC, Högskolan Dalarna, giving quite different operation conditions used in III
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Fig. 2.8. The simulated characteristics with stationary conditions of the pellet boiler models that are used in this thesis (papers III and IV). The ambient air temperature is 22°C, the inlet water temperature is 65°C and the water flow rate is
0.222 kg/s. The parameters for the models are listed in Appendix 4. Heat to the room is considered as waste heat (see Eq.
(3.3) for the efficiency calculation). Boiler B3 Reprinted from Persson et al. (2006b) with permission from Svebio.

Characteristic for the stoves (Fig. 2.7) are that the air factor and CO-emissions decrease with
increased combustion power, except for stove K1, which has a slightly increased air factor with
increasing combustion power. The efficiency is higher for the stoves than for the boilers as the
heat rate to the room is considered as losses in the efficiency calculation for the boilers, but not
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for the stoves. Surprisingly, the heat losses increase strongly with the combustion power for the
boilers B2 and B3, but not for the Boiler B1. The main difference in the design that could explain
this difference is that the Boilers B2 and B3 have an un-insulated bottom, where the losses may
increase with combustion power, but the Boiler B1 has the solar water store below the burner.
However it may also be explained by errors in the measurements and the parameter identification
method.
The efficiency decreases with increased combustion power for the stoves indicating that the increasing flue gas temperatures with increasing combustion power dominate. For the boilers the
efficiency is quite constant over the entire operation range with the maximum efficiency at the
average combustion power. The major parameters influencing the efficiency are the air factor and
the flue-gas temperature, and for the boilers, the heat losses to the room.

2.1.6

Simulated control strategies

Most pellet stoves of today have electrical ignition. The ignition, the pellet supply feeder and the
fan run according to a programmed start schedule for approximately the first 15 minutes. After
that period the heating rate of the stove can be controlled between minimum and maximum heating rate by the thermostat control. At regular intervals, the fan goes up to maximum, to remove
ashes and dust. When the stove turns off, it is again controlled by the programmed schedule,
which contains a period when the fan is in operation, to ensure that all remaining pellet fuel in
the combustion chamber will be burnt out. The start and stop sequences are simulated in detail
(I) and are started by the thermostat controller.
During measurements and parameter identification work, the start and stop behaviour were
modelled in detail. The control function starting and stopping the burner/boiler is modelled
without being verified and must therefore be considered as theoretical strategies that may differ
from the products on the market.
In the simulations the pellet stoves are all controlled by the temperature of the room in which the
stove is placed. The most common strategy (strategy A) is that the stove starts at a room air temperature of 21ºC and turns off at 23ºC. This strategy is used for most stoves today and is therefore also used in most simulations, unless otherwise stated.
Using strategy B, the stove generally burns at the lowest heating rate, but when the room temperature goes below 21ºC it turns up to maximum heating rate until 23ºC is reached. The advantage is that the number of starts and stops are much fewer, which gives smaller emissions. The
stove turns off if the room air temperature goes above 23.5ºC, even though the stove is operating
at minimum combustion power. The stove starts again when the room temperature goes below
21ºC.
Strategy C means a variable heating rate control, where the heating rate is automatically adjusted
between minimum and maximum heating rate, to keep the room temperature at exactly 22ºC.
The advantages are that the number of starts and stops are small and that the room temperature
is always constant, unless the minimum heating rate causes the room temperature to rise. In that
case the stove turns off if the room temperature rises above 23ºC and starts again when the room
temperature falls below 21ºC.
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Many boilers and stoves have the possibility of using standby operation (maintaining the glowing
between the combustion phases), but such an operation seems to increase the annual COemissions (Löfgren and Arkelöv, 2003; Johansson, 2005) and increases the risk of backfiring.
(Persson et al., 2002) and is not considered in this work.
In the simulations, systems S1 to S13 are controlled by strategy A described above. For system
S14 (S4 in paper II), a temperature control for the buffer store has been added. This means that
the stove cannot be in operation if the temperature in the buffer store is too high or if the room
temperature is too high. This is to avoid overheating in the water circuit or too high room air
temperatures. Two sensors are placed in the buffer store; the upper one 50 mm above the auxiliary heater and the lower one at the height of the outlet pipe to the pellet stove. The stove turns
off when the lower sensor shows more than 70ºC and turns on again, when the upper sensor
shows less than 70ºC.

2.1.7

Aspects on CO-emissions and other emissions

When the CO-emissions are high this is an indication that there is unsatisfactory combustion.
The CO-emissions calculated by the model are calculated with a combustion power dependant
part and a constant part, times the number of starts and stops. Generally, the CO-emissions increase with decreased combustion power. The start and stop emissions are different for different
boilers and stoves depending on the construction of the boiler (Persson et al., 2006a) and can, on
an annual basis, become the dominating part of the emissions in a boiler operating in ON-OFF
mode (IV).
Besides the emissions of CO there are also many other emissions that may be harmful for humans or the environmental such as NOx, particles and methane, which is considered to be a
greenhouse gas with a much stronger effect than CO2. Other emissions are THC (total hydrocarbons), or OGS (organic gaseous carbon) like benzene, naphthalene and phenanthrene (Olsson,
2006).
It has been assumed that CO-emissions from pellet boilers and pellet stoves is a good indicator
also for other emissions, however there are not many studies where any correlations between CO
and other emissions are presented to support this assumption. Also the health effects of the
emissions should be weighted in such a study. Contra dictionary to this assumption there are
studies showing that total annual CO-emissions from a burner would not be such a good indicator for other emissions.
Kjällstrand (2002) illustrates the complexity of emissions from biomass combustion as the carcinogenic compound, benzene, increases with improved combustion efficiency contrary to what
happens to the CO-emissions.
A few examples by Olsson (2006) point out cases when there are no clear correlations between
CO-emissions and other emissions. For "stove A" operated at two different combustion powers
the CO-emissions were constantly independent of combustion power, though the emissions of
phenanthrene and guaiacol decreased significantly with increased combustion power. For "Boiler
A" the CO-emissions decreased with increased combustion power; however phenanthrene and
guaiacol increased with increasing combustion power. Another example from Olsson (2006) of
an operation cycle shows that the concentration of CO increased strongly during the stop sequence of a wood boiler, while the concentration of methane, ethene, benzene, metylbenzene,
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naphthalene and phenanthrene decreased during the stop sequence. This means that the large
CO-peak from the stop sequence might not be a good indicator for other harmful emissions at
all.
Further it is also well known that emissions of NOx usually increase with increased combustion
power as the combustion temperature increases. However the CO-emissions usually decrease
with increased combustion power as seen in Fig. 2.7 and Fig. 2.8.
Olsson (2006) concludes that CO-emissions are not sufficient for the evaluation of environmental and health effects from residential pellet boilers. During the final glowing phase the highest emissions of CO occur, but there are only low concentrations of organic compounds. The
highest concentrations of organic compounds originate from the initial smouldering combustion
phase.

2.2

The model of the DHW-units

There are several different ways of producing domestic hot water in a solar combisystem: tank in
tank systems, immersed spiral-tube heat exchangers and external domestic hot water units (Persson, 2004). A domestic hot water unit (DHW-unit) comprises a flat plate heat exchanger and
flow control for preparation of domestic hot water outside the buffer store. It has been shown
that properly designed DHW-units may increase the solar gains in solar combisystems compared
with internal spiral-tube heat exchangers (Persson et al., 1996; Lorenz et al., 1997; Lorenz et al.,
1998; Persson, 2002; Bales and Persson, 2003; V).
In V seven different units are evaluated (Fig. 2.9), however units [1] and [2] were tested by Persson et al. (1996) and proved not to be suitable for solar heating systems and were therefore not
simulated in this study. Units [3] and [5] were found to have the same characteristics, which is
why only unit [5] was simulated. Finally only units [4], [5], [6] and [7] were simulated in detail.
Unit [1] has a self actuating three way valve with the bulb (sensor) placed in the domestic hot
water pipe (dhwo) causing recirculation of the primary heating water (pi and po) when the hot
water temperature is sufficiently high. This causes high return water temperatures (po) and is not
suitable for solar combisystems (Persson et al., 1996, Lorenz et al., 1997). The pump is turned on
using a flow switch on the hot water flow inlet side.
Unit [2] has a self actuating two way valve with the bulb placed in the primary return water. A
constant recirculation flow rate on the primary side causes high return water temperatures (Persson et al., 1996, Lorenz et al., 1997). The pump is turned on using a flow switch on the hot water
flow inlet side.
Unit [3] has a self actuating two way valve with the bulb placed in the domestic hot water pipe
(dhwo). This unit maintains low return water temperatures as the primary flow rate is blocked
when the domestic hot water temperature is high enough. The only exception is the combination
of low primary water temperatures and low domestic hot water flow rates when the return water
temperatures are higher (Persson et al., 1996, Lorenz et al., 1997). The pump is turned on using a
flow switch on the hot water flow inlet side.
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Unit [4] is regulated by a microprocessor based controller. The pump speed is regulated to maintain a constant hot water temperature (Tdhw,o). The controller forces the hot water temperature
(Tdhw,o) to be lower than the primary inlet temperature (Tpi) by at least a minimum offset, ∆Th,min.
In this study ∆Th,min was set to 7°C, but in reality it can be set by the user. This feature is designed to ensure a low return temperature to the store (Tpo) under all conditions. The pump is
turned on by a sudden temperature change in the heat exchanger.
Unit [5] is regulated by a self actuating three-way valve with the bulb placed in the hot water pipe.
The recirculation loop is located on the primary inlet to the heat exchanger causing the unit to
behave similarly to unit [3] (V). The pump is turned on using a flow switch in the hot water flow
inlet side.
Unit [6] is regulated by a turbine pump. This pump has a turbine activated by the hot water flow.
The turbine is magnetically coupled to a pump unit on the primary side resulting in a primary
flow rate that is approximately proportional to the hot water flow rate. No other control components are used and the DHW unit is not dependent on electricity. However, a tempering valve is
located at the hot water outlet so as to restrict the maximum hot water temperature, thus eliminating the risk for scalding.
Unit [7] is simply a heat exchanger and pump, which is turned on using a flow switch on the hot
water flow inlet side. The primary flow is thus either active at a fixed flow during discharge, or
zero for all other times. It too has a tempering valve to prevent scalding.
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Fig. 2.9. Schematic of the evaluated DHW units [1] to [7] and the reference method for hot water production. Reprinted
from Bales and Persson (2003) with permission from Elsevier.
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2.2.1

Measurements

DHW units [1] to [5] are all commercial products and have been tested in SERC’s laboratory
(Persson et al., 1996; Lorenz et al., 1997; Persson, 2002). DHW unit [6] is still at the prototype
stage. The first two prototypes of DHW unit [6] were tested at the laboratory of Vattenfall Utveckling AB. Unit [7] has such a simple control that it did not require any measurements.
The measurements were made during different projects (Persson et al., 1996; Bales, 2002a; Persson, 2002 and Bales, 2004). The set up of the test apparatus was according to Fig. 2.10. The units
were connected to a buffer store which could be heated to different temperatures. Temperatures
were measured using calibrated PT100 sensors with an uncertainty of ± 0.05 °C. Flows were
measured with inductive flow sensors with an uncertainty of ± 1.5%.
Measurements of temperatures and the flow rates during stationary conditions were made for
different temperatures in the buffer store (Tpi) and different hot water flow rates (m'dhw) and also
for different settings of the hot water temperature. A single data point was calculated from the
average of several stationary measurement values.

T pi

T dhwo
hot water

DHW
unit

solar

Tpo

Tdhwi

m' p

m'dhw

cold water

Fig. 2.10. Schematic of the test apparatus for the external DHW units. Reprinted from Bales and Persson (2003) with
permission from Elsevier.

2.2.2

Modelling and parameter identification

The simulation environment PRESIM/TRNSYS was used for modelling and simulations
(Lindberg, 1998; Klein et al., 2000). DHW unit [4] (Fig. 2.9) was modelled by Lorenz et al. (1997).
The heat exchanger in the DHW units has been modelled using the Type 140 Multiport model
(Drück and Pauschinger, 1996). Parameters were identified for DHW unit [5] and for three sizes
of heat exchanger for DHW unit [4]. The identification programs DF (Spirkl, 1999) and FITTRN
(Huber, 1998) were used for this identification. These four heat exchangers were the only ones
used in the annual simulations as they cover a wide range of heat transfer capacities.
DHW units [4] to [7] have very different control strategies for regulation of primary flow rate.
Fig. 2.11 shows diagrammatically the models used for these four DHW units.
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For DHW unit [4] (Fig. 2.9) the primary flow rate is adjusted so that Tdhw,o is as shown in Fig.
2.11a. However, it cannot be increased above a certain maximum flow rate, which in practice is
limited by the pump capacity and the pressure drop in the circuit. If the flow rate is limited to this
maximum value for a particular operating condition, then Tdhw,o is determined solely by the function of the heat exchanger in the model, and will be lower than the value shown in Fig. 2.11a.
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Fig. 2.11. The control strategies for DHW units [4] to [7]. a): DHW unit [4] with hot water temperature (Tdhw,o) as a
function of primary inlet temperature (Tpi). b): DHW unit [5] with primary mass flow rate (m´p) as a function of hot water
temperature (Tdhw,o). c) and d): DHW units [6] and [7] both with primary mass flow rate (m´p) as a function of hot water
mass flow rate (m´dhw). Reprinted from Bales and Persson (2003) with permission from Elsevier.

For DHW unit [5], the primary mass flow rate is controlled as a function of Tdhw,o. Due to the
nature of the relationship between these two quantities shown in Fig. 2.11b, the control function
was split into three operating ranges and modelled by three equations (see paper V)
For DHW unit [6] the control strategy was elaborated together with the inventor of the turbine
pump and represents a theoretically possible function of such a pump with a maximum primary
flow rate of 0.267 kg s-1. The relationship between the primary and secondary flows can be seen
in Fig. 2.11c.
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DHW unit [7] has a simple ON-OFF control strategy where the primary flow rate is 0.267 kg s-1
independent of the hot water flow rate. Below a threshold hot water flow rate of 0.01 kg s-1, the
primary flow rate is zero. The control strategy was implemented in TRNSYS using equations.

Heat Exchangers
The heat exchanger in the DHW units have been modelled using the Type 140 Multiport model
(Drück and Pauschinger, 2000). Eq. (2.7) shows a simplified version of the equation used in this
model for the overall heat transfer coefficient. Terms that take into account temperature difference and dynamic variation of the overall heat transfer coefficient were set to unity during the
identification process and are therefore ignored. Parameters b1, b3 and UA0 from Eq. (2.7) were
identified for the heat exchanger in DHW unit [5] and for three sizes of heat exchangers for
DHW unit [4]. The identification programs DF (Spirkl, 1999) and FITTRN (Huber, 1998) were
used for this identification. These four heat exchangers were the only ones used in the annual
simulations as they cover a wide range of heat transfer capacities.

UAi UA0 b1 T pi + Ts,j 
=
⋅ m& p ⋅ 

nhx
nhx
 2 

b3

(2.7)

Table 2.3 shows the major parameter values that were fixed during both the identification process and subsequent simulations. The identified values are shown in Table 2.4 and Fig. 2.12 shows
how the simulated overall heat transfer coefficient varies with the mass flow.

Table 2.3
Major fixed parameter values used for the Type 140 model of the flat plate heat exchangers in the DHW units. Inlets and
outlets are assumed to be at the top and bottom of the heat exchanger.
Parameter

Value

Number of nodes
Height of heat exchanger
Effective vertical conductivity
Heat loss coefficient
Water volume (primary + hot water)

10
0.34 m
0.64 W m-1 K-1
0.0 W/K
0.0024 m3

Table 2.4
Identified parameter values for the parameters governing the overall heat transfer coefficient of the heat exchanger. See Eq.
(2.7). The b3 parameter for the three heat exchangers for DHW unit [4] was fixed to 0.0.
Heat Exchanger

UA0 [W K-1]

b1 [-]

b3 [-]

DHW unit [5]
DHW unit [4], small
DHW unit [4], medium
DHW unit [4], large

6219
12581
15710
18297

0.602
0.668
0.675
0.688

0.234
0.0
0.0
0.0
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Fig. 2.12. Calculated values of overall heat transfer coefficient (UA-value) plotted as a function of primary mass flow (m´p)
for the four heat exchangers whose parameter values were identified. Tpi and Ts,j from Eq. (2.7) are fixed to 60°C and
28°C respectively. Reprinted from Bales and Persson (2005) with permission from Elsevier.

2.2.3

Model verification

The models of the DHW units [4] and [5] were verified against measurements that were not used
in the identification process. Unit [4] was identified by Bales (2002a) and Bales (2004) together
with a buffer store. Unit [5] was identified separately by Persson (2002). The models for DHW
units [6] and [7] could not be verified as no measurement data was available. These units are
therefore to be considered as generic DHW units.

Unit [4]
The verification of unit [4] (Bales, 2002a; Bales, 2004) was carried out together with a solar
heated buffer store by a measurement sequence lasting for three days. The verification sequence
was carried out in the lab at SERC, Högskolan Dalarna in Borlänge, Sweden where it is possible
to measure buffer stores with a DHW circuit, a radiator circuit, a boiler circuit and a collector
circuit under specified test conditions (Bales, 2001). The different circuits are controlled by a
computer programme and electricity is used as heat source for the boiler and the collector circuit
so that the energy input and output could be controlled independent of weather conditions.
The weather data used is the Stockholm Test Reference Year from SMHI (1995). The utilised
solar radiation is simulated using the weather data and the actual collector temperature. The heat
load file is constructed using a house model in TRNSYS with an annual heating demand of 7950
kWh for Stockholm consisting of a three day sequence with a winter day, a spring day and a
summer day.
As parameters for the whole store were identified and verified as a complete model including the
model of DHW unit [4], the verification results are presented for all circuits in Table 2.5. The
results show that good agreement was achieved as the relative error in transferred energy is 1%
and the relative error in transferred heat rate is 3.6% for the DHW-unit.
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Table 2.5
Relative errors in transferred energy εW calculated by Eq. (1.1) and relative error in transferred heat rate εP calculated by
Eq. (1.2) through the different circuits of the system with DHW unit [4] (Bales, 2004).
Measured energy
[kWh]

Simulated energy
[kWh]

εW
[%]

εP
[%]

11.2
78.2
35.2
-18.4
-73.8

11.3
76.2
35.0
-18.7
-74.5

1.1%
-2.3%
-3.3%
-1.0%
0.4%

6.0%
5.3%
3.6%
7.9%

Electric Aux.
Boiler circuit
Collector circuit
DHW unit [4]
Heating system

Unit [5]
The verification of unit [5] was carried out by simulating a sequence consisting of many different
hot water flow rates at different primary water temperatures (buffer store temperatures). The
simulated DHW temperature, the return water temperature to the store and the primary flow rate
were compared with the measured values by calculating the relative errors in transferred energy
and heat rate using Eq. (1.1) and Eq. (1.2). The results for DHW unit [5] are presented in Table
2.6.
Table 2.6 shows that the relative errors between the simulated and the measured transferred energy through the heat exchanger, εW (calculated by Eq.(1.1) are in agreement to within 2.4 %. The
relative errors in the transferred heat rate for the heat exchanger εP (calculated by Eq. (1.2) are in
agreement to within 5.0%. In addition the total mass of transferred water on the primary side is
in agreement to within 2.2%. This is a reasonable agreement between the model and the measurements. Both the calculated primary flow rate and the transferred energy are slightly too large
and could be compensated by a small adjustment on the valve.

Table 2.6
Relative error in transferred energy through the heat exchanger in unit [5], εW calculated by Eq. (1.1) and the relative error
in transferred heat rate through the heat exchanger, εP calculated by Eq. (1.2). In addition the corresponding deviations
between measured and calculated primary water mass are also calculated.

∑ Wcalculated ∑ Wmeasured
2 949 kWh

εW
2.4 %

2 879 kWh

εP
5.0 %

∑ mcalculated ∑ mmeasured ∑ mcalculated − ∑ mmeasured ∑ mcalculated − mmeasured
44 370 kg

2.3

43 430 kg

936 kg

2.2 %

2 666 kg

6.1 %

Model of heat-fed dishwasher and washing machine

Washing machines and dishwashers for households are usually heated by electric energy. To decrease the electricity consumption they may be fed by domestic hot water instead of cold water.
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Prototypes of a dishwasher and a washing machine for households that could be heated by a circulating hot water circuit using a built-in pipe-in pipe-heat exchanger (heat-fed machines) were
developed at SERC, Högskolan Dalarna in cooperation with Asko Cylinda AB (Fig. 2.13).

Fig. 2.13. The prototype of the heat-fed dishwasher and washing machine.

Heat exchanger

Heat exchanger

Hot water supply

Hot water supply

P2

P1
Hot water return

SV1

Hot water return

M

SV2

Fig. 2.14. Outline diagram of the dishwasher and washing machine prototypes. In the dishwasher the pipe going to the
upper spray arm is replaced by the heat exchanger. In the washing machine, a new pump P2 pumps the wash water through
the heat exchanger. Two existing connections were used to connect the heat exchanger to the wash drum. The hot water flow
rate during the heating phases is controlled by the solenoid valves SV1 and SV2. Reprinted from Persson (2007) with
permission from Elsevier.
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The principal designs are illustrated in Fig. 2.14. TRNSYS Models of the prototypes were developed in VI and the electricity saving potential compared to ordinary machines connected to cold
water and hot water respectively was investigated. Previously a heat-fed washing machine and a
tumble dryer have been developed by Zegers and Molenbroek (2000) together with Miele, however they used a different type of heat exchanger. Though the machines were demonstrated in
several houses, they were not put onto the market.
The simulation models were incorporated in models of complete solar heating systems for singlefamily houses in Stockholm, Sweden and Miami, FL, USA and the potential for increasing the
solar contribution by using these machines was studied (VII; Persson and Rönnelid, 2007; Persson and Rönnelid, 2006c).
2.3.1

Measurements

Fig. 2.15 shows a schematic drawing of the test apparatus and the machines. Temperature sensors of thermocouple type K were connected to a data logger together with the flow sensor FS2.
The temperature sensors were not calibrated, but they were compared with each other at different temperatures from 10°C to 80 °C. The sensors measuring the temperature in the circulating
pipe were within 0.1 °C from each other. The other temperature sensors differed up to 0.4 °C
from the average temperature of the sensors.
The flow sensor was calibrated by weight measurements. Recordings of the data were taken every
18 seconds. The tap water volume was measured by a water meter and by weighing the waste
water. The pressure drop in the heat exchanger of the dishwasher was measured using two analogue manometers (MAN1 and MAN2 in Fig. 2.15) that were not calibrated.
Electric energy use was measured using energy meters connected to the socket outlets. Electricity
usage was measured, both the total used for the machines and the amount used by the electric
heater alone. It was found that the electricity usage of the motor in the washing machine could
not be measured correctly with this sensor due to the variable speed control. The power consumption of the motor was estimated from a test sequence from [4].
For the modelling and parameter identification process the necessary data to be delivered to the
model as inputs are:

•
•
•
•
•
•

Inlet cold water temperature (TS1)
Inlet cold water flow rate or volume (FS1)
Ambient air temperature
Inlet heating water temperature (TS3, TS5)
Inlet heating water flow rate (FS2)
Electricity used in the electric heater

And the measured data to be used for comparison with the model are
• Internal machine water temperature (TS6, TS7, TS8, TS9)
• Outlet heating water temperature (TS2, TS4)
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Fig. 2.15. Schematic of the test apparatus for the dishwasher and the washing machine. Temperature sensors (TS1 to
TS10) and the flow sensor FS2 are connected to the data logger and the PC. Measurements are taken every 18 seconds.
Readings from the analogue flow meter FS1 were taken after each time the machine was filled with water. The manometers
MAN1 and MAN2 were used to estimate the pressure drop in the heating circuit over the heat exchanger in the dishwasher.
The machines were tested separately, one at a time. Reprinted from Persson (2007) with permission from Elsevier.

2.3.2

Modelling and parameter identification

The dishwasher and the clothes washer were modelled with the non standard MULTIPORT
store – model, Type 140 from Drück and Pauschinger (2000). An illustration of the model is
shown in Fig. 2.16. Three nodes are used to simulate the thermal masses of the water, the crockery, and the machine. In the clothes washer, an extra internal heat exchanger is used to simulate
the thermal capacity of the wet clothes which were found to have a large thermal resistance to the
free water so that the temperature of the clothes in the machine differed from the temperature at
the auxiliary heater thermostat. A circulation flow rate through this heat exchanger of 1·10-5 kg/s
(Table 2) was defined without any heat exchange with the surroundings to allow the capacitive
behaviour to be calculated properly by the model. The heat capacity of the real machines varies
depending on whether the machines are filled with water or not. In the model, the heat capacity
is constant and water from the upper node leaves the machine at the same time as water is filled
in the bottom node, which is a disadvantage of this model.
The circulation pump P1 and the motor M is modelled with a standard TRNSYS Type 3 (Klein et
al., 2000) and is used to mix the water in the model and to calculate the electricity demand for the
electric motors in the dishwasher and the clothes washer. The controller for the machines was
simulated with Type 212 (sequential controller), which was developed for this purpose by Nordlander (2005). The controller performs actions in a predefined order of phases and goes further
to the next phase when a certain temperature has been reached or a certain time has passed.
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A limitation in the model is that the volume (heat capacity) is constant, and when fresh water is
added the waste water is removed as a plug flow model. In the real machines the waste water is
first removed, and then the machine is filled with new fresh water. The flexible cold water connection pipe was modelled with TRNSYS Type 31 (Klein et al., 2000).

TDFF
Type 14

Heat exchanger with heat
capacity to create an internal
thermal mass symbolizing the
wet clothes in the clothes washer

Start machine

Outlet

TRNSYS Type 140
Node 3

Cold water outlet

Temperature

Sequential
Controller
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Start motor/pump
Cold water flow
Heat is required

Heating water
Hot water
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Heat exchanger outlet
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P1/M losses

Electrictricity
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Temperature
Temperature

Equation
component
On/off
differenttial
controller
Type 2

Hot water or
electricity

Node 1
Cold water inlet

Inlet

Pipe, Type 31

Heat losses

Fig. 2.16. Schematic of the TRNSYS model of the dishwasher and the clothes washer (VI). Reprinted from Persson
(2007) with permission from Elsevier.

2.3.3

Model verification

The models of the dishwasher and the washing machine were verified against other measurements that were not used in the identification process. The verification sequence was an ordinary
wash sequence with the machines used in heat-fed mode with a supply water temperature of
around 70°C. The cold water flow rate and the heating water flow rate were used as input to the
simulation meaning that only the machine, not the controller simulated with Type 212, was verified. The deviation between measured and calculated relative errors in energy and heat rate is
given in Table 2.7. The relative difference in transferred energy, εW between the simulated and the
measured energy to the pumps and motors and to the heat exchanger (calculated by Eq. (1.1) are
in agreement to within 4 %. The relative error in transferred heat rate for the heat exchanger εP
(calculated by Eq. (1.2) is in agreement to within 6%.
The models were also verified against the standardised test sequences and the energy declarations
(Asko Cylinda AB, 2004a and 2004b), simulated as ordinary machines with cold water filling and
only electric heating. With this verification the controller simulated in Type 212 (Nordlander,
2005) is also included in the verification. When verified against the energy declarations, exactly
the same conditions as in the test standard were simulated (Nilsson, 2005) meaning that the machines were filled with cold water of 15°C and heated by electricity. The simulated total energy
demand is about 11 to 12 % higher than the energy classification suggests for both machines.
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Table 2.7
Relative errors in transferred energy through the motor and the heat exchanger εW calculated by Eq. (1.1) and the relative
error in transferred heat rate through the heat exchanger εP calculated by Eq. (1.2).
Motor
εW
[%]
Dishwasher
Washing machine
a

0.5
3.1a

Heat exchanger
εW
εP
[%]
[%]
-3.5
0.0

4.4
5.6

Power consumption of the motor is estimated from a test sequence from Asko Cylinda AB (2004c).

Table 2.8
Simulated electricity demand for heating and for operation of the dishwasher and the washing machine with the standard
programme operated only by electricity in comparison with the values from Höjer (2004).

Simulated electricity demand

Dishwasher
Washing machine

2.4

Electricity demand from Höjer (2004)

Motor
[kWh]

Heating
[kWh]

Total
[kWh]

Motor
[kWh]

Heating
[kWh]

Total
[kWh]

0.13
0.24

1.05
0.81

1.18
1.05

0.13
0.19

0.92
0.76

1.05
0.95

Boundary conditions for the simulations with stove systems

The aim of modelling the environment is to create realistic operation conditions for the studied
component and systems. However, especially in the house simulations with pellet stoves, the
house model is used to study the heat distribution within the house and the model there gives
direct results for this work. Most of the used components are standard components in TRNSYS
and are frequently used in simulation projects and have been verified in a similar way as is done
here for the pellet stoves and boilers.
Fig. 2.17 illustrates the heat transfer in the building model simulated for the stove systems in II.
The building is divided in several zones and the heat transfer through door openings is simulated
using Eq. (2.9). The heat losses from persons, electricity, passive solar, pipes and buffer stores are
emitted into their respective zones as convective and radiant heat. The heat capacity of the building construction, the air and furniture are taken into account by the building model Type 140
(Klein et al., 2000). The heat losses towards the ground are calculated using a sine shaped ground
temperature curve (see Fig. 2.25). A part of the ground is included in the building model in order
to better take into account the daily fluctuations in the room air temperature.
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Fig. 2.17. Schematics of the simulated energy flows for the stove systems simulated in paper II.

In paper II and III the house types H1, H3 and H4 are simulated with different heating systems
from Appendix 1. This makes it possible to study the interaction with the building, in the case
where the heat losses from the system may reduce the heating demand or where the room temperature is used to control the heating system. The house models in paper II are the multizone
house types H1, H3 and H4 illustrated by Fig. 2.18, Fig. 2.20 and Fig. 2.21. The house model
used in paper III is from Task 26 and described by Streicher and Heimrath (2003) and Bales
(2003). It is a single-zone model where the systems are simulated both with heat losses put into
the zone (called V3) and where the heat losses are considered as waste heat. However the one
zone model may not give realistic operation conditions for the stoves or the utilization of waste
heat from the boilers. In IV, V and VII, a load file created from simulation of the Task 26 building with Stockholm weather data from METEONORM (1999) was used, meaning that no interaction with the building can be studied.

2.4.1

House models

House types H1, H3 and H4 (Fig. 2.18, Fig. 2.20 and Fig. 2.21) have been simulated in detail together with pellet stoves. A detailed description of how the houses were modelled could not be
given in II, but is given by Persson (2003) and Persson (2004). The houses were chosen as they
have no waterborne system thus the stove systems may be a suitable system. The houses were
simulated for Stockholm climate using the standard reference year from SMHI (1995) which is
compiled from real measurements during 1983 to 1993 to be as close as possible to a statistical
average year.
The houses were modelled using the TRNSYS building model Type 56 (Klein et al., 2000) making
it possible to divide the houses into many different zones. The different zones are illustrated in
Fig. 2.18, Fig. 2.20 and Fig. 2.21. The same air temperature is assumed within the zone as there is
only one air node per zone. The model is non geometrical in the sense that the radiative heat
exchange between the different surfaces in the zones is area weighted.
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The solar contribution through windows was calculated automatically by the model; however no
shading from other buildings or trees is considered. The incoming diffuse radiation is distributed
between the different surfaces depending on their area and solar absorbtance. The incoming
beam radiation is distributed between the different surfaces in a simplified way and the methodology is described in detail by Persson (2003) and Persson (2004).
The walls were simulated with one dimensional heat transfer and the dynamic behaviour is taken
into account in Type 56 (Klein et al., 2000). The wall constructions are described by Persson
(2003) and Persson (2004) and the heat capacities of the air nodes also included an estimated
amount for the furniture.

House types
Nygren (2003) investigated the characteristics of electrically heated houses in Sweden and found
five typical house types representing a large part of the electrically heated single-family building
stock (Table 2.9). There are also houses that have combinations of electricity and other heat
sources that may be interesting for the types of systems developed here, but they are not included
in Table 2.9. The figures marked in bold type indicate the basis for the investigations of the
house types and are:
• 39 000 houses with electric resistance heating built before 1940.
• 73 000 houses with waterborne electric heating built between 1941 and 1970.
• 160 000 houses with electric resistance heating built between 1971 and 1980.
• 63 000 houses with waterborne electric heating built between 1981 and 1990.
Different house types, typical for the different periods, were chosen by Nygren (2003) and are
presented in Fig. 2.18 through Fig. 2.22.

Table 2.9
Number of single family houses classified according to year of construction and current type of heat distribution system from
Nygren (2003). The bold type indicates the categories that the chosen house types belong to.
-1940 1941-1960 1961-1970 1971-1980 1981-1990 1991-1999 Total
Resistance heating

39

8

30

160

26

5

268

Water distributed electricity

30

37

36

33

63

21

220

House type H1 (Fig. 2.18) is a house built before 1940 and was heated by its own wood stoves
and tiled stoves. It was later converted to electric resistance heating and bathrooms were installed. House type H2 (Fig. 2.19) represents houses built between 1941 and 1970 and had a
basement with a boiler room with an oil boiler, but many houses have been converted to electric
heating when the boiler was old.
House types 3 and 4 (Fig. 2.20 and Fig. 2.21) were built during the seventies and are equipped
with electric resistance heating. The 160 000 houses from the seventies are represented by two
house types: one with an open plan and one with a traditional plan. This is to allow investigation
of how the house plan influences the heat distribution, and thereby the potential savings using a
wood pellet stove. House type H5 (Fig. 2.22) was built during the 1980s and most houses were
built with waterborne electricity, to allow conversion to other energy sources.
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Bedroom
Zone 8

Zone 3
WC

Zone 9

Stove
Zone 4
Bedroom

Zone 3
Zone 5

Bath
WC

Zone 7
Bedroom

Zone 1
Living room

Zone 6

Zone 2
Kitchen

Zone 10

House type H1

Upper floor 65 m2

Ground floor 65 m2

Fig. 2.18. Plan and axonometric view of house type H1 built before 1940. The house has a crawlspace under the ground
floor, walls of massive wood, with wood boarding on the outside and fibreboard and plasterboard on the inside. The house type
was originally heated by its own stoves for wood, but was converted to electric resistance heating. It is assumed that the pellet
stove is placed in zone 1 and that the DHW-store or buffer store is placed in zone 6. The house has a natural ventilation
system. The arrows indicate simulated heat transfer between the zones.

House type H2
Bedroom

Bedroom

Living room

Bedroom

Bath
WC

Kitchen

Basement 90 m2

Hobby room

Laundry
Garage
Boiler
room

Cellar 90 m2

Fig. 2.19. Plan and axonometric view of house type H2 built between 1941 and 1970. The house has a basement with a
concrete floor on sub-soil. It has a boiler room and was originally heated by oil via a waterborne heating system, but has been
converted to electric heating as the boiler was old. The walls are of a wood frame insulated with mineral wool with wood panelling on the outside and fibreboard on the inside. The ventilation system is of natural ventilation type.
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House type H3
Zone 7
Living room

Zone 2
Bedroom

Stove

Zone 5

Zone 1
Kitchen

Bath

Zone 3
Bedroom

Zone 6
Laundry

WC
Zone 4
Bedrooms

Basement 112 m2

Fig. 2.20. Plan and axonometric view of house type H3 built between 1971 and 1980. The house has a concrete floor slab
on the ground with walls of a wood frame insulated with mineral wool with wood boarding on the outside and gypsum plasterboard on the inside. The heating system is electric resistance heating and the ventilation system is mechanical exhaust ventilation. It is assumed that the pellet stove is placed in zone 7 and that the DHW-store or buffer store is placed in zone 6. The
arrows indicate simulated heat transfer between the zones.
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Living room
Zone 7
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Upper floor 68 m2

Fig. 2.21. Plan and axonometric view of house type H4 built between 1971 and 1980. The house is of identical construction to house type H3, but has a different plan. It is assumed that the pellet stove is placed in zone 1 and that the DHWstore or buffer store is placed in zone 6. The arrows indicate simulated heat transfer between the zones.

44

2. Simulation models and system modelling

House type H5
Bedroom Bedroom

Bedroom Bath

Living room

Laundry

Kitchen

WC

Basement 112 m2

Fig. 2.22. Plan and axonometric view of house type H5 built between 1981 and 1990. The house has a concrete floor slab
on the ground with walls of a wood frame insulated with mineral wool with wood boarding on the outside and gypsum plasterboard on the inside. The heating system is waterborne electric heating and the ventilation system is a supply and exhaust
system with heat recovery.

Heat transfer through open doors
Heat transfer through open doors and other openings between zones was simulated in detail. The
openings and internal doors are marked with arrows in Fig. 2.18, Fig. 2.20 and Fig. 2.21.
Heat transfer through open doors was treated in detail using the following correlation recommended by Barakat (1987) and Said et al. (1993):
Nu L = C ⋅ GrL0.5 ⋅ Pr

(2.8)

Inserting the definitions for the dimensionless numbers gives after reduction the following correlation for the transferred heat rate through a door opening with width B and height L.


2g
P = C ⋅ c p ⋅ ρ ⋅ B ⋅ 
 Tm1 + Tm 2





0 ,5

(Tm1 − Tm 2 )1,5 ⋅ L1,5

(2.9)

The coefficient C is highly dependant on how the room air temperature is measured (Said et al.,
1993) and the coefficient C was found to range between 0.153 and 0.25. If the temperature is
measured in the middle between the floor and the ceiling, the coefficient C = 0.222 gives good
agreement with measured data. The coefficient used in the simulations is 0.222; however a study
by Pelletret and Khodr (1990) states that a coefficient of 0.4 gives the best correlation if the average temperature in the room is used. As the simulation model (Type 56) has only one air node
per zone, the use of a coefficient of 0.4 may be a better choice and the current simulations may
underestimate the results. However the coefficient by Pelletret and Khodr (1990) differs greatly
from the recommendations in the other reference. Today, there are also new correlations available from Bilgen (2002) based on the Rayleigh number, but they were not available when this
work was started. The heat transfer through a doorway is illustrated in Fig. 2.23.
A sensitivity analysis for two of the houses in Fig. 2.24 shows that the electricity savings in a
house may vary significantly depending on the coefficient C and is probably the parameter causing the largest uncertainties in the simulations with wood pellet stoves (II) and should preferable
be verified against measurements.
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Fig. 2.23. Heat transfer P through a doorway of 0.68 by 2.0 m as a function of the temperature difference (∆T) between
the zones and the coefficient C. In the simulations the coefficient C was 0.222. Reprinted from Persson et al. (2005) with
permission from Elsevier.
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Fig. 2.24. Influence on the electricity saving factor (Eq. (3.1) from the coefficient C for one year simulations of two different
house types and systems. The simulations were performed with C = 0.222.

Heat losses to the ground
Special attention was also paid to the calculation of the heat losses to the ground. A sine shaped
ground temperature curve was calculated according to Hagentoft (2001) taking into account the
geometry of the house, the floor and foundation construction and the annual air temperature
fluctuations. The method is described in detail by Persson (2003) and Persson (2004). Calculated
ground temperatures 1 m below the foundation level (1m below the ground surface for house
type H1 with crawlspace) are illustrated in Fig. 2.25.
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Fig. 2.25. The calculated ground temperature for the three different houses at a depth of 1 m below the foundation level.
House type H1 has a crawl space under the floor simulated as a separate zone, hence the lower ground temperature.

Ventilation and infiltration
The ventilation system is assumed to be a natural ventilation system in house type H1, and a mechanical exhaust air system in house types H3 and H4. The infiltration model by Sherman and
Grimsrud (1980) is used to describe the air flows in the natural ventilation system and the leakage
flow rates in the mechanically ventilated houses. The leakage flow rate at a pressure difference of
50 Pa was taken from measurements by Gustén and Johansson (1978). The chosen parameters
are described in detail by Persson (2003) and Persson (2004).

Internal gains
The annual amount of household electricity used inside the building and the resulting internal
gains from the machines and from persons are given in Table 2.10. A detailed description of the
different gains is given by Persson (2004). The house hold electricity demand differs between the
houses due to different floor areas and different use of lighting.

Table 2.10
Total electricity use for electrical appliances and internal heat gains and sensible heat gains from persons
(Persson, 2003; Persson, 2004).

House type H1
House type H3
House type H4
a

House hold electricity
demand a
[kWh/yr]

Heat gains from
electric equipment
[kWh/yr]

Heat gains
from persons
[kWh/yr]

4 640
4 680
4 830

3 310
3 350
3 500

1 410
1 410
1 410

Differ slightly between the houses due to different floor area and different use of lighting
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2.4.2

System models with pellet stoves

Originally thirteen different system concepts with pellet stoves were suggested and described by
Persson (2003) (Appendix 1). Six of the systems were without a solar heating system and were
not investigated in this study, where the aim was to investigate combined pellet and solar heating
systems. All systems with hotwater radiators were designed in two different versions. One version where the original electric resistance heaters were used as backup heating, and one version
where the electric resistance radiators were removed, and an electric heater were placed in the
radiator circuit. The first version, with electric resistance radiators as back-up heating, was simulated extensively with the different houses and the different stoves. The systems that were simulated in paper II are systems S3, S7 S11 and S14 from Appendix 1. The numbering of the systems that are used here is according to Appendix 1:1. Observe that it is different from the numbering in II.
System S3 (Appendix 1:1) is a simple system consisting of a pellet stove without a water jacket
that is placed in a central position in the house, usually in the living room, the kitchen, or the hall.
Electric resistance radiators are used as additional auxiliary heating. For domestic hot water
preparation a solar domestic hot water system (SDHW system) with a 280 litre store, an electric
auxiliary heater and a 5 m2 flat plate single-glazed collector is used.
System S7 (Appendix 1:1) consists of a pellet stove with a water jacket that is connected to a waterborne heating system with a hotwater radiator in each room. Electric resistance radiators are
used as additional auxiliary heating. The radiators were sized for a room temperature of 20ºC at a
dimensioning outdoor temperature of -18ºC with a water temperature of 55/45ºC. The size of
the radiators in the bathrooms was doubled to be able to keep a higher temperature in these
rooms. The SDHW system was identical with the system in S3
System S11 (Appendix 1:2) consists of a pellet stove with a water-jacket that is connected to both
the domestic hot water store and to a water-borne heating system. The hot water from the pellet
stove first heats up the domestic hot water store through a 10-meter spiral-tube heat exchanger
placed in the middle part of the hot water store, just below the auxiliary heater. The rest of the
heat is delivered to the radiators. The SDHW system is identical with the system in S3.
System S14 consists of a water jacketed pellet stove connected to a buffer store of 0.33 m3. The
solar collector is connected via an immersed heat exchanger in the bottom of the store. The hot
water is prepared in two immersed heat exchangers. In these simulations, a 10-meter heat exchanger was used in the lower part of the buffer store and a 15-meter heat exchanger in the upper part of the buffer store above the auxiliary heater. The radiator circuit is connected via a bivalent shunt to the buffer store with three pipes. Electricity should only be used if one room does
not reach the comfort criteria. In system S14 the extra three-way valve placed before the bivalent
shunt controls the amount of water taken from the upper part of the store. The three-way valve
is automatically controlled to keep the bedroom temperature at a minimum of 19ºC. The systems
were simulated according to the hydraulic schemes in Appendix 1. Valves, pipes, and pumps were
simulated using standard components in TRNSYS (Klein et al., 2000).

Radiator heating system
The complete radiator heating systems were drawn on the house plans and realistic pipe lengths
were defined. In system S14 (Appendix 1:2) the supply water temperature was controlled by the
outdoor temperature by the bivalent shunt (four way valve) and by the bedroom temperature
using the three way valve. The heat losses from the distribution system were released as internal
gains to their respective zones. The radiators were simulated using the dynamic radiator model
Type 162 from Holst (1996a). Realistic behaviour of the thermostatic valves was assumed to be
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of high importance in order to estimate the electrical savings and, as no realistic model could be
found, a model was built from equations and it is described in detail by Persson (2003). The controller is modelled as a proportional controller that is compensated for the non-cutting time, the
time constant, the heat transfer from the radiator to the valve, hysteres effects and the non linearity of the flow rate versus valve setting. The set temperatures of the radiator thermostats in the
different zones are given in Appendix 2.

Room comfort criteria
To achieve large electricity savings using pellet stoves it is expected that there must be a temperature difference between the room heated by the stove and the other rooms. How large gradients
that can be accepted are dependant on the user, but for this work no deeper analysis was carried
out on what temperature differences would be acceptable by most users. The basic comfort conditions are that the bedrooms, laundry and hall are kept at a minimum of 19°C, kitchen and living
room at 20°C and bathrooms at 22°C. The stove is controlled by a room thermostat that keeps
the room air temperature at 22 ±1°C. The positioning of the stoves appears from Fig. 2.18, Fig.
2.20 and Fig. 2.21.

Electric resistance radiators
New oil-filled electric resistance radiators with electronic control were simulated using an equation that takes into account the thermal mass of the radiator (Persson, 2003; Persson, 2004). The
PID controller Type 120 by Holst (1996b) was used to control the power of the radiator according to the room air temperature. The set temperatures of the electric resistance radiators in the
different zones are given in Table 2.11.

Table 2.11
Set temperatures [°C] of thermostats on electric resistance radiators in system S1, S2 and S3. Zone numbers referes to Fig.
2.18, Fig. 2.20 and Fig. 2.21.
HOUSE TYPE
Zone 1
Zone 2
Zone 3
Zone 4
Zone 5
Zone 6
Zone 7
Zone 8
Zone 9
Zone 10

H1

H3

H4

20
19
19
22
19
19
-

20
19
19
19
22
19
-

20
19
19
22
19
20
19
22
-

- Radiator is missing or turned off

Solar collectors
The solar collector model Type 133 (Perers and Bales, 2002) was used for the simulations and the
parameters were obtained from Weiss (2003). Collector areas are 5 m2 unless otherwise stated
and the collectors are placed on the south side of the roof, with direction and slope as in Fig.
2.18, Fig. 2.20 and Fig. 2.21. The systems are typical high flow systems.
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Domestic hot water stores and hot water load
The hot water stores were modelled using Type140 (Drück and Pauschinger, 2000). The stores
are divided in many small volumes (nodes) of homogeny temperature. Heat exchangers and direct connections are possible features. No measurements or parameter identification have been
carried out to find parameters for the specific stores; however data from manufacturers and Bales
(2004) are used. The parameters used are presented by Persson (2003) and Persson (2004).
Realistic domestic hot water profiles with different loads have been developed by Jordan and
Vajen (2001) and (2003). The file used in this project has an average load of 0.2 m3/day (0.1 h
time step) and maximum peak loads of 0.253 kg/s for 0.1 h and is produced by the program
from Jordan and Vajen (2003). The cold water temperature for Stockholm is described as a sinusoidal function presented by Weiss (2003) and varies from 2.1°C to 14.9°C over the year, with an
average of 8.5°C. A hot water temperature of 45°C is taken out from the system which gives an
annual domestic hot water load of about 3100 kWh. The auxiliary set temperature was adjusted
so that a hot water temperature of 45° could be obtained for the maximum peak load (0.253 kg/s
for 0.1 h). Due to the risk of legionella colonisation (Stålbom and Kling, 2002) the lowest temperature for the hot water stores were 60°C.

Buffer stores
The simulated buffer store (Appendix 1:2, system S14) was modelled using Type 140 (Drück and
Pauschinger, 2000). The store is a typical Swedish store with three internal spiral-tube heat exchangers, but the heat exchangers have been placed according to recommendations by Lorenz et
al. (1998), Lorenz (2001), and Rönnelid et al. (2004). The chosen connection heights have been
tested using simulations and were proved to be successful for the application with pellet stoves
(Persson, 2004); however no detailed optimization work was carried out. Relevant parameters
from manufacturers and Bales (2004) are used and are presented by Persson (2003) and Persson
(2004). The auxiliary set temperature was adjusted in a similar way as for the DHW-stores, but
the restriction of minimum 60°C was not applied.

Energy balance of the houses
Table 2.12
Simulated energy balances of the houses.
House type

H1

H3

H4

House area
Electricity to radiators
Electricity to DHW
DHW load
Household electricity demand (indoor)
Heat gain from household electricity
Sensible heat gains from occupants
Ventilation losses (including summer period)

130
18 770
3 490
3 100
4 640
3 310
1 410
13 240

112
13 120
3 470
3 100
4 680
3 350
1 410
8 050

157
14 790
3 470
3 100
4 830
3 500
1 410
9 900

Electricity to DHW and radiators
Electricity to DHW and radiators

22 260
171

16 590
148

18 260 kWh/yr
116 kWh/(m2⋅yr)

Total electricity demand (excl electricity used outdoor s)
Total electricity demand (excl electricity used outdoor s)

26 900
207

21 270
190

23 090 kWh/yr
147 kWh/(m2⋅yr)
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Simulations of the houses gave the annual energy balance as given in Table 2.12. The heating
demand including hot water varies from 16 590 kWh/yr for house type H3 to 22 260 kWh/yr for
house type H1.

2.5

Boundary conditions for the simulations with boiler systems

Systems with pellet boilers are simulated in papers III and IV. In III a comparison of two systems with boilers (Fig. 2.26) and two systems with stoves (S3 and S7 in Appendix 1) were carried
out. In IV, a detailed investigation of a system concept with a small separate boiler and a solar
heated buffer store were carried out (Fig. 2.27).

System S16 and S17
The system model of the environment in III is the single zone house model that was developed
within the project IEA-SHC Task 26 Solar Combisystems (Streicher and Heimrath, 2003; Bales,
2003). The house was simulated for Stockholm climate using the synthetic hourly weather data
from METEONORM (1999) giving an annual space-heating demand of 12 200 kWh. The hot
water load was simulated using a load file from Jordan and Vajen (2001) that has higher peak
loads, but the same annual loads as the load file used in II, IV and VII (3100 kWh). The cold
water temperature was as calculated by Weiss (2003) (see Section 2.4.2). There are also two different system concepts with pellet stoves, system S3 and system S7 in Appendix 1 that are used
for comparison with the boiler systems.
System S16 (Fig. 2.26) is a solar combisystem with a store integrated pellet burner and a water
based radiator system. All required heat for hot water and space heating is taken from the combistore of total 630 l: the water for space heating directly and the domestic hot water by two immersed heat exchangers placed in the bottom and the top of the combistore. The heat from the
solar heating circuit is transferred by another immersed heat exchanger to the bottom of the
store. The store integrated pellet burner delivers heat by a gas to liquid heat exchanger consisting
of horizontal pipes in the upper part of the store. The burner is on/off controlled by a sensor
placed in the storage tank above the burner and starts at a water temperature of 65°C and stops
at a temperature of 85°C. The pellet burner is operated on half of the maximum combustion
power, in this simulation study. Simulated characteristics of the boiler model are presented in Fig.
2.8.
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Fig. 2.26. The investigated system concepts S16 with boiler B1 and burner Br1 and S17 with boiler B2 from paper III.
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System S17 (Fig. 2.26 and Fig. 2.27) is also a combisystem, but uses an external pellet boiler as
the main auxiliary heat source. System S17 was simulated both in III and IV, but the conditions
vary between the studies. The main difference is that there are two different pellet boilers (boiler
B2 in paper III and boiler B3 in paper IV). The characteristics of the boiler models are presented
in Fig. 2.8. The boiler B2 has a larger water volume than the boiler B3 and has not been verified
towards measurements, so it should be considered as a generic boiler. The boiler is coupled to
the upper part of the buffer store using the space-heating ports. In paper III the boiler and the
circulation pump operates simultaneously and in paper IV different types of control strategies are
simulated. There are also some differences between the buffer stores in the two papers. The
boundary conditions are somewhat different in IV compared to the conditions in III, as another
DHW load file is used with lower peak loads, but with the same amount of energy. The heat load
was simulated using a heat load profile for Stockholm from the Task 26 Project (Weiss, 2003),
(SFH 60) giving an annual load of 12 200 kWh.
Electrical heaters are installed as backup systems in the upper part of the combistores in System
S16 and S17 and used as auxiliary heaters instead of the boilers during the summer period from
the middle of May until the beginning of September. The collector area for systems S16 and S17
is 10 m2 which is typical for Swedish solar combisystems. The collectors are modelled using Type
132 by Perers and Bales (2002) as a single glazed collector with selective absorber with parameters obtained from Weiss (2003).
The zone temperatures are used as ambient temperature to the boilers; however the heat losses
from the boilers and stores are considered as waste heat during the evaluation unless otherwise
stated.

Systems investigated in paper IV
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Fig. 2.27. The simulated solar combisystem S17 from IV with connection heights on the buffer store. Reprinted from Persson et al. (2006) with permission from Svebio.

The system investigated in paper IV is illustrated in Fig. 2.27 and is similar to System S17 investigated in III (Fig. 2.26); however the boiler model B3 (Fig. 2.8) is used instead of the of the boiler
model B2. The boundary consitions are somewhat different compared to the conditions in III.
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Another DHW load file is used with lower peak loads and the heat load was simulated using a
load heat load profile from the same house model that was simulated in paper III.
The combisystem was compared with a reference system which is a system with a boiler with
built-in hot water preparation (system S15 in Appendix 1:3). This boiler was simulated using the
same parameter settings as is used for the boiler B3 in system S17, except for the thermal mass
which is three times as large to be able to cover the hot water load. Due to the larger water volume, the heat loss coefficient to the ambient is assumed to be 50% higher in the reference systems S15-A0H and identical in reference system S15-A0L. The DHW preparation is simulated
using a model of a DHW unit nr [4] from Fig. 2.9 (V).

2.6

Boundary conditions for the simulations with DHW-units

The performance of the systems with DHW units was compared to the performance of a reference system as seen in Fig. 2.9. This reference system was the base case of system #11 of Task 26
of the International Energy Agencies Solar Heating and Cooling Program (Bales, 2003). The reference system has a 0.75 m3 buffer store with an internal spiral-tube heat exchanger for the solar
circuit and two spiral-tube heat exchangers for the hot water preparation. A 6 kW electrical heater
mounted in the store, heating a third of the volume, was the only auxiliary heat source.
When the hot water units were simulated, the system was identical, except that the internal spiral
tubes were replaced by the external DHW unit. The store parameters were the "SERC3 identified
by Bales (2004). The system had 10 m2 of single glazed collector with selective absorber, facing
south with a tilt of 45° modelled by the Type 132 by Perers and Bales (2002) with parameters
obtained from Weiss (2003). Solar heat is charged into the store using an immersed heat exchanger. The systems using the DHW units were exactly the same as that used in the reference
system except that the DHW units are used for the preparation of hot water instead of the immersed heat exchangers.
The boundary conditions for this base case are those of Task 26 (Weiss, 2003) with a space heating load of 12190 kWh and a hot water load of 3120 kWh for the Stockholm climate. The
weather data file is hourly data from METEONORM (1999). The DHW load file is from Jordan
and Vajen (2001) and has a realistic profile with a randomised draw-off pattern of different sized
discharges at different flow rates. The average draw-off volume per day is 200 litres. The largest
discharges are at a flow rate of 0.3 – 0.37 kg/s lasting for 6 minutes, which is quite high for single-family houses and represents a draw-off for a large bath. The cold water temperature is described as a sinusoidal function presented by Weiss (2003) and varies from 2.1°C to 14.9°C over
the year, with an average of 8.5°C.
All simulation results with the DHW-units are presented as electricity savings compared to the
electricity demand of the reference system. A number of different simulations were carried out to
identify the dependence of auxiliary energy consumption on various factors that had been identified as possibly important. For each case, unless otherwise stated, the electrical heater’s thermostat was set to the lowest temperature that was possible for the system to just satisfy a simulated
capacity test. This capacity test included a period for conditioning the system followed by the
worst-case hot water discharge for the particular hot water profile used for the annual simulation.
In the capacity test, the system has to provide hot water at 45°C and this temperature was not
allowed to drop below 40°C at any time during the whole discharge to satisfy the test conditions.
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Due to the large discharge flow rates in the DHW load profile from Jordan and Vajen (2001) it
required high auxiliary set temperatures as determined by the capacity test.

2.7

Boundary conditions for the simulations with domestic appliances

Two solar heating system concepts were simulated in paper VII: a combisystem (Fig. 2.28) and a
domestic hot water system (Fig. 2.29). The combisystem was simulated for Stockholm and the
domestic hot water system was simulated for both Stockholm and Miami. A simplified boiler
model was used as an auxiliary heat source.
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Fig. 2.28. The simulated solar combisystem in Stockholm (V1b) with the dishwasher and the washing machine connected
to the buffer store. Reprinted from Persson and Rönnelid (2007) with permission from Elsevier.

The system model is described in detail in (VII); however a summary is given here. The buffer
store (Fig. 2.28) is a typical Swedish store with internal heat exchangers for collector circuit and
domestic hot water preparation, modelled with TRNSYS Type 140 (Drück and Pauschinger,
2000). Parameters have been taken from a parameter identification study for this type of store,
"SERC3", by Bales (2004). The heat exchanger preheating the domestic hot water has been
moved down to the bottom of the store as recommended by Lorenz (2001) and Rönnelid et al.
(2004) and the heat loss coefficient has been taken from "SERC1" from Bales (2004). The heat
loss coefficient for "SERC3" is very low and is not considered to be representative for real products on the market.
The hot water store in the SDHW system (Fig. 2.29) has been modelled using parameters from
Persson (2004) for a hot water store called "VVB3". However, the upper heat exchangers for the
boiler and the machines have been moved upwards compared to the original system. The values
for the heat transfer coefficient in the heat exchangers have been taken from Bales (2004). The
connection levels chosen are given in Fig. 2.29.
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Fig. 2.29. The simulated SDHW system in Stockholm (V2b) and Miami (V3b) with the dishwasher and the washing
machine connected to the hot water store via a heat exchanger. Reprinted from Persson and Rönnelid (2007) with permission
from Elsevier.

The boiler is modelled with equations as a constant power heater without heat losses and dynamic behaviour (heat capacity). It heats the store through a circulating circuit and is connected
without a heat exchanger to the combisystem (Fig. 1) and via a heat exchanger to the SDHW
system (Fig. 2). The boiler is controlled by two temperature sensors, TS1 and TS2. The boiler
starts to heat the store when TS1 drops below 60°C and stops when TS2 rises above 60°C. The
power of the boiler is 10 kW in the combisystem V1, and 5 kW in the DHW-systems V2 and V3.
The circulation pump P1, with an electrical power of 75 W, generates a flow rate through the
boiler of 0.5 kg/s. The inlet water temperature to the boiler is adjusted to 65°C by the control
valve CV1. The control valve CV3 in the SDHW system opens when the boiler is in use, but is
otherwise closed. A typical flat-plate collector with optically selective coated absorbers and a
slope of 45° towards the south was used for all simulations. The standard collector sizes were 10
m2 for the combisystem in Stockholm, 5 m2 for the SDHW system in Stockholm, and 4 m2 for
the SDHW system in Miami. Solar heat is transferred to the tank via a heat exchanger placed in
the bottom of the store.
The combisystem is simulated with a load profile for Stockholm (SFH 60) from (Weiss, 2003)
giving an annual load 12.200 kWh. The design temperature for the radiator heating system is
40°C supply temperature (flow temperature), 35°C return temperature and maximum heat rate is
6.16 kW at a design outdoor temperature of -16°C for Stockholm.
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3

SIMULATION RESULTS AND DISCUSSION

3.1

Efficiency definitions

Electricity saving factor
An electricity saving factor is defined for comparison and evaluation of the different stove system
concepts in the different house types

 W

(3.1)
ELSF = 1 − elkonv  ⋅ 100%,
 Welref 


where Welkonv is the simulated electricity demand for heating and hot water for the converted
house and Welref is the corresponding simulated electricity demand for the house before the conversion (but with new electric resistance radiators).

Efficiency of the pellet stove
The efficiency of the pellet stove is used for comparison and is defined

 Wroom + Wwater 
 ⋅ 100%,
(3.2)

W pell


where Wroom is the heat delivered to the room by convection and radiation, Wwater is the heat delivered to the water circuit and Wpell is the energy content of the combusted pellet.

η = 

Efficiency of the pellet boiler
The efficiency of the pellet boiler is defined

 Wwater 
(3.3)
 ⋅ 100%,

W
pell


where Wwater is the heat delivered to the water circuit and Wpell is the energy content of the consumed pellet.

η = 

System efficiency
The system efficiency is frequently used for system comparison and is calculated according to

η=
W pell +

WDHW + Wheatload
Wel , pump + Wel ,aux + Wel ,boil

ηel

⋅100%,

(3.4)

+ Wsol ,store

taking into account an electricity generation efficiency, ηel = 0.4 (Weiss, 2003), this means that
electricity is worth 2.5 times the heating value of pellet as there are heat losses when electricity is
being produced. All losses are considered as waste heat and all heat from the stove and the radiator heating system are considered as useful heat.
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3.2

Systems with pellet stoves

In paper II simulation results for house types H3 and H4 are considered. Furthermore results for
house type H1 are presented by Persson (2004) and will be included in this section. The influence
of the design of the buffer store in system S14 has not published in any of the papers but is presented here.

3.2.1

The buffer store

The complexity of system S14 required several simulations by trial and error in order to find suitable system design and control strategies. The suggested solutions are not optimised in any way;
however the following simulations point out the problems and the possible improvements by a
well-thought-through system design. The recommendations that were derived from this work are
also presented by Persson (2005b).
Fig. 3.1 shows the possible improvements in the form of reduced electricity and increased solar
gains by four different modifications in the buffer store design and control strategy. Simulations
are carried out for house type H3 and stove K2 with the comfort requirements given in Appendix 2. Store A is a standard 330 litre store which is usually sold to single-family houses. Modifying
the position of the heat exchangers according to Lorenz et al. (1998) and Rönnelid et al. (2004)
and increasing the length of the upper heat exchanger by 50% (B in Fig. 3.1) increases the solar
contribution from 1170 to 1390 kWh. The electricity demand decreases from 6680 to 5850 kWh.
By studying the modifications carried out in Fig. 3.1B in detail, one can see that both connections
of the stove have been moved down below the electric auxiliary heater in order to minimise the
risk that the stove cools the electrically heated part of the store. The connections to the bivalent
shunt and the radiator circuit are arranged so that the upper supply connection is connected in
the middle of the electrically heated part of the store, and the lower connection is connected 5
cm below the supply pipe from the pellet stove. The return water from the radiator circuit is
connected to the middle of the store, below the pipe going to the stove.
The main problem with the design in Fig. 3.1B is that the radiator supply water temperature is
adjusted depending on the outdoor temperature and that the water going to the radiators may be
heated by electricity from the upper port though it may not be necessary to maintain the comfort
criteria. This will result in even less heat from the stove and more electricity for heating etc. In
order to decrease the use of electricity for heating, an effective control system regulating the auxiliary heating to the radiators must therefore be installed. Controlling the supply water temperature depending on the indoor temperature, where the sensor is placed in a suitable room far away
from the pellet stove, may be a solution; however placing an extra three way valve that blocks the
use of water from the electrically heated part of the store (Fig. 3.1C) as long as it is not necessary
to keep the comfort criteria, decreases the electricity demand from 5850 kWh to 3720 kWh. This
valve could be either manual or an automatic device, though the simulations require an automatic
valve. If a manual valve is used it will work as a choice between "comfort mode" and "electricity
saving mode". For these simulations an automatic valve is simulated making sure that the temperature in the coldest bedroom never goes below 19°C.
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Fig. 3.1. Achieved improvements by system modifications in four steps. The system is simulated in house type H3 and stove
K2 with the thermostat settings on the hotwater radiators given in Appendix 2. Version C is the concept that is used in the
following simulations as system S14. The store is a 330 litre store that is integrated in a 60 x 60 cm module.
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Fig. 3.2. Simulated energy balance of different system concepts from Appendix 1 and different house types from Fig. 2.18, Fig. 2.20 and Fig. 2.21.
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Fig. 3.2. Simulated energy balance of different system concepts from Appendix 1 and different house types from Fig. 2.18,
Fig. 2.20 and Fig. 2.21.
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Fig. 3.1D illustrates the use of a domestic hot water unit (V) and it was again shown to be useful
for increasing the solar gains and also to replace electricity by wood pellet. This is because the
better stratification by the DHW-unit causes fewer cases where the auxiliary heater needs to turn
on. Both solar gains and heat from the stove are utilised more effectively.
Fig. 3.1E shows the energy balance from using a larger buffer of stored heat from the pellet
store. By moving the supply pipe to the stove and the radiators connections downwards the
amount of stored heat from the pellet stove increase. This stored energy makes that the electrical
to operate les and the electricity demand decreases by 1040 kWh/yr compared to D, but due to
the smaller available space for solar heat the solar gain decreases by 20 kWh compared to C,
however this is still a good solution saving electricity.

3.2.2

System design and house type

Fig. 3.2 shows the simulated results for systems with the water jacketed stoves, S1 to S3, for the
two house types. The simulation results are presented as the fraction of electricity, pellet and solar energy being supplied to the house, the efficiency of the stove and the electricity saving factor
ELSF. The pellets energy is the energy content of the pellet being consumed by the stove and the
electricity demand is the energy consumed for auxiliary heaters, radiators, pumps, and for the
stove. Simulations are made both for open and closed internal doors (bathroom doors are always
closed and openings in the buildings without doors are always open). Two different versions of
the water jacketed stoves are simulated with different fraction of heat to the water circuit (see K2
and K3 in Fig. 2.7).

The influence of system choice, house type, and the behaviour of the user.
Fig. 3.2 shows that the plan of the house has a significant influence on the electricity savings,
especially for systems without water-borne heating. An open plan simplifies the heat distribution
from the pellet stove to the other rooms. Whether or not internal doors are open or closed can
have a major influence on the electricity savings, especially for house type H3 that has an open
plan. Closed internal doors decrease the heat distribution in the house and increase the electric
auxiliary demand.
System S14 with stove K2 (Fig. 2.7) presents slightly worse results than the corresponding system
S11. This is due to system S11 being simulated with electric resistance radiators as auxiliary heating and system S14 only using hotwater radiators for heating. The electric resistance radiators can
keep the room exactly at the set temperature; however with the systems with only water radiators
auxiliary energy is provided to all rooms if one room becomes too cold.
By comparing the results, it can be seen that using a water jacketed stove and a distribution system (S7 and S11) compared to just an ordinary stove (K1 and system S3) generally saves a large
amount of electricity if the stove K3 (Fig. 2.7) with a high fraction of heat going to the water
circuit is used. However the electricity savings compared to S3 are quite small if stove K2 with a
low fraction of heat going to the water circuit is used. This indicates that if investments are made
in a water-borne system, a stove with a high fraction of heat going to the water circuit should be
used.
The results show that the savings from using system S3 instead of S2 are very small for house
type H2 if stove K2 is used, but significant if stove K3 is used. This can be explained by both
stoves having the same radiator system connected. Connecting the domestic hot water store to
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stove K2 will only transfer electricity consumption from the hot water store to the electric resistance radiators. Using stove K3, the amount of energy heating the water is enough to heat both
domestic hot water and in most cases all the rooms.

The influence of the radiator system
The radiator heating system for stove K2 can be made smaller without any increase in electricity
demand. A simulation of system S2 with stove K2 in house type H4, and open doors (V1 in
Table 3.1) using only four radiators gave electricity savings of 250 kWh/yr compared with the
simulation with radiators in every room. There is no point in having too many radiators connected to a stove where only 40% of the energy heats the water circuit. A simulation of system S3
with stove K2 in house type H3 with open doors, where the radiator in the kitchen has been
turned off (V2 in Table 3.1) gives a small reduction in electricity demand.
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Fig. 3.3. Simulation results of system S11 and S13 in the houses with open internal doors showing the influence of using an
electric heater in the radiator circuit instead of electric resistance heaters.

Connecting a stove to radiators involves other kinds of problems. The simulations show that
during some conditions all the thermostat valves on the radiators are almost closed, though the
stove is still in operation. This can result in overheating of the stove. To ensure that this does not
happen, one or two of the radiators should not be equipped with thermostat valves and it should
not be possible to turn them off. To avoid overheating, the set temperatures of the radiators in
Appendix 2 are high for systems with stove K3.
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Fig. 3.3 shows simulations of system S13 (Appendix 1) that is equipped with an auxiliary heater in
the radiator circuit, instead of electric resistance radiators as in system S11. System S13 gives
much higher electricity consumption than S11. If one room becomes too cold using system S13,
the supply temperature will be raised by electricity and all rooms will be heated partly by electricity. It would be better if the radiator thermostats could have an optimal setting in systems S7 and
S11 and that the overheating problems described in II could be solved by using the internal sensor in the stove to stop the stove during a certain time period.

Table 3.1
Parameter variations for a single change of the system. The savings of electricity compared to the reference is presented.
No. House Doors System Stove Modification performed
type
V1
V2
V3
V4
V5
V6
V7
V8
V9

H4
H3
H3
H3
H4
H4
H4
H4
H4

Open
Open
Closed
Open
Closed
Open
Open
Open
Open

S7
S11
S3
S3
S11
S11
S14
S14
S14

K2
K2
K1
K1
K2
K2
K2
K2
K2

Using 4 hotwater radiators in Z3, Z5, Z7, Z9 (instead of 10)
Water radiator in kitchen turned off (removed)
Decreased set temp of electrical radiators in bedrooms (-1ºC)
Decreased set temp of electrical radiators in bedrooms (-1ºC)
Decreased set temp of electrical radiators in bedrooms (-1ºC)
Decreased set temp of electrical radiators in bedrooms (-1ºC)
Increased set temp of the stove in zone 1 (+1ºC)
Moving the stove from zone 1 to zone 10
Increased set temp of the stove in zone 10 (+1ºC)

Saving
[kWh/yr]
250
47
894
781
1069
1147
2511
736
5075

The influence of the comfort level
The electricity consumption for the different systems can be decreased by the user if a lower
comfort level than simulated is accepted. By accepting a larger temperature difference in the
house, more electricity can be replaced by pellet heating. Decreasing the set temperature of the
electrical resistance radiators in the bedrooms in house type H3 from 19 to 18ºC reduces the
electricity demand by 890 kWh/yr for system S3 if the doors are closed (V3 in Table 3.1), and by
780 kWh/yr if the doors are open (V4 in Table 3.1). Decreasing the set temperature of the electrical resistance radiators in the bedrooms from 19ºC to 18ºC in house type H4 for system S3
with stove K2 decreases the electricity demand by 1070 kWh/yr if the doors are closed (V5 in
Table 3.1) and by 1150 kWh/yr if the doors are open (V6 in Table 3.1). Increasing the set temperature of stove K2 by 1ºC for system S14 in house type H4 with open internal doors gives a
reduction in electricity demand of 2510 kWh/yr (V7 in Table 3.1). This means that the stove
starts at a room temperature of 22°C and stops at 24°C. Increasing the set temperature of the
stove is proved to have a high influence on the electricity demand.

The influence of the location of the stove
Generally the stove should be placed in a central position in the house, to be able to distribute
the heat in the most effective way. In house type H4 this could just as well be in the entrance hall.
A simulation was carried out for system S14 in house type H4, with open doors and stove K2
placed in zone 10. The temperature in the hall controlled the stove and the same set temperature
as in the living room was used. The simulation results gave 740 kWh/yr lower electricity consumption than for the case with the stove in the living room (V8 in Table 3.1). By increasing the
set temperature of the stove in the hall by 1ºC the electricity consumption would decrease significantly by 5075 kWh/yr (V9 in Table 3.1). Making the same increase in set temperature, when the
stove is in the living room saves 2510 kWh/yr (V7 in Table 3.1).
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Thus an increase in set temperature of the stove has a larger positive influence on the electricity
savings when the stove is in the hall, than when it is in the living room. In the hall the stove has
access to almost the whole building through just one door opening. In addition it is also better
that it is ”too hot” in a room where the user does not usually spend any length of time.

The influence of control strategies
Different control strategies for the pellet stove may have significant influence especially on the
CO-emissions and the efficiency of the stove. Simulations of the three different control strategies
(A), (B) and (C) (described in Section 2.4.2) for the three different stoves are shown in Table 3.2.
Stove K2 in system S14 in house type H3 shows a large reduction in CO-emissions going from
Strategy (A) to (B) or (C). CO-emissions go down from 0.64 g/MJ pellets for strategy (A) to 0.46
g/MJ for strategy (B), only by changing the control strategy (Table 3.2). This is due to the large
reduction in the numbers of starts and stops. With strategy (A) the stove starts 3902 times, but
only 178 times with strategy (B). At the same time the efficiency of the stove goes up from 80%
for strategy (A) to 91% for strategy (B). This is mainly for two reasons: from Fig. 2.7 it can be
seen that the efficiency for stove K2 is much higher at low combustion power and with strategy
B or C the stove most often operates on low combustion power. In addition, the fan is in operation for a long time during the stop phase. During that time a lot of heat that is stored in the
stove is lost through the chimney. For strategies B and C the stove seldom stops and these losses
become smaller.
Table 3.2.
Simulation results of systems S3 and S14 for three different control strategies and three different stoves.
Strategy

House type

Nstart

CO

(year-1) (g/MJ)
System S3
Stove K1
System S14
Stove K2
System S14
Stove K3

A
B
C
A
B
C
A
B
C

H3
H3
H4

4570
278
684
3902
178
295
1842
684
407

0.49
0.33
0.35
0.64
0.46
0.47
0.51
0.48
0.47

Efficiency Fliq Electricity
(%)

(%)

[kWh/yr]

89
90
90
80
91
91
82
87
88

30
24
25
65
59
60

4369
4589
4131
3719
3431
3350
2739
4389
2789

Nstart is the annual number of starts, Efficiency is the annual stove efficiency calculated by Eq. (3.2), Fliq is
the fraction of energy heating the water jacket and electricity is the annual electricity consumption.

It can be seen that the annual fraction of energy going to the water circuit is much lower than the
performance values given for the stove (80% and 40% respectively); especially for strategy B and
C, the fraction going to the water circuit is low. This is due to many starts and stops, where there
are certain time periods where no energy at all is going to the water circuit. The fraction of heat
going to the water circuit is also strongly power dependant with a higher fraction to the water
circuit for higher combustion power (Fig. 2.7).
The changes in electricity demand do not follow the changes in the fraction of energy going to
the water circuit It is more important that the average temperature in the room where the stove is
placed is as high as possible. The electricity demand goes down changing from strategy (A) to
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strategy (C) for the cases with stove K1 and K2, but not for stove K3. In general, strategy (C) is
observed to be the most promising strategy giving the lowest electricity consumption and the
lowest CO-emissions.

Increasing the solar energy gain
Increasing the amount of solar energy in these systems is problematic due to the limited space in
the houses for the buffer store. A small buffer store reduces the annual collectible solar heat
since the storage capacity is small. The higher amount of solar energy being collected in house
type H4 is due to a steeper slope of the roof where the collector is placed. An increased collector
area or more effective solar collectors may increase the amount of energy from the solar but this
can cause problems with a lot of overheating in the solar circuit and degradation of the antifreeze
liquid as a result. The increase of the SDHW store above 330 l in a single-family house is, of
course, possible, but not very common as it no longer can be built within a module with 60 x 60
cm base area.
For system S14 there are some more possibilities, especially if there is space for a larger buffer
store. Exchanging the domestic hot water preparation from the internal finned-tube heat exchangers to a DHW unit (V; Persson, 2002) will increase the solar energy going into the buffer
store. A store size of 750 litres, 10 m2 of collector area oriented towards the south (the house is
oriented with the roof 30 degrees west of south) and installation of a DHW unit will give a solar
contribution of 12 % compared to 7% for the system size studied here (Persson, 2004). Higher
hot water load or use of heat-fed domestic appliances will increase the solar contribution even
further (Persson, 2004; VII).

Final system comparison
Previously, only a few system types in Appendix 1 have been simulated. Table 3.3 gives the simulated electricity and pellet demand for all system types from Appendix 1. In addition simulation
results for system S0, the reference system with only electric resistance heating, and system S1
with only a SDHW system are presented. Systems S6, S7, S10 and S11 have been simulated with
stove K2 and with fewer radiators as a full set up of electric resistance heaters and hotwater radiators are unrealistic, and as the results obtained in Table 3.1 show that fewer radiators could be
used in combination with stove K2 with maintained or even decreased electricity demand.

Total energy demand
The simulation results are given in Table 3.3. The increased total energy demand when changing
from electricity to pellets is quite large. In Table 3.3 the sum of the energy content of solar gains,
electricity and pellet for the systems S2 to S14 is generally much higher than the electricity consumption for the reference system S0. Increased energy demand corresponds to between 20%
(system S2 in house type H3) and 45% (system S14, stove K2 in house type H1). In Table 3.4 the
losses through the chimney correspond to about 14 -16% of the energy content in the pellets.
The higher energy demand is also due to higher indoor air temperatures as the control system
cannot adjust the indoor temperature as accurately as in the reference system. In order to obtain a
certain minimum room temperature a higher average temperature is required in the stove systems. However, in reality, the conversion to a wood pellet stove may as well attract attention to
the energy demand as the pellet stove has to be fed with pellets regularly and it may therefore
give rise to greater economy with energy. A study by Larsson (2000) about the energy demand in
single-family houses that are converted to solar heating indicates such behaviour.
Comparing the systems with solar collectors with the systems without collectors shows that the
solar gain mainly reduces the electricity demand even in the systems where the stove is connected
to the DHW store.
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Table 3.3
Simulated electricity and pellet demand for different system concepts and house types (open internal doors).
House type H1
Water

Solar

Electricity

House type H3

Pellet

Solar

House type H4

Electricity Pellet

Solar

Electricity Pellet

kWh/yr kWh/yr kWh/yr kWh/yr kWh/yr kWh/yr
kWh/yr
System Stove radiators kWh/yr kWh/yr
S0
No
0
22 261
0
0
16 591
0
0
18 260
0
S1
No
1 729
20 593
0
1 513
15 145
0
1 708
16 593
0
S2

K1

No

0

15 438

9 054

0

5 845

13 490

0

11 743

8 316

S3

K1

No

1 729

13 770

9 049

1 512

4 372

13 550

1 708

10 083

8 304

S6

K2

Few

0

13 601

14 100

0

5 220

16 290

0

9 732

12 750

S7

K2

Few

1 727

11 937

14 090

1 512

3 747

16 320

1 707

8 061

12 750

S8

K3

Yes

0

11 066

18 080

0

4 211

17 850

0

6 212

17 160

S9

K3

Yes

1 724

9 412

18 060

1 510

2 706

17 890

1 707

4 563

17 160

S10

K2

Few

0

13 231

14 400

0

3 861

17 720

0

9 419

13 030

S11

K2

Few

1 686

11 780

14 290

1 444

2 916

17 300

1 667

7 967

12 900

S12

K3

Yes

0

10 502

18 520

0

1 709

20 530

0

4 809

18 560

S13

K3

Yes

1 669

9 221

18 290

1 427

1 064

19 780

1 646

3 734

18 080

S14
S14

K2
K3

Yes
Yes

1 821
1 751

13 435
3 691

12 790
24 040

1 406
1 361

3 722
2 379

16 530
17 430

1 780
1 722

9 209
2 736

11 640
19 060

3.2.3

Discussion and conclusions

Fig. 3.2 and Table 3.3 shows that the electricity savings using a pellet stove are greatly affected by
the level of comfort, the house plan, the system choice and whether the internal doors are open
or closed. These results supports hypotheses nr 5 in section 1.4 and show that the installation of
stove systems needs careful consideration of several parameters in order to find an optimal system solution. For house type H3 with an open plan, around 80% of the electricity for heating can
be replaced by installing a pellet stove without a water jacket. The internal doors should be open
and a temperature difference of about 3ºC between the bedrooms and the living room has to be
accepted. To achieve the same electrical savings having the internal doors closed, stove K3 and a
water-borne heating system have to be installed.
The electrical energy savings from installing a pellet stove in a well-insulated house that was
heated by electric resistance radiators was previously investigated by measurements in a house in
Marma, Sweden by Nyström (1999). The house has one storey and the pellet stove was placed in
the living room and kept the room temperature at 23ºC±1º. From the living room there was one
door opening to the hall where all the other rooms could be reached through another door opening. The other rooms were kept at a minimum of 20ºC by the electric resistance radiators. Measurements and correction calculations showed that the annual heating demand for electricity was
brought down from 8900 kWh to 1800 kWh/yr, thus a reduction by 80% of the heating demand.
Including 3500 kWh electricity for the domestic hot water that cannot be replaced, the savings
correspond to 57%. The differences between the house investigated by Nyström (1999) and the
houses investigated here are mainly lower heating demand (better insulation) and another house
plan that limits the value of the comparison.
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System design
For a house with an open plan (the whole house can be reached through only one door opening
from the stove) an ordinary stove gives high electricity savings at high comfort. For houses that
have a traditional plan, a water jacketed stove with a high fraction of energy to the water circuit is
required to achieve savings higher than 80%. If an ordinary stove is used or a stove with a low
fraction of heat to the water circuit, the option of placing the stove in the entrance hall may also
be considered, if the hall has many door openings and a staircase to the upper floor. This can
greatly decrease the electricity demand compared to having the stove in the living room if it is
combined with a slightly higher set temperature on the stove.
It is unnecessary to have many radiators connected to a stove with a low fraction of energy going
to the water circuit. Placing three or four radiators in the rooms with the highest comfort criteria
and keeping the electric resistance radiators for auxiliary heating is usually the simplest way to
control the system.
Fig. 4.1 and Fig. 4.2 show that from an economical point of view it is better to use a stove with a
high fraction of energy going to the water circuit if a water distribution system is installed.
Achieving high electricity savings combined with a low temperature gradient in the house is easier
using stove K3.
Choosing between the systems, a strategic decision must be made between system S4 and the
others. Installing a buffer store is not much more expensive than a solar domestic hot water
store, but is much more flexible (other heat sources, such as wood boilers or heat pumps can be
connected) and may have a longer lifetime. According to the cost calculations in Fig. 4.1 and Fig.
4.2, system S14 with a buffer and stove K3 gives lower costs than the other systems with hotwater radiators and DHW stores. However the system becomes very complex and to ensure
good performance the buffer store and the control system must be properly designed. Further
work should be put into the development of standard systems with central controllers that are
intelligent and make sure that everything is working properly. Such systems must be tried out
both by laboratory measurements and in demonstration buildings.

Control strategies
The control strategies (B) and (C) that are simulated here are not used for water jacketed stoves
in practice due to the fact that no controllers for these strategies exist. Usually the stove is controlled only by the room temperature (for system S1 to S3) or by the temperature in the buffer
store (for system S4 with stoves having a high fraction of energy to the water circuit). These
simulations have shown that controlling the stove by both room temperature and buffer store
temperature and having a variable heating rate control (C) may be a good option that gives low
emissions, low electricity consumption and high comfort. The CO-reductions can be obtained
due to the greatly reduced number of starts. As the stove emits more emissions per kWh operating on low combustion power than on high combustion power (Fig. 2.7), the reduced number of
starts has to be large enough to compensate for the increased emissions during operation. A controller that controls the whole system may also be a good option as malfunction can be found
and reported by the controller.
Today’s most common control strategy for stoves, (the on/off control) results in unnecessarily
high emissions. A more advanced modulating control, varying the heating rate from maximum to
minimum to keep a constant room temperature, reduces the number of starts and stops and can,
if the stove is well adjusted, reduce the CO-emissions. This control strategy can also increase the
efficiency for some of the stoves. This is mainly due to the lower number of starts and stops and
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the fact that many stoves (if they are properly adjusted) may have higher efficiency at low combustion power. Besides lower emissions and higher efficiency, the comfort may be improved with
a more constant combustion and room temperature.
During measurements on stove K3 the circulation pump was found to be controlled by the water
temperature in the stove by a thermostat built in the stove. Measurement sequences where the
buffer store is heated above the stop temperature by the solar, while the stove was in operation
was found to be problematic with this control strategy. After the stove has stopped, during the
cooling down period of the buffer store, the pump did not stop, causing the stored heat to be
discharged by the stove. To prevent this from happening, a better control strategy must be developed. It would be better to use a difference-thermostat controller so that the pump only operates
when the stove is warmer than the store (as in simulations) or a time control allowing the pump
to operate only for a certain time after the stove has stopped.
The stove in systems sold on the market similar to system S14 in Appendix 1:1 are often
ON/OFF controlled depending on the store temperature, by a two sensor control. This means
that the heat demand in the store is always fulfilled; however if the stove has too low fraction of
heat to the water circuit it can be too hot in the room where the stove is placed. Apart from the
possible comfort problems, this is a good strategy ensuring that no auxiliary electricity is required.
However the advantages shown by using a modulating power control cannot be achieved by this
strategy. The results from this study indicate that further development of the control strategies
ensuring more constant combustion could increase both comfort and system efficiency and decrease the CO-emissions.

Limitations and uncertainties
The uncertainties in the simulation model are mainly the approximation of the whole zone having the same air temperature and the heat transfer through the door openings. Uneven air temperatures in real houses can mean that radiators do not turn off because of cold air coming from
ventilation inlets or windows. Due to the use of a single air node, the simulated electricity savings
may be slightly overestimated as the electric resistance radiators can be assumed to turn off earlier
in the simulations than they would do in a real building. On other hand, the heat transfer through
door openings may be underestimated (section 2.4.1) which would mean that the simulated electricity savings are underestimated.
Using special features like a ceiling fan that blows upwards can decrease the temperature gradient
in a room and also increase the heat transfer between rooms, but such measures cannot be simulated using this model. Further limitations are that only a few stoves with specific settings have
been studied. These simulations have been carried out with well-adjusted stoves and that might
not be the case in reality. If the stoves had other adjustments the results in Table 3.2 would be
different. The simulated systems S2 and S3 have both a hotwater radiator and an electric resistance radiator in every room. This is not a fully realistic condition, as it can be difficult to put
both an electric resistance radiator and a hot water radiator in the same room. These system versions are more likely to be implemented with only a few strategically placed radiators.
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3.3

Boiler systems and comparison with stove systems

In paper III Systems S16 and S17 (Fig. 2.26) were simulated together with the stove systems S3
and S7 (Appendix 1), and in IV further parameter studies were carried out with system S17, but
using another boiler model that has no built in hot water preparation.

3.3.1

Influence of key parameters

The simulated annual energy balance for system simulations from paper III is presented in Table
3.4 and Fig. 3.4 showing that the efficiency is highest for the stove systems if all heat losses from
the boiler systems are considered to be wasted (V1). If the heat losses from the boilers are fully
utilized in the house (V3), the efficiency, calculated by Eq. (3.4) is higher for the boiler systems.
The modulating combustion control (V2) increase the efficiency for system S3 and S17, but decrease the efficiency for system S7 and S16. This differs from the results in paper II and IV, but
can be explained from the boiler/stove characteristics in Fig. 2.7 and Fig. 2.8. The modulating
combustion control means that the boiler/stove mainly operates at the lower combustion power
and the stove in system S7 and the boiler in system S16 have lower efficiency at lower combustion power. The stove simulated in III is the same stove as in II; however they have different
adjustments (Fig. 2.7). The stove in II has optimal settings while the factory settings have been
used in III. System S7 from III has the highest efficiency at full combustion power and stove K3
from II has the highest efficiency at low combustion power.

Table 3.4
Total auxiliary energy, average annual boiler and stove efficiencies, annual number of starts and stops of the pellet heater,
average room temperature during the heating season and solar gains for simulation variant V1, V2 and V3.
System
S3-V1 S7-V1 S16-V1 S16-V2 S16-V3 S17-V1 S17-V2 S17-V3 Unit
Energy content of consumed Pellets 14 330 14 480 17 780 18 290 15 080 18 160 16 960 15 880 kWh/yr
Solar gain to store
2 060 2 030 3 360 3 340 3 260 2 570
3 010 2 470 kWh/yr
Total electric energy demand
2 230 2 240
523
484
466
326
288
296 kWh/yr
Heat load (from stove and radiators) 12 470 12 160 12 510 12 510 10 080 11 500
DHW load
3 120 3 120 3 120 3 120 3 120 3 120
Flue-gas losses
Leakage losses
Store heat losses
Burner/Boiler heat losses
Total heat losses
Average annual system efficiency
calc by Eq. (3.4)
Number of start/stops
a
b
c
d

2 060
14
1080
0
3 160

2 290
135
1070
0
3 630

2 090
249
2 880
828
6 050

71%

69%

70%

304

529

1 111

9 250 kWh/yr
3 120 kWh/yr

2 020 1 780
155
260
3 020 2 860
1 310
708
6 500 3 180 a

2 460
539
1 030
2 490
6 530

1 990
379
1 040
2 310
5 720

2 150
551
928
2 420
3790 b

kWh/yr
kWh/yr
kWh/yr
kWh/yr
kWh/yr

68%

80% c

68%

71%

77% d

%

507

1 017

2 166

1 757

1 919

yr-1

Reduced with the savings in heat load compared to S16-V1
Reduced with the savings in heat load compared to S17-V1
Calculated with the heat demand from S16-V1
Calculated with the heat demand from S17-V1
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Fig. 3.4. Total energy usage and losses (left) and total energy input by source (right) of the four systems for the three variants
(electricity to pumps not included). In V1 the systems are operated according to the description in section 2.5, in V2 the
boilers and stoves are operated in modulating mode (se section 2.1.6). In V3 the heat losses contribute to the heating of the
house. The figure is similar to fig 6 in paper III, but the values have been corrected from a mistake in the weather data
generator, giving higher solar gains.
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The third column (V3 in Fig. 3.4) shows that the auxiliary energy demand can be reduced significantly when placing the stores and boilers in the heated area so that the heat losses from the
stores and boilers can contribute to the space heating. The saving effect is naturally higher for
systems 3 and 4 as they have the highest heat losses. Again, this assumes that the heat losses can
be distributed effectively to the whole building, but uncontrolled heat losses cause too high temperatures and decreased comfort during the summer period.
The solar gain is largest for system S16 due to high store heat losses. Also due to the high store
losses the auxiliary electricity demand is slightly higher for system S16 than for system S17. The
electric auxiliary demand is highest for system S3 and S7 due to the DHW demand during the
winter period having to be covered mainly by electricity.
Table 3.4 shows that the lowest flue-gas losses (including leakage losses) are achieved by system
S16. For this system the store heat losses dominate. The simulated losses correspond well with
measurements on an early version of Boiler B1 measured by (Larsson, 2000). The construction
of system S16 with a combustion chamber and a burner immersed in the store cause large problems with thermal bridges that cannot be solved by an increased insulation thickness. The stove
systems S3 and S7 have high flue-gas losses, and this is the dominating loss from these systems.
The dominating losses for system S17 are the boiler/burner heat losses and the flue-gas losses.
The data show that there are potential for large improvements by decreasing the heat losses and
flue gas losses from boilers.
The store losses are about 1000 kWh/yr for the hot water stores in the stove systems S3 and S7
and for the buffer store in system S17. The buffer store must be considered as a well insulated
store. According to IV and Bales (2004) annual store heat losses of 1800 kWh correspond to
bout 100 mm mineral wool and an air-tight cover, but with pipe connections straight through the
cover.
Table 3.5 lists a number of system modifications that were carried out in paper IV in order to test
the potential for possible system improvements and in Table 3.6 the simulated annual energy
balance for the different modifications is listed.

Table 3.5
The different system concepts that are simulated. The modifications refer to the base case system in Fig. 2.27.
S15-A0H

Reference system, wood pellet boiler with ON-OFF control (65 to 75°C) without solar heating and buffer store.
Boiler model identical with A1 to A7, except from 50% higher heat loss coefficient and three times larger volume.
S15-A0H-M As V0, but with a modulating combustion power aimed at keeping the boiler at 65°C. ON-OFF: 65 to 75°C.
S15-A0L
As A0H, but same heat loss coefficient for the boiler as in A1 to A7.
S17-A1
As Fig 2, with ON-OFF control using TS1 between 61 and 71°C. Continuous operation of pump P1 and no electric
auxiliary heater.
S17-A2
As V1, but the sensor controlling the boiler is TS2 in the buffer store.
S17-A3
As V2, but the pump P1 is only in operation together with the pellet burner.
As V3, but the electric auxiliary heater is used in the store instead of the boiler during the summer period where ambiS17-A4
ent temperature is above 10°C and radiator heat load is zero.
S17-A5
As V4, but the pump P1 operates for 0.5 hours after the burner stops to utilize the post combustion heat.
S17-A5-M As V5, but with a modulating power to maintain 61°C at TS2. Starts at 61 and stops at 71°C.
S17-A6
As V5, but TS2 is used to start the burner on 61°C and TS3 to stop the burner on 71°C.
S17-A7
As V6, but with a new control and connection strategy that cools the boiler after the burner stops, using cold water
from the bottom of the buffer store. The boiler is again filled with hot water from the store when the burner starts to
avoid cold starts every time.
S17-A8-M As V5-M, but only half as large losses from the boiler to the room.
S17-A9-M As V8-M, but 70% lower air leak flow rate through the boiler at no combustion periods.
S17-A10-M As V9-M, but the lowest possible heat loss coefficient for a 750 l buffer store, UA = 1.44 W/K [1].
S17-A11-M As V10-M, but only 10 litres boiler water volume instead of 50 litres. 140 kg of steel remains.
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The reference system S15-A0H without solar heating uses 22 790 kWh wood pellets per year and
the annual system efficiency is 63% calculated by Eq. (3.4). Assuming that the boiler in the reference system have the same heat loss coefficient as in S17-A1 to A5 the pellet demand is 20 550
kWh/yr and the efficiency is 68%. The boiler is simulated with an ON-OFF operation between
65 and 75°C. The annual CO-emissions are 60.1 kg and the dominating part (50.5 kg or 15
g/stop) comes from the stop sequence. This is les than the total stop emissions from Fig. 2.8,
which means that many stops are truncated by a new start. Anyway it is relatively high stop COemissions compared to many other burners or stoves which can be from 1.2 to 6.4 g/stop (Fig.
2.7 and Fig. 2.8).
Due to the very large emissions during the stop sequence, the major savings in CO-emissions can
be achieved by reducing the number of starts and stops. The modulating power control (strategy
C, section 2.1.6) is therefore a successful method for reducing CO-emissions; see A0-M and A5M in Table 3.6. Reduced number of starts and stops for a boiler in a combisystem can also be
achieved by placing the sensor controlling the boiler in the buffer store (compare A1 and A2 in
Table 3.6).

Table 3.6
Simulated energy balance of the different system modifications described in Table 3.5 (IV). The energy costs are calculated
from an electricity price of 1.2 SEK/kWh and a pellet price of 0.55 SEK/kWh (see section 4.1.2).
System
Solar
CO
Heat to
CO
eff. Number CO
heat
boiler
opera- CO
Pellet
ElectHeat to
Energy
total
to store heat
room
tion
ricity
flue gas Eq. (3.4) of starts start
stop
cost
[kWh/yr] [kWh/yr] [kWh/yr] [kWh/yr] [kWh/yr]
[%] [yr-1] [kg/yr] [kg/yr] [kg/yr] [kg/yr] SEK/yr]
S15-A0-H
0 22 790
642
6 590
1 490
63% 3 352
7.4
2.2 50.5
60.1 13 310
S15-A0H-M
0 21 900
580
5 680
1 440
65% 1 601
3.5
15.1 27.2
45.8 12 740
S15-A0L
0 20 550
632
4 420
1 400
68% 3 248
7.1
1.9 49.0
58.1 12 060
S17-A1
3 530 17 450
1 480
6 220
1 110
62% 5 698
12.5
0.9 60.0
73.4 11 370
S17-A2
3 530 17 930
1 343
6 390
1 310
62% 1 447
3.2
2.0 25.1
30.3 11 470
S17-A3
3 130 17 730
860
5 220
1 210
66% 2 992
6.6
1.6 37.2
45.4 10 780
S17-A4
3150 17530
920
5120
1180
67%
2972
6.5
1.6 36.7
44.8 10 750
S17-A5
3 140 17 200
927
4 940
1 110
68% 1 758
3.9
1.8 28.0
33.7 10 570
S17-A5-M
3 150 16 760
968
4 580
1 030
69%
675
1.5
11.6 11.5
24.6 10 380
S17-A6
3 130 17 470
899
5 090
1 190
67% 1 437
3.2
2.0 24.6
29.7 10 690
S17-A7
2 710 17 380
818
4 640
1 050
69% 1 066
2.3
2.0 19.8
24.2 10 540
S17-A8-M
3 150 15 480
958
3 310
1 000
73%
816
1.8
10.8 13.6
26.2
9 660
S17-A9-M
3 150 15 410
959
3 320
920
73%
819
1.8
10.8 13.7
26.2
9 630
S17-A10-M
3 000 15 230
917
2 960
910
75%
815
1.8
10.7 13.5
26.0
9 480
S17-A11-M
3 000 15 130
923
2 900
890
75%
852
1.9
10.7 13.9
26.5
9 430

To effectively reduce the heat losses from the boiler when combining with solar heating, the
pump P1 should be turned off when the boiler is not in operation and a one-way valve blocking
self circulation should be fitted to the pipe (S17-A3 in Table 3.6), but preferably be in operation
for some time after the burner has stopped to better utilize the energy from the boiler (S17-V5 in
Table 3.6). To avoid the boiler starting up just to deliver a very small amount of energy, it can be
better to use electricity during the summer period (S17-A4 in Table 3.6). S17-A4 in Table 3.6
corresponds to system S17 version V1 in Table 3.3 (paper III). It can be seen that the energy
savings (pellet + electricity) is much larger than the solar contribution, comparing A0 with A5.
The use of a second temperature sensor to stop the burner (A6 in Table 3.6) decreased the number of starts and stops, but increased the pellet consumption as the auxiliary heated part of the
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store is larger and hotter on average. It is likely that the boiler inlet temperature, the boiler combustion power, the flow rate through the boiler and the store set temperature strongly influence
the number of starts and stops. In addition, stratified discharge using external DHW units, and
heights of pipe connections and heat exchangers strongly influence the stratification in the store.
A sharp temperature gradient in the store that is larger than the temperature difference between
the start and the stop temperatures may be developed during certain operating conditions and
this may cause many start and stops using a one sensor control. Further simulations and experimental measurements should be carried out to investigate if and when a two sensor control is
motivated.
The advanced charge and discharge strategy (S17-A7 in Table 3.5) does not seem to save any
wood pellet, however a small saving in CO-emissions could be seen as the number of starts and
stops decrease.
The savings in pellet fuel that is achieved by the actions in A8-M to A11-M in Table II show the
potential for further possible development of the boilers and stores including better insulation of
stores and boilers, lower leakage flow rates and smaller water volume in the boiler. Better insulation of the boiler seems, from the simulations, to be the most important parameter as the buffer
store is already well insulated. Minimising the leakage losses would have a larger influence using
the ON-OFF control as stand-by time is longer.

3.3.2

Discussion and conclusions

Four commercial, combined solar and pellet heating systems have been investigated in paper III
and evaluated according to their thermal performance. Judging the systems according to their
primary energy demand, assuming a conversion factor for electricity of 40% gives a system efficiency of about 70% for all systems simulated as version V1. The boiler systems where the heat
losses are utilized in the heated building (V3) are having a higher system efficiency (77% to 80%).
However the overheating problems may be large in the summer as the store heat losses are quite
large.
The systems in paper III are simulated using a one-zone building with the result that the stove
systems cover the whole heating demand, which is generally not the case when using the multizone house model in paper II. This is not fully realistic, and means there is no electricity demand
for house heating, and it lowers the number of starts and stops for the stove compared to a real
house. For the boiler systems, it is expected that the benefits from the heat losses (simulated as
"V3") are larger than would be the case in a real house. Consequently the results look better than
they would be in a real house.
The room structure of the building has a strong impact on the performance of the stove systems
(II) and the results from this study can only be applied for buildings with an open plan. For
houses with a traditional plan, systems S7, S16 and S17 are more appropriate solutions.
Operating the pellet boilers/stoves with modulating combustion power improves systems S3 and
S17, where the efficiency of the stove/boiler increases with decreased combustion power. Comparisons with results from II show that careful adjustment of the combustion air settings is an
important precondition to allow benefit from modulating operation. It was observed during the
simulations that the modulating power control was not working optimally when the sensor was
placed in the buffer store. As there is a large time-delay between the temperature changes at the
sensor position after the combustion power has increased, the modulating power control modu-
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lated with the PID controller Type 120 from Holst (1996b) were generally found to operate at
either minimal power or maximum combustion power.
It is also the case that there is great disturbance when DHW is being taken out from the store.
With this disturbance the temperature decreases so much that the boiler always goes up to full
combustion power. Then when the temperature in the buffer store rises above the set temperature there is so much hot water in the boiler that the temperature in the store at the sensor position rises many degrees above the set temperature. To avoid the boiler stopping every time there
is a DHW load, the stop temperature must be much higher than the set temperature. No good
solutions to avoid the boiler switching between maximum and minimum combustion power were
found in this work. However some manufacturers apply a multi-step control where the boiler has
to operate for a certain time on a combustion power before it switches to the next power step,
but such an approach was not simulated.

Further optimisation of system S17
For the boiler and heating system studied in IV (Fig. 2.27), it was shown that modulating operation of the boiler without thermal storage decreased both pellet consumption by 4% and COemissions by 24%. The inclusion of a well insulated thermal store (UA = 2.6 W/K) with 10 m2
flat plate solar collectors improved the overall system efficiency by up to 8% if an ON-OFF control was used, as well as reducing pellet consumption by 25% and CO-emissions by 44% assuming that the boiler in the reference system have 50% higher heat loss coefficient. If the boilers are
having the same heat loss coefficient the system efficiency is remained at 68% and the pellet consumption decreased by 16%, just slightly more than the solar contribution. However the solar
combisystem may be further optimised and could reach a system efficiency of 75%.
Using a proper control strategy and system design and a well insulated store, the energy savings
from the additional solar heating system are larger than the actual solar gain. This is due to the
low efficiency for boilers during the summer, and the same trend has previously been reported by
Bohm (2004) and Thür et al. (2004) for oil and gas boilers. This indicates that the combination of
pellet boilers and solar heating systems are, from the technical and energy point of view, a successful combination, however for well insulated boilers in the reference system, bad insulated
buffer stores or solar combisystems with a bad control strategy the system efficiency may be decrease when combining with solar heating.
The most important factors to achieve high system efficiency are that the boiler and the buffer
store should be well insulated and have few thermal bridges. The sensor controlling the boiler
should be placed in the store and the temperature difference between the start and stop temperature should be at least 10°C independent of the type of control system (ON-OFF or modulating).
The pump should only be in operation when the temperature in the boiler is higher than in the
store. Use of an electric heater in the store instead of the boiler during the summer may give a
further small primary energy saving and energy cost savings.
An advanced strategy to fill the boiler with cold water from the bottom of the store to cool it and
to heat it again with hot water from the upper part of the buffer store before the boiler starts
(system version S17-A7 in Table 3.6) could not be proven to save energy. Use of modulating
power control may increase the system efficiency; however this is dependent on the boiler characteristics (how the efficiency varies with the combustion power). For boilers with relatively large
start and stop CO-emissions and if the emissions at low combustion power also are low, modulating power may be an efficient measure to reduce CO-emissions.
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An important result is also that the total CO-emissions from a residential pellet boiler cannot be
estimated only from looking at the emissions during operation. Especially for boiler sand stoves
using an ON-OFF control, the dominating contribution of CO-emissions is usually during the
start and stop phases (se fig. 5 in paper IV). However the suggestions for a harmonized European test standard do not include start or stop emissions, just the emissions during operation
(Pettersson, 2005). This is remarkable as there are large differences in start and stop emissions
between different products (Fig. 2.7 and Fig. 2.8) and it is probably possible to reduce the start
and stop emissions from many boilers. However, using the CO-emissions as the only emission
parameter is not optimal as the compositions of different emissions are different during the start,
stop and the operation phases (see further in section 2.1.7).

3.4

Systems with DHW-units

The results in this section are presented as auxiliary energy savings compared to the reference
system. Due to convergence inaccuracy, the simulated loads differ slightly from simulation to
simulation. In order to be able to compare results for systems meeting exactly the same load, the
simulated auxiliary energy demand (Waux) has been adjusted using Eq. (3.5), where Wload is the
total annual load for the simulated system and Wload,nom is the nominal total annual load.

 W
− W load ,nom
W aux ,corr = W aux ⋅  1 − load
W load ,nom







(3.5)

Table 3.7 shows the extra energy savings (∆Wel) of DHW units [4] and [5] using the identified
parameter values in the models compared to those achieved by the reference system. Results for
DHW units [6] and [7] are also included, based on the middle-sized heat exchanger. DHW unit
[5] achieves the largest savings and has the lowest auxiliary set temperature. DHW unit [7] has
nearly the same savings as the reference system despite having nearly 10°C lower auxiliary set
temperature. This is due to relatively hot water being put into the bottom of the store during
discharges with relatively low hot water flow rates. DHW unit [6] with the turbine pump performs well, whereas DHW unit [4] has too small heat exchanger for the load, shown by the unrealistically high auxiliary set temperature.

Table 3.7.
Extra energy savings for DHW units (Fig. 2.9) with identified parameter values compared to that of the base case system.
DHW units [6] and [7] have parameter values for the middle-sized heat exchanger (Fig. 2.12), while unit [4] has the small
heat exchanger.
Reference
Taux,set [°C]
∆Wel [kWh]
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79.9
0

DHW
unit [4]
85.0
59

DHW
unit [5]
54.1
461

DHW
unit [6]
70.6
339

DHW
unit [7]
70.6
7
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3.4.1

Influence of key parameters

Influence of self circulation on the primary side
Natural convection from the store through the DHW unit could be seen in the measurement
data of the prototype turbine pump. Also Persson et al. (1996) reported this phenomenon for a
DHW unit connected to a solar heating system. Significant heat losses and mixing in the store
can be expected if the natural convection occurs. In order to estimate possible heat losses due to
this natural convection, DHW unit [6] was simulated with the flow rate in the primary circuit
dependent on the temperatures in the store at periods with no DHW-load. The natural convection flow rate was assumed to be 0.001 kg/s for an average tank temperature of 60°C and an
overall heat loss coefficient for the DHW unit of 0.2 W/K. For these assumptions the extra energy savings were reduced by 167 kWh which is 50% of the savings achieved in Table 3.7. This
gives an indication of the scale of decreased savings due to this phenomenon. To prevent this
circulation, a one-way valve with sufficient blocking pressure should be installed in the primary
circuit.

Influence of the control strategy
Comparing the performance using the same heat exchanger size for all units and the same maximum primary water flow rate of 0.267 kg s-1, gives a fair comparison. Simulation results of such
designs are presented in Table 3.8. Thus, the only difference between the models here is the control strategy. The results show that the necessary auxiliary set temperature is very nearly the same
for all DHW units and about 10°C below that of the reference. However, the resulting energy
savings differ considerably. DHW units [4-6] perform well, with unit [4] being somewhat better.
DHW unit [7] is, once again, no better than the base case.

Table 3.8
Extra energy savings for DHW units using the same heat exchanger size, the middle-sized heat exchanger for unit 4, and a
maximum primary flow of 0.267 kg s-1.

Taux,set [°C]
∆Wel [kWh]

Reference

DHW
unit [4]

DHW
unit [5]

DHW
unit [6]

DHW
unit [7]

79.9
0

70.3
389

70.3
315

70.6
339

70.6
7

Influence of the heat exchanger size
Table 3.9 shows the extra energy savings for DHW unit [4] for three different heat exchanger
sizes but with the same maximum primary flow rate. There are large differences in the overall
heat transfer coefficient between the heat exchangers, see Fig. 2.12, but the resulting differences
in energy savings are significantly smaller. The difference between extra energy savings for the
larger and middle-sized heat exchanger is only 5%, but this may be because the primary flow rate
is too small to be able to fully utilise the large heat exchanger to lower the auxiliary set temperature.
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Table 3.9
Extra energy savings for DHW unit [4] for three different heat exchanger sizes, but with the same maximum primary flow
of 0.267 kg s-1.
Reference

Small

Middle

Large

79.9
0

72.7
329

70.3
389

69.4
409

Taux,set [°C]
∆Wel [kWh]

Influence of the primary flow rate
The maximum primary flow rates measured for DHW units [4] and [5] varied between 0.2 and
0.435 kg s-1. Table 3.10 shows how a variation of this parameter affects the energy savings for
DHW unit [4]. 0.37 kg s-1 is the same flow as for the worst-case discharge in the hot water profile
used. The maximum primary flow rate is shown to have a significant impact on the auxiliary
thermostat settings and the energy savings. The value of 0.267 kg s-1 gives good savings. Higher
values lead to even higher savings, but the higher maximum flow rates would require larger dimensions for pump, pipes and heat exchanger, resulting in increased costs. The identified value
of 0.206 kg s-1 for DHW unit [4] is seen to be too low for the standard load profile that has discharges with high hot water flow rates.

Table 3.10
Extra energy savings for DHW unit [4] with different maximum primary flow rates.

Taux,set [°C]
∆Wel [kWh]

3.4.2

Reference

0.206 kg/s

0.267 kg/s

0.370 kg/s

0.435 kg/s

79.9
0

85.0
59

70.3
389

57.9
568

54.0
614

Discussion and conclusions

The results show that DHW units [4], [5] and [6] perform better in solar combisystems than the
immersed heat exchangers used in the reference system. The savings are about 300 to 600
kWh/yr compared to the reference system, depending of the size of heat exchanger and the primary flow rate. This corresponds quite well with the results from Lorenz et al. (1998) who report
savings of 495 kWh/yr and Lorenz (2001) who reports annual savings of 350 to 450 kWh/yr,
depending on the heat exchanger size.
Under the same conditions for heat exchanger size and maximum primary flow rate, the microprocessor control of DHW unit [4] with a variable-speed pump performs best. A three-way valve
and shunt as in DHW unit [5] or two-way valve as in DHW unit [3], both activated by the hot
water temperature, give a similar performance to that from a theoretical DHW unit with a turbine
pump (unit [6]).
The reason that the DHW-units may decrease the auxiliary demand is the low return water temperature and the possibility of lowering the auxiliary set temperature. The control strategy should
be developed so that it maintains the lowest possible return temperature to the store. It is important that the maximum primary flow rate is suitable for the maximum hot water flow rate and it
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should not be lower than the maximum hot water flow rate. The heat exchanger shall have sufficiently high heat transfer capacity for the DHW load to maintain a small temperature drop.
DHW unit [7], using fixed flow on the primary side, is only better than the reference system if the
load profile does not contain many discharges with low flow rates. Low hot water flow rates result in high return temperature to the store leading to worse performance in the solar collector.
The auxiliary thermostat setting has a very strong influence on energy savings in the studied systems. If it is set to an unnecessarily high temperature then the savings are reduced significantly.
The heat losses from the DHW unit have mostly been ignored in this study, but if the unit is
placed outside the store insulation there are, of course, extra heat losses compared to the reference system. Heat losses due to constant self circulation in the primary circuit are problematic as
previously reported by Persson (1996). Such losses have been estimated by a simulation and were
proven to have a large influence on the energy demand. Due to this, all DHW units should be
supplied with non-return valves with sufficient blocking pressure to prevent the natural convective flow through the DHW units.

3.5

Heat-fed dishwasher and washing machines

The simulation results of models for one wash sequence for heat-fed machines and hot water-fed
machines are illustrated in Fig. 3.5 and Fig. 3.6. The electricity demand and the total energy demand are plotted versus the supply water temperature. It can be seen that about 90% (1 kWh) of
the electricity demand can be replaced by heat for the heat-fed dishwasher if water of 70 °C is
provided (Fig. 3.5). For the hot water-fed dishwasher almost 50% (0.5 kWh) of the electricity can
be replaced assuming that domestic hot water of 65°C is available (higher temperatures are not
allowed due to the risk of scalding). However, for a more realistic domestic hot water temperature of 55 °C the savings are about 40%.
The differences between the washing machines are quite small on the 40 °C program, but on the
60 °C program, the savings are 70% (0.85 kWh) for the heat-fed washing machine (70 °C supply
water temperature) and 57% (0.6 kWh) for the hot water-fed machine (65 °C hot water temperature). For the hot water-fed machine with a hot water temperature of 55 °C, the electric energy
savings are 48% (0.5 kWh).
The system simulations with the system concepts illustrated in Fig. 2.28 and Fig. 2.29 are presented in Table 3.11 and compared with electrically heated machines. The results show that the
increase in heat demand from the boiler is of the same order of magnitude as the decrease in the
electricity demand. The solar contribution also increases and the store heat losses decrease and
both also contribute to cover the increased heat load. The "heat use/electricity saving" factor is a
measure of how much more heat is taken from the store to replace a certain amount of electricity
and is about 1.2 for the system.
The extra heat load due to the heat-fed machines could make larger collector areas economical.
By plotting the annual electricity use and solar gains in relation to the collector area for the different systems with heat-fed machines and with electrically heated machines, the collector area for a
certain marginal solar contribution can be obtained (VI). Assuming that a collector giving a marginal solar contribution of 125 kWh/(m2·yr) is an economical collector size, the collector area for
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system V1a with electrically heated machines will be 11 m2 (Table 3.12). The same marginal contribution is found for a collector size of 13 m2 using heat-fed machines (V1b) showing that the
solar gain would increase (by 0.5 MWh/yr) compared to the case with electrically heated machines. The results for all systems when the collector area is adjusted to keep the marginal solar
contribution constant are shown in Table 3.12. The solar gain would increase by 0.1 MWh/yr)
for system V2 (SDHW system in Stockholm) and by 0.4 MWh/yr for system V3 (SDHW in
Miami). It can be seen that the increase in solar gain is larger than the increased heat from the
boiler for systems V1 and V3 (comparing V1a with V1b and V3a with V3b in Table 3.12).
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Fig. 3.5. Simulated energy demand (W) for the hot water-fed dishwasher depending on domestic hot water temperature
(TDHW) and the heat-fed dishwasher depending on supply temperature (Tflow). The electricity use is shown separately from the
total energy use as dashed lines. For the heat-fed dishwasher the primary mass flow of water is 0.03 kg/s, the ambient temperature is 23°C and the cold water temperature is 15°C. Reprinted from Persson and Rönnelid (2007) with permission
from Elsevier.
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Fig. 3.6. Simulated energy demand (W) for a hot water-fed washing machine depending on domestic hot water temperature
(TDHW) in comparison and for the heat-fed dishwasher depending on supply temperature (Tflow). The electricity use is shown
separately from the total energy use as dashed lines. For the Heat-fed washing machine the primary mass flow of water is
0.03 kg/s, the ambient temperature is 23°C and the cold water temperature is 15°C. Reprinted from Persson and Rönnelid
(2007) with permission from Elsevier.
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Table 3.11
Simulation conditions and simulated energy figures from VII for six basic standard cases with the domestic appliances used
every day. V1 refers to the combisystem in Stockholm with space heating and DHW supply. V2 and V3 refer to the
SDHW system with only DHW supply in Stockholm and in Miami respectively (Fig. 2.29). "a" refers to electrically heated
machines and "b" to heat-fed machines. The energy balance is not always zero due to the heat capacity of the store and round
up errors. Energy costs are calculated assuming an annual pellet boiler efficiency of 80%, a pellet cost of 0.55 SEK/kWh
and electricity costs of 1.2 SEK/kWh (Section 4.1.2).
System version
System type
Climate
Machine heat source
Room temp [°C]
Collector area [m2]
Store volume [m3]
Heat from boiler to store [kWh/yr]
(Change compared to "a") [kWh/yr]
Solar gain to store [kWh/yr]
(Change compared to "a") [kWh/yr]
DHW-load [kWh/yr]
Heat to radiator system [kWh/yr]
Heat from store to machines [kWh/yr]
Store heat losses [kWh/yr]
Electricity used for all pumps [kWh/yr]
Electricity used for pump P6 [kWh/yr]
Electricity use appliances + P6 [kWh/yr]
Pipe losses appliances [kWh/yr]
Heat use appliances[-]
Total electricity use [kWh/yr]
(Change compared to "a") [kWh/yr]
Heat use/electricity saving-factor [-]
Annual energy costs [SEK/yr]
(Change compared to "a") [SEK/yr]

V1a

V1b

V2a

V2b

V3a

V3b

Combi
Stockholm
electricity
21
10
0.729
13 040

Combi
Stockholm
heat-fed
21
10
0.729
13 630
(+590)
3 280
(+130)
3 110
12 190
740
830
960
33
160
84
660
1 090
(-610)
1.2
10 680
(-330)

DHW
Stockholm
electricity
21
5
0.279
1 570

DHW
Stockholm
heat-fed
21
5
0.279
2 210
(+640)
1 950
(+80)
3 110
0
750
300
140
39
180
86
660
280
(-600)
1.2
1 860
(-280)

DHW
Miami
electricity
23
4
0.279
110

DHW
Miami
heat-fed
23
4
0.279
370
(+260)
2 500
(+230)
1 790
0
600
470
110
31
160
78
530
230
(-480)
1.2
530
(-410)

3 150
3 110
12 190
0
880
910
0
790
0
0
1 700
11 010

1 870
3 110
0
0
330
90
0
790
0
0
880
2 140

2 270
1 790
0
0
540
70
0
650
0
0
720
940

Table 3.12.
Collector size, solar gain, electricity demand, and heat from boiler for marginal solar contribution of 125 kWh/(m2·yr). V1,
V2 and V3 denote the different systems in Fig. 2.28 and Fig. 2.29. "a" denotes ordinary machines connected to cold water
and "b" denotes heat-fed machines. Energy costs are calculated assuming an annual pellet boiler efficiency of 80%, a pellet
cost of 0.55 SEK/kWh and electricity costs of 1.2 SEK/kWh (Section 4.1.2).
System version
Marginal collector area
Solar gain to store
Total electricity demand
Heat from boiler to store
Annual energy costs

V1a

V1b

V2a

V2b

V3a

V3b

11.0
3.3
1.7
12.9
10 900

13.0
3.8
1.1
13.2
10 400

3.9
1.7
0.86
1.8
2 300

4.3
1.8
0.28
2.4
2 000

3.2
2.1
0.72
0.25
1 000

4.0
2.5
0.22
0.36
500

m2
MWh/yr
MWh/yr
MWh/yr
SEK/yr
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Table 3.13
Simulated energy figures from VII for the combisystem in Stockholm with space heating and DHW supply (Fig. 2.28).
Three different heating concepts for the machines are shown; electrically heated (V1a), heat-fed, (V1b) and hot water-fed
(V1c). Pipe length and diameter ø are given for the hot and cold water pipes for the hot water-fed dishwasher and the washing
machine. Insulation thickness is 12 mm on all heating pipes and 9 mm on all domestic hot (and cold) water pipes. Simulation conditions are otherwise the same as in Table 3.11. The energy balance is not always zero, due to the heat capacity of the
store and round up errors. Energy costs are calculated assuming an annual pellet boiler efficiency of 80%, a pellet cost of 0.55
SEK/kWh and electricity costs of 1.2 SEK/kWh (Section 4.1.2).
System version

Heat from boiler to store [kWh/yr]
(Change compared to "a") [kWh/yr]
Solar gain to store
(Change compared to "a") [kWh/yr]
DHW-load
Pipe losses (dishwasher) [kWh/yr]
Pipe losses (washing machine)
[kWh/yr]
Electricity use dishwasher [kWh/yr]
Heat use dishwasher [kWh/yr]
Electricity use washing machine
[kWh/yr]
Heat use washing machine [kWh/yr]
Electricity used for pumps [kWh/yr]
Heat use/electricity saving-factor
[kWh/yr]
Total electricity use [kWh/yr]
(Change compared to "a") [kWh/yr]
Annual energy costs [SEK/yr]
(Change compared to "a") [SEK/yr]

V1a
(electrically heated
machines)
13 040

V1b
(heat-fed
machines)

V1c
As V1a, but hot
water-fed machines

3 110
-

13 630
(+590)
3 280
(+130)
3 110
67a

13 330
(+290)
3 270
(+120)
3 560
22b

467
-

17a
44
414

6b
306
-c

322
908

86
242
956

150
-c)
917

1.2
1 090
(-610)
10 680
(-330)

1.36
1 370
(-330)
10 810
(-200)

3 150

1 700
11 010

a

In hot water circulation pipes
In domestic hot water pipes
c
Not calculated
b

In Table 3.13, the performance of the heat-fed machines is compared with hot water-fed machines for the combisystem in Stockholm. The solar contribution is almost the same for both
types of machines, but the electrical savings for the hot water-fed machines are about half of
what can be achieved by the heat-fed machines. Though the distribution losses are lower for the
hot water-fed concept, 36% more heat is required to save a certain amount of electricity, while
20% more heat is required by the heat-fed concept. This is due to higher heat losses from the
machines.
In Fig. 3.7 the heat losses from the distribution pipes have been simulated depending on pipe
length and pipe diameter. The losses are generally higher for the dishwasher due to four separate
heating sequences in the dishwasher compared to only one in the clothes washer (VI).
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Fig. 3.7. Annual heat losses W from pipes depending on pipe length and diameter (ø) for the dishwasher (continuous lines)
and the washing machine (dashed lines) in system V1b (. The domestic appliances are used once every day and the annual
transferred heat is 414 kWh/yr to the dishwasher and 242 kWh/yr to the washing machine. All pipes are insulated with
12 mm of insulation. Reprinted from Persson and Rönnelid (2007) with permission from Elsevier.

3.5.1

Discussion and conclusions

The small energy saving with increased supply water temperature that can be seen for the heatfed dishwasher (Fig. 3.5) is due to shorter heating up periods and thereby lower heat losses. For
the heat-fed washing machine (Fig. 3.6) the savings have two reasons. One is the shorter heating
up period and the other is that the shorter heating up period means that the hot water does not
have time to fully penetrate the wet clothes with the result that the heating requirement is not
fulfilled. (This characteristic is modelled by the extra heat exchanger with internal circulation illustrated in Fig. 2.16).
No scientific tests were performed to evaluate the washing performance, but the only difference
between the heat-fed machines and electrically heated machines is that the time for heating can
be shorter with heat-fed machines. It is possible to compensate for that by a longer washing sequence if required to maintain the washing performance or increasing the heating time by reducing the heating water flow rate. Comparing with hot water-fed machines the heat-fed machines
have a potential for better washing performance as albuminoidal substances are more easily removed in cold water (Höjer, 2004).
The hot water-fed machines in Fig. 3.5 and Fig. 3.6 have increased energy consumption with
increased hot water temperature. One reason is that the heat losses increase as the machines are
filled with hot water from the start. In the heat-fed machines the heating starts later in the sequence. Another reason may be the limitation in the model (the machine is filled with fresh water
at the same time as the waste water is removed, VI) that causes increased energy consumption
when used for a hot water-fed machine.
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From Table 3.11 it can be seen that the energy cost savings are about 330 SEK/yr for a combisystem in Stockholm for today's energy prices and assuming a constant collector size of 10 m2.
This may pay for the extra cost of the machines, but not for the installation cost for the distribution system, though it has a long lifetime. However the savings are directly dependant on the
frequency of use. According to field measurements by NUTEK (1994), families with teenage
children used almost twice as much energy for the dishwasher as families without children. These
simulations correspond to a daily use of both the dishwasher and the washing machine, so higher
user frequencies would not be realistic even for families with teenage children. The cost savings
are so low that they may be unimportant to the user. To be able to sell the concept other advantages must be included. For households with their own forests and no actual costs for the wood,
the savings correspond to the whole electricity reduction which is 730 SEK/yr with an electricity
cost of 1.2 SEK/kWh. Including a tumble dryer in the concept could increase the savings up to
about 1000 SEK/yr in a high consuming family. Then the technology would start to be interesting from an economical point of view. Further if the circuit is also used for floor heating instead
of electric floor heating and for towel dryers in bathroom, the savings could be substantial.
Anyhow, the large number of household machines in Sweden (1.3 million dishwashers and 2.1
million washing machines according to IVA, 2002) results in a saving potential of 0.27 TWh electricity for the dishwashers and 0.28 TWh for the clothes washers if the user frequencies and energy labelling from The Swedish Consumer Agency are representative (Konsumentverket 1996a,
1996b and 1999).
In a study in USA from EIA (1995), it is shown that the use of tumble dryers corresponds to 5%
of the electricity used by US households. In the same study it was found that washing machines
and dishwashers used 2.2% of the electricity used in US households. Thus it is also important to
integrate the tumble dryer in this concept. A heat-fed tumble dryer was developed and evaluated
by Zegers and Molenbroek (2000) and it was shown to have an electricity saving potential of
76%.

Primary energy demand
From Table 3.11 it can be seen that the "heat use/electricity saving factor" is about 1.2 for the
system with heat-fed machines. This means that the heat that is used corresponds to 20% more
energy than the electricity being saved. However comparing the washing machine evaluated in
this study with the washing machine developed by Zegers and Molenbroek (2000) that uses 37%
more energy, not counting distribution heat losses, the results are promising. Taking into account
the efficiency of a combisystem with a pellet boiler (η≈70%, Table 3.6) the total fuel demand is
1.7 times the saved amount of electricity. According to Weiss (2003) an electricity generation
efficiency of 40% is representative for Europe. This means that 1 kWh electricity needs 2.5 kWh
of fuel. Thus the use of heat-fed machines can also be motivated looking at the total energy system. The hot water-fed machines simulated in Table 3.13 use 36% more heat than the amount of
saved electricity. The machines have higher heat losses and this can be explained by the hot water
being added to the machines long before the heating starts. This, together with the fact that hot
water is delivered to rinses in the dishwasher, though it should not be heated, increases the heat
losses. However, in the model fresh water is filled as the same time as waste water is removed
and this may cause errors in the hot water-fed mode. The model has not been verified for use in
hot water-fed mode.

Distribution heat losses and pressure drop
The heat losses from the distribution pipes are highly dependant on pipe length and pipe diameter (Fig. 3.7). Reasonable pressure drop and heat losses (10% of supplied heat) are achieved for
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pipe diameters of 10 mm and for pipe lengths of 12 m for the dishwasher and 15 m for the washing machine. Due to the high dependence of heat losses on pipe length and pipe diameter it is
important that the pipes are sized carefully taking into account the heat losses and the electricity
consumption of the pump. Fig. 3.7 is of great help in this work of trying to estimate the heat
losses. To be able to estimate the electricity consumption of the pump, measurements in VII
show that the total operation time of the circulation pump is about 0.5 hours for a supply water
temperature of 65 to 70°C for both the dishwasher and the washing machine. The pressure drop
in the heat exchanger and the solenoid valve was measured to about 70 kPa (VII); however further development should be made that ensures maintained heat transfer rate with decreased pressure drop.

Possible applications
Despite the low cost saving potential there are a few applications that may be more interesting
than ordinary household applications:
• In houses using wood from their own forests the cost saving potential is the whole electricity cost (the energy figures of Table 3.13 give 730 SEK/year for an electricity price of
1.2 SEK/kWh) as the little extra wood that is required only causes marginal extra work.
• In sunny climates solar gain can cover the major part of the energy demand.
• In new built houses the distribution system can be installed with very low extra costs
• In houses where the aim is to reduce the amount of bought energy by using PV-panels
and other energy saving technologies (Bruzelius, 2004; Hammon, 2005) it will be far more
cost effective to use solar collectors and heat-fed machines instead of ordinary machines
and PV-panels. The solar collectors have higher efficiency than PV-panels and are much
cheaper.
• In communal laundries, day nurseries, cafes and restaurants, where the utilisation rate is
higher that in households.

Use of the DHW circulation system as a distribution system
Though very few single-family houses in Sweden have a hot water circulation system, many multi-family buildings have. The use of the hot water circulation system for hot water distribution for
the heat-fed machines would be an interesting solution for the distribution system; however
many problems will arise. An important task will be to make sure that the system does not allow
Legionella colonisation. Legionella may grow in the water that is caught in the heat exchanger in
the machines and may be spread to the showers when the machines are used (Stålbom and Kling,
2002). The pressure drop over the heat exchanger is large, so it will require a powerful pump that
only operates when any of the machines are in use.

Summary
The results show that the heat-fed machines have much higher electricity savings than the hot
water-fed machines. Particularly for the dishwasher, the savings are higher for the heat-fed concept. Combining the heat-fed concept with a tumble dryer (Zegers and Molenbroek, 2000) would
make the concept more interesting. Anyway the hot water-fed concept is superior for its simplicity and for not needing an extra distribution system. However worse washing performance can be
expected for the hot water-fed concept because albuminoidal substances are more easily removed
in cold water (Höjer, 2004).
The heat use/electricity saving-factor for the heat-fed appliances is about 1.2 (table 3.11). Including a boiler efficiency of 80% gives a heat use/electricity saving-factor of 1.5 This means that 1.5
kWh pellet will replace 1 kWh electricity. This is higher efficiency than from electricity production using coal. However it is together with solar heating the environmental benefits are largest.
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A large part of the heat demand can be covered by solar heat in Nordic climates and in sunny
climates the major part is covered by solar heating (table 3.12).
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4

IMPLEMENTATION AND POSSIBILITIES

4.1

Pellet and solar heating systems

Converting electrically heated houses to pellet heating systems is an ongoing process in Sweden,
though conversion to heat pumps is even more frequent (Fig. 1.2). The increasing electricity
prices in recent years have given rise to a rapidly growing market for alternative heating technologies. Also the solar heating market has developed strongly during recent years (Miljö- och samhällsbyggnadsdepartementet, 2005). However, although this thesis shows that pellet- and solar
heating are a feasible combination, they are seldom installed together. The number of installed
solar heating plants was about 3000 units in 2004, assuming an average collector size of 7.5 m2
where 26% of the plants are combined with wood or pellets (Miljö- och samhällsbyggnadsdepartementet, 2005). This means that about 800 plants were installed together with biofuel boilers;
however the number of installed pellet units were over 10 000 in 2004 (Fig. 1.2).
There are many possible reasons for the relatively low number of plants combination pellets with
solar. From Table 4.1 and Table 4.2 it can be seen that there are relatively large extra costs for
solar heating giving a long pay back time. There are also relatively few companies that sell and
promote combined solar and pellet heating systems. In addition, the boilers available are only
suitable for boiler rooms, which most of the electrically heated houses don't have. New boilers
have been developed that require very little maintenance, using automatic cleaning and ash removal systems (Bioenergi, 2006a; Bioenergi, 2006b). In this way the boilers can compete with the
heat pump in user friendliness, however this technology makes the boilers more expensive.

4.1.1

Space requirements

The major problem in trying to convert electrically heated houses without boiler rooms is the
space requirements. Thus the major task will be the development of small pellet boilers with a
base area 60 x 60 cm. The lack of pellet boilers fitting within these requirements makes the heat
pumps more attractive than pellet boilers in the houses without boiler rooms.
Combined systems for pellet and solar that have small space requirements are being developed,
but the only commercial solar and pellet heating system where the boiler and the burner are
combined in the same unit is the boiler B1 (Lesol, 2006). However this product is not suitable for
placement in a laundry room or similar as it is quite large and may spread dirt when the boiler is
cleaned. Development of boilers that fit in the 60x60 module standard, that have small heat
losses so they do not cause discomfort in summer and that do not require cleaning that may
spread ash will facilitate the conversion of electrically heated houses without boiler rooms. Such
boilers are not yet on the market but a lot of development has been done. A boiler with an integrated solar heat exchanger has been tested by Albers (1999), Dalenbäck (1999) and Dalenbäck
(2000). A prototype with automatic cleaning and ash removal intended to be integrated in the
upper part of a solar heated buffer store with a base area of 60 x 60 cm has been developed by
Lorenz and Bales (2003). Fiedler et al. (2005), Furbo et al. (2005c) and Thür et al. (2006) developed
a boiler with a base area of 60 x 60 cm with integrated solar equipment, expansion vessel and hot
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water production. The solar buffer store is a separate 60 x 60 cm unit. Fiedler et al. (2005) developed a version for pellet, while Furbo et al. (2005c) and Thür et al. (2006) developed a version
with a gas boiler, however the basic construction was identical.
One of few boilers with maximum combustion power around 10 kW and no built-in hot water
preparation has been simulated in IV. It is suitable for integration with solar heating systems in
single family houses; however the best place for such a boiler is in a separate boiler room. Placing
the boiler outside the living area causes high costs (≈100 000 SEK) for building a new boiler
room or extra costs for a culvert. In addition, the heat losses from the systems, that are quite
large for some systems (III, IV), cannot be utilised causing low system efficiency. The use of
pellet stoves is a practical solution in houses without hotwater radiators and a boiler room as the
location problems are solved. There are no losses to the room that cannot be utilised; however
the heat losses to the flue-gases may be larger than for boilers (Fig. 3.4).

4.1.2

Economics

A study by Mahapatra and Gustavsson (2006) by aid of a questionnaire showed that the annual
heating costs closely followed by the reliability in use and the investment costs are the most important factors for single-family house owners when choosing a heating system. Environmental
factors are of low importance. Thus, state subsidies become an important instrument for controlling the kinds of heating systems that are installed in the single-family houses. The Swedish government considers use of biofuel as a very important factor in fulfilling Sweden's commitments in
the climate policies (Regeringskansliet, 2005a). The cost calculations in this work (Fig. 4.1
through Fig. 4.5) illustrate the economics for the different system concepts and show the most
economically feasible systems and whether subsidies would be required.

Current state subsidies and energy prices
In Sweden there is currently (2006-2010) a subsidy for the conversion of single-family houses
(and multi-family buildings) heated by electric resistance heaters to heating with district heating or
local heating by automatic biofuel boilers/stoves, heat pumps and solar heating (Regeringskansliet, 2005b). When converting to pellets heating, the system must cover 70% of the electricity demand for house heating and DHW. In addition the boiler/stove must have automatic combustion power control, automatic fuel feeding and follow the emission regulations of the National Board of Housing, Building and Planning. The contribution to the material and installation
costs for the waterborne system, the chimney and a possible buffer store or hot water store is
30% of the costs, but a maximum of 30 000 SEK/house. The subsidies have been implemented
in the cost calculations in Fig. 4.1, Fig. 4.2 and Fig. 4.5. The regulations mean that no subsidies
are given for converting to pellet heating in house types H2 and H5, which already have water
borne heating systems, or to systems that do not reduce the electricity demand for heating and
hot water by at least 70%.
In addition a subsidy can be obtained for the solar collector system corresponding to 2.5 SEK
per kWh/(m2·yr) for the annual production of the given collector at an average operation temperature of 50°C (Boverket, 2000). The maximum subsidy is 7500 SEK. A collector of 5 m2 with
an annual production of 400 kWh/(m2·yr) gives a subsidy of 5000 SEK. In the cost calculations a
subsidy of 5 000 SEK has been included for the systems with 5 m2 solar collectors and a subsidy
of 7 500 SEK for the systems with 10 m2 collectors.
Detailed cost calculations of stove systems simulated in Table 3.3 have previously been carried
out by (Persson, 2004) and the cost calculations published here have been updated with today's
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electricity and pellet prices and the current state subsidies (Boverket, 2000; Regeringskansliet,
2005b). The variable electricity price is between 1.11 and 1.20 SEK/kWh including electricity
certificate, grid cost, energy tax and VAT (Borlänge Energi, 2006; Dalakraft, 2006 and Falu Energi & Vatten, 2006). An electricity price of 1.2 SEK/kWh has been assumed in this work.
The current pellet prices are between 2.25 and 2.40 SEK/kg incl. VAT depending on the size of
the sack (Fred's Villapellets, 2006; Mockfjärds Biobränsle, 2006). The delivery costs are from 0.20
to 0.35 SEK/kg. According to Swedish standard SS – 18 71 20 the energy content of pellets is 4.7
kWh/kg, which gives a pellet energy cost of 0.48 to 0.59 SEK/kWh depending on whether the
pellets are fetched from the factory in a large sack or delivered to the house in small sacks. Using
bulk transportation gives lower costs, but requires large pellets stores and may only be an option
for house type H2 (Fig. 2.19). For this study a pellet price of 0.55 SEK/kWh is used.

Cost calculations
Material and installation costs have been obtained from Wikells byggberäkningar AB (2000), Wikells byggberäkningar AB (2001), Wikells byggberäkningar AB (2002) and from price lists from
Swedish solar heating companies. The total costs for the components given as material costs and
installation costs are presented in Appendix 3. The total installation costs for the systems and the
possible state subsidies are presented in Table 4.1. Systems with stove K1 and K2 in the houses
with a traditional plan do not allow electricity saving over 70% and are not given any subsidies. In
real cases it is impossible to estimate the electricity savings achieved by a stove system as it is very
dependant on the comfort requirements and behaviour of the user and the house plan; however
in this work the simulated energy balance in Table 3.3 is used to calculate the subsidies.

Table 4.1
The total investment costs for the different system concepts excluding subsidies and the maximum subsidies for the solar systems and the pellet heating system. The costs for the different system components are presented in Appendix 3. The simulated
energy balances in Table 3.3 are used to calculate the subsidies. In the economic evaluation in Fig. 4.1 and Fig. 4.2 the total
costs have been reduced with the current state subsidies (Regeringskansliet, 2005b; Boverket, 2000).
System
S0
S1
S2
S3
S6
S7
S8
S9
S10
S11
S12
S13
S14
S14

Stove Hotwater Solar
radiators collector
K1
K1
K2
K2
K3
K3
K2
K2
K3
K3
K2
K3

Few
Few
Yes
Yes
Few
Few
Yes
Yes
Yes
Yes

House type H1
House type H3
House type H4
Total cost Subsidy Total cost Subsidy Total cost Subsidy
-

5

m2

5 m2
5 m2
5 m2
2
5m
5 m2
5 m2
5 m2

37 400
70 600
61 900
95 100
118 300
151 500
124 200
157 400
124 300
154 700
130 200
160 600
150 300
162 400

5 000
5 000
5 000
30 000
35 000
5 000
30 000
35 000
5 000
35 000

33 600
67 100
73 300
106 800
126 900
160 400
143 100
176 600
132 800
163 600
149 000
179 800
169 500
181 600

5 000
22 000
28 800
30 000
35 000
30 000
35 000
30 000
35 000
30 000
35 000
35 000
35 000

36 300
70 400
82 300
116 400
127 700
161 700
159 200
193 200
133 600
164 900
165 100
196 400
186 200
198 300

5 000
5 000
5 000
30 000
35 000
5 000
30 000
35 000
5 000
35 000

System S0 an S1 are the reference system with only electric radiators and SDHW-system respectively.
Systems S2 to S14 are illustrated in Appendix 1.
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Fig. 4.1. The annual energy and capital costs in SEK at an electricity cost of 1.20 SEK/kWh and a pellet cost of 0.55
SEK/kWh. The rate of interest minus inflation is 5%, the energy data are from Table 3.3 and the costs from Table 4.1.
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Fig. 4.2. The annual energy and capital costs in SEK for 50% higher energy costs compared with Fig. 4.1 (electricity price
1.80 SEK/kWh and a pellet price of 0.825 SEK/kWh). The rate of interest minus inflation is 5%, the energy data are
from Table 3.3 and the costs from Table 4.1.
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Fig. 4.3. The annual energy and capital costs in SEK at an electricity cost of 1.20 SEK/kWh and a pellet cost of 0.55
SEK/kWh. The rate of interest minus inflation is 5%, the energy data are from Table 3.3 and the installation costs of the
electric resistance radiators and the traditional DHW stores are not included in the investment costs, thus the reference system
have no capital costs.
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Fig. 4.4. The annual energy and capital costs in SEK for 50% higher energy costs compared with Fig. 4.3 (electricity price
1.80 SEK/kWh and a pellet price of 0.825 SEK/kWh). The rate of interest minus inflation is 5%, the energy data are
from Table 3.3 and the installation costs of the electric resistance radiators and the traditional DHW stores are not included
in the investment costs.
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The capital costs presented in Fig. 4.1 and Fig. 4.2 have been calculated by the annual instalment
method (Ljung and Högberg, 1988) where the rate of interest minus inflation is assumed to be
5%. The payback time is assumed to be equal to the economical life of the system. For the
stoves, electric resistance heaters and DHW stores the life is assumed to be 15 years. The decreased flexibility and the uncertainties of the future electricity prices are factors that shorten the
economical life of the electric resistance heaters. For the solar collectors the life is estimated at 30
years and for the pipes, radiators, buffer stores and the chimney a life of 50 years can be assumed.
The maintenance costs are assumed to be so small that they can be neglected for all systems as
well the residual value after the economic life.
The annual energy costs are calculated for today's energy prices in Fig. 4.1 and for 50% higher
energy prices in Fig. 4.2. We can see that the dominating annual costs are the energy costs in all
systems. The system giving the lowest total costs is system S14 with stove K3 in house types H1
and H4, independent of energy costs. The system has significantly lower costs than the other
systems with hotwater radiators. In house type H3, systems S2 and S3 give the lowest annual
costs. Systems S2 and S3 are also economical in house type H1. The existing chimney and the
relatively high energy demand make the system economical in H1, though the fraction of electricity savings is quite low. The systems with pellet stove K3 have, in most cases lower costs than the
corresponding systems with stove K2.
The lowest annual energy costs are achieved by systems S13 or S14 with stove K3. The annual
energy costs can be reduced by 34 to 38%. The maximum annual savings in energy costs are 9
000 SEK in house type H1, 7500 SEK in house type H3 and 7900 SEK in house type H4. The
annual savings for the best system including the capital costs are 3500 SEK in house type H1,
4000 SEK in house type H3 but only 100 SEK in house type H4 with today's energy costs. The
50% higher energy costs make almost all systems economical and the annual savings in total costs
are between 4 000 and 8 000 SEK.
Adding a solar heating system does not change the costs significantly. However, the lower roof
slope in house type H3 reduces the solar gains and gives slightly worse economics. Using the
50% higher energy prices (Fig. 4.2) makes the solar heating systems very profitable in general.
The electricity costs have increased more than the pellet costs in Sweden since the cost calculations performed by Persson (2004). Also, state subsidies for conversion of houses with electric
resistance heating have been introduced. This has made a huge difference in the economics for
the systems and, today, many systems are economical compared with electrical heating (Fig. 4.1).
In the cost calculations carried out by Persson (2004), only system S2 in house type H3 was economical. The energy costs were then 0.9 SEK/kWh for electricity and 0.45 SEK/kWh for pellets.
The systems with both electric resistance radiators and a few hotwater radiators (S6, S7, S10 and
S11) may not be evaluated correctly here as the reason for using these systems is that well functioning electric resistance heaters already exist, while the cost calculations assume that they have
to be installed.
In Fig. 4.3 and Fig. 4.4 it is assumed that the electric resistance radiators and the hot water tank
are well functioning and do not need to be replaced; thus the capital costs for these components
have been excluded. The results show that it is not economical to install a solar heated DHWstore (system S1) if the existing DHW-tank does not need to be replaced. In general the systems
seem less competitive under these conditions and the only systems that are economical with today's energy prices are systems S2 in house types H1 and H3 and system S3 in house type H3.
Systems S3 and S14 in house type H1 and system S2 in house type H4 give similar costs to the
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reference system. With the above assumptions the calculations show that the systems with both
electric resistance heaters and water borne radiators (S1 to S7 and S10 to S11) are slightly more
economical comparing with the calculation in Fig. 4.1 and Fig. 4.2.

Boilers
Cost calculations were carried out for the boilers for the different systems simulated in Table 3.4
which have a hot water load of 3100 kWh/yr and a heating load of 15 200 kWh/yr. Heat losses
from the systems are considered as waste heat in all cases, thus, the economics of systems where
the boilers are placed within the living area are not correctly evaluated. The final system costs are
presented in Table 4.2 and the costs are presented with and without a new built boiler room but
always including a hotwater radiator system and a chimney for one storey buildings. The
improvements carried out for S17 are not assumed to increase the installation cost.
The systems qualify for the current state subsidies if they are installed in an electrically heated
house without a waterborne heating system, so the subsidy is included in the cost calculations as
a reduction in investment cost. The total system costs and possible subsidies are given in Table
4.2. The costs include a new hotwater radiator system that is assumed to cost 43 500 SEK and a
chimney that costs 16 400 SEK.

Table 4.2
The total investment costs for the different system concepts with boilers. The costs for the different system components are taken
from Table A3.1in Appendix 3:1.
System
S0
S15 A0H
S15 A0H
S15 A0L
S15 A0L
S16 V1
S16 V1
S17 V1
S17 V1
S17 A5-M
S17 A5-M
S17 A11-M
S17 A11-M

Solar
gains
[kWh/yr]

2 780
2 780
2 060
2 060
3 140
3 140
3 000
3 000

Pellets
demand
[kWh/yr]
0
21 890
21 890
20 550
20 550
17 820
17 820
20 090
20 090
16 750
16 750
15 140
15 140

Electricity
New
demand
boiler room
[kWh/yr]
15 670
580
580
Yes
632
632
Yes
1 783
1 783
Yes
984
984
Yes
970
970
Yes
920
920
Yes

System cost
[SEK]

State subsidy
[SEK]

37 400
124 600
206 000
124 600
206 000
176 000
258 700
198 600
279 900
179 000
260 300
179 000
260 300

0
30 000
30 000
30 000
30 000
37 500
37 500
37 500
37 500
37 500
37 500
37 500
37 500

The cost calculations in Fig. 4.5 using current energy prices show that systems S15-A0H, S15A0L (Appendix 1:3), S17 A5-M and S17 A11-M (Fig. 2.27) decrease the annual costs compared
with the reference system. This is impressive, as the replaced energy demand is quite small, as the
heat losses from the system to the room are considered as losses and as a new chimney and radiator system are included in the costs. The corresponding systems with new boiler rooms become
economical with the higher energy costs but this assumes that the heat losses from the system are
enough to keep the boiler room at 20°C which is the assumed boiler room temperature when
calculating the heat losses. Placing the boiler within the living zone increases the possibility of
utilising the waste heat from the systems.
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Looking at the different houses in Fig. 2.18 through Fig. 2.22 shows that house type H2 is the
only house that has a traditional boiler room which is suitable for the current technology. The
other houses have no boiler rooms and very little space for heating equipment. For these houses,
the stoves are more suitable. However if boilers are going to be accepted in these houses, boilers
must be developed which fit into the 60 x 60 cm module standard and which do not emit any
dust or smoke into the room. Combined systems for pellet and solar that have small space requirements are being developed (see section 4.1.1), but the only commercial solar and pellet heating system where the boiler and the burner are combined in the same unit is the boiler B1 (Lesol,
2006).
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Fig. 4.5. The annual energy and capital cost in SEK for different system concepts where energy data are simulated in Table
3.4 and Table 3.6. The system costs are from Table 4.1 and the rate of interest minus inflation is 5%. An electricity cost of
1.20 SEK/kWh and a pellet cost of 0.55 SEK/kWh are considered. In the right-hand chart 50% higher energy costs are
considered. The systems provide 15200 kWh heat to radiators and 3100 kWh domestic hot water.

4.1.3

Barriers and possibilities

Costs and status
Though the pellet market is growing rapidly there are still barriers that should be overcome. The
costs are, of course, an important factor and according to Mahapatra and Gustavsson (2006) the
most important factor. The cost calculations show that the current subsidies, together with the
current large price difference between pellets and electricity, make conversion profitable.
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However the pellet stoves may be bought not only for economic reasons as a heating system, but
also as a nice fire which has a special place in many people’s hearts (Henning, 2004). The design
of the stove is also important as it is "furniture" adorning the home.
The pellet boilers and burners have, so far, been typical boiler-room equipment, which has no
specific status and is therefore only considered in economic terms. It may be that if the boiler is
developed from being just a boiler to being a more advanced and clean module with a base area
of 60 x 60 cm with attractive design and advanced technology, the status may rise, and then the
costs will also be treated in a different way by the consumer. Development and larger production
series may also decrease the costs in the future.

Further development
The pellet heating technology is still a very young technology and the focus on the market in
Sweden has been for pellet burners replacing oil burners in existing boilers. Pellet boilers are designed as typical boilers that should be placed in traditional "dirty" boiler rooms; they have high
combustion power (≈20 kW), and they have built-in hot water preparation that makes combinations with solar heating more complicated and less efficient. In recent years, boilers which need
very little maintenance have come onto the market; however the boilers are still large typical
boiler room products.
Most of the electrically heated houses in Sweden do not have a boiler room or a chimney and a
heat pump in a module with a base area of 60 x 60 cm with a modern design is obviously an attractive solution compared to most pellet boilers of today. A pellet stove is a good solution; however a water jacketed stove and a waterborne system is required in a house with a traditional plan
to be able to replace most of the electricity while maintaining a high comfort level. As this work
shows that these types of systems are quite complicated, a primary task is to develop an intelligent control unit for the systems with water jacketed pellet stoves and solar heated buffer stores,
taking into account the charging of the buffer store and the room temperature. Testing and
monitoring of such systems, both in laboratories and in demonstration houses, is an important
issue as there are no well tested systems available on the market.
To be able to use pellet boilers in the electrically heated houses, boilers which fit in a base area of
60 x 60 cm should be developed. The combustion power should be not more than 10-12 kW and
the boilers should be well insulated in order to avoid overheating problems. In order to be able to
combine the systems with solar heating there are two possibilities. One is that the burner is
placed in the upper part of a buffer store as in system S16 (the approach by Lorenz and Bales,
2003), but the whole store should fit within the module with a base area of 60 x 60 cm. The other
is that the boiler is separated from the store as in system S17, but this would require two sets of
60 x 60 cm modules (the approach by Fiedler et al., 2005 and Furbo et al., 2005). Other requirements are higher efficiency by automatic adjustment of air settings (Eskilsson et al., 2004), valves
blocking the leakage losses during non combustion periods (IV) and flue-gas condensation with a
scrubber (Fredriksson and Rudling, 2000, Fredriksson et al., 2002; Persson, 2005a; Rawe et al.,
2006) which also makes it possible to use cheaper chimney constructions.
Boilers and stoves need careful adjustments to be able to maintain highest efficiency and lowest
CO-emissions. If the fuel quality changes the boiler/stove needs further adjustment. It is important that automatic adjustments for boilers and stoves as developed by Eskilsson et al. (2004) are
fitted in the products to allow simpler installation, higher efficiency and lower emissions.
Developing a water jacketed stove with a built in solar heated buffer store or a hot water store in
the shape of a tiled stove is also an interesting system design for these houses as this would actu-
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ally free some space in the laundry. In addition a cosy fireplace is created in the living room
which might reduce the importance of the economic factors.
Solar heated buffer stores for single-family houses seldom have an optimal design, such as that
recommended by Lorenz (2001), Rönnelid et al. (2004) or Persson (2004). This means optimal
connection heights for heat exchangers and radiator ports, proper insulation, and well–thoughthrough positions for temperature sensors. It would be convenient if the companies developed
standard stores with an optimised design and measured and documented good performance.
The development of pellet heated cooking stoves (Bioenergi, 2002), which also have water jackets
is in progress (Lohberger, 2006); however they are not yet on the Swedish market. The use of
pellet heated cooking stoves with water jackets is interesting as it solves the location problem (if
the kitchen has enough space) and also replaces electricity for the electric stove. The concept
would be especially interesting in low-electricity use houses as it may replace 500 to 1000 kWh/yr
electricity for cooking by heat from wood pellets (Bokalders and Block, 1997). The stove can be
used in combination with the heat-fed dishwasher, washing machine and tumble dryer (VI; VII;
Zegers and Molenbroek, 2000). Using the data on household electricity demand from Bokalders
and Block (1997), about 40% of the household electricity demand can be replaced by heat from
wood pellet and solar. In addition, almost all high power consuming appliances in a household
(except microwave oven, vacuum cleaner and coffee maker, etc.) can be replaced, which will
dramatically reduce the peak load of the house.

4.2

Incorporating components to increase the solar gain

4.2.1

DHW-units

Incorporating DHW-units (V) is problematic. Not even the most fundamental design recommendations by Rönnelid et al. (2004) are yet fully implemented on the market though they entail
only very small extra costs. According to Lorenz et al. (1998) the extra costs for a DHW-unit
would be about 330 ECU, which would correspond to 2500 SEK (Wikipedia, 2006). The energy
savings are about 500-600 kWh/yr for a properly sized DHW unit (V; Lorenz et al., 1998) compared to the reference system with internal spiral-tube heat exchangers. Assuming a pellet price
of 0.55 SEK/kWh and a "boiler to store" efficiency of 80%, there is an annual cost saving of 340
to 410 SEK/yr, giving a payback time of 6 to 7 years. Assuming a life of 15 years, this gives an
annual capital cost of 240 SEK/year, using the annual instalment method (Ljung and Högberg,
1998), which is less than the energy cost savings. DHW units would, from an economical point
of view, be a good investment.
Further work that is required is to investigate for what water qualities there is risk of lime deposits in the heat exchanger on the secondary side. The water in the buffer store may be up to 95°C
in the summer when there is a lot of solar radiation, and high primary inlet temperatures increase
the risk for lime deposits. To decrease this risk, the system developed by Fiedler et al. (2005) and
Furbo et al. (2005) has a shunt in the primary circuit that reduces the primary inlet temperatures
to 70°C. This will, however, also increase the primary flow rate and the return temperature back
to the store, which increase the auxiliary heating demand. Another DHW unit on the Swedish
market has two heat exchangers in series, where the primary water through the first heat ex-
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changer recirculating to adjust the hot water temperature by reducing the primary inlet temperature. The latter heat exchangers are used to maintain low return water temperatures.

4.2.2

Heat-fed machines

The fact that the heat-fed machines (VI, VII) do not save energy on the consumer side, but make
a shift from the use of electrical energy to heat is problematic, especially in Sweden where using
electricity for heating is normal practice. However, when the heat-fed machines are used in solar
heating systems there is an energy saving as the solar heating system is utilized more efficiently.
The extra heat required by the machines may, on an annual basis, be provided by more than 50%
of solar heating in a combisystem in Stockholm, if the collector area is increased from 11 to 13
m2 to keep the same marginal solar gain (Table 3.12). Keeping the collector area constant at 10
m2, the increased heat load is compensated by 18% solar heating and 82% heat from the boiler
(Table 3.11). If the purpose is mainly to increase the solar gain a hot water-fed machine is almost
as effective as a heat-fed machine (Table 3.13) and the hot water-fed machines are therefore
strong competitors as no extra distribution system is required. However the heat-fed machines
give much higher electricity savings and are expected to give better washing performance as albuminoidal substances are better removed in cold water.
Both the work performed by Zegers and Molenbroek (2000) and the work performed in papers
VI and VII, were carried out in cooperation with manufacturers, and resulted in well functioning
prototype machines that were demonstrated in demonstration projects, but the manufacturers
decided not to start production in any of the projects. The producers of domestic appliances do
not seem to be interested in producing small series of heat-fed machines. Maybe if the energy
labelling system by the Swedish Consumer Agency (Konsumentverket, 1996a, 1996b and 1999)
were changed so that heat and electricity consumption were accounted for separately and rated
differently, the interest for the technology from the manufacturers might increase as there are
marketing advantages. The concept investigated in VI using a pipe-in-pipe heat exchanger makes
it possible to produce heat-fed dishwashers and washing machines with only small changes in the
production line of the ordinary machines. The concept of the washing machine developed by
Zegers and Molenbroek (2000) required a specially designed wash drum.
Further development that is required to commercialise these products is to reduce the pressure
drop in the heat exchanger on the primary side, to change material from copper to stainless steel,
to find a cheap production method and to perform long term testing. So far, the prototypes developed in VI have been installed in a demonstration project arranged by Göteborg Energi during summer 2006. The aim of the project is to demonstrate district heating technologies in single
family houses.
It will certainly be problematic to introduce this technology on the market, especially as no manufacturer wants to start production. The price differences between heat and electricity are the main
driving force, but the technology is most interesting where the frequency of use is high, as in
communal laundries or in restaurants. House owners with access to wood from their own forests
or those having solar heating systems.
A case where the technology could be really economical is, for example, if the boundary conditions are such that so called zero energy houses are to be built. In such cases it will be much
cheaper to produce heat from solar collectors than electricity from PV-panels. Today, there are
houses that are built with PV-panels (Bruzelius, 2004; Hammon, 2005), and for these houses an
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evaluation must be made whether or not it would be better to use hot water producing solar collectors, than PV panels to produce the energy for the domestic appliances.
A complete system, including heat-fed dishwasher, washing machine, tumble dryer, underfloor
heating in the bathroom and towel dryers would make the concept more interesting in cold climates, because a larger amount of electricity could be replaced. Electric heating in floor heating
systems is estimated to be the largest source for increasing electricity heating demand in Sweden
by about 140 GWh/yr (Boverket, 2003). Electric tumble dryers used 5% of the electricity used by
US households in 1993 (EIA, 1995). Attempts to reduce the use of electricity for drying clothes
have been made by Zegers and Molenbroek (2000) who evaluated a prototype of a heat-fed
household tumble dryer. The major competitors to heat-fed tumble dryers are the heat pump
dryers that have come onto the market and that use about half of the electric energy of a conventional tumble dryer (Energimyndigheten, 2006; VVS-FORUM, 2005).
The use of heat-fed technologies in communal laundries has been investigated by Andersson and
Ahlgren (1999) and Svensk Fjärrvärme (2003). They have investigated technologies for drying
clothes in communal laundries using district heating and showed that they were economically
feasible. There is a large potential for the heat-fed technology in the communal laundries as they
use about 1 TWh/yr and 66% of the multifamily buildings were connected to district heating
(Andersson and Ahlgren, 1999).
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5

CONCLUDING DISCUSSION

This work is one of the first of its kind (Together with the work by Fiedler, 2006) investigating
combined pellet and solar heating systems from a systems perspective. This thesis focuses on
evaluating the pellet and solar systems with current technological status and investigates the potential for optimisation by modifying the system design and control strategy. The detailed simulation study of the interaction between pellet stoves and houses is unique. The work has been carried out in parallel with the work by Fiedler (2006) which has the same approach and method
and, in part, also the same aims, but which also focuses on the development of a compact combined pellet and solar heating system (the REBUS system).
Recently a group at SPF, Hochschule Rapperswil HSR in Switzerland has developed a new model
of a pellet boiler with flue gas condensation (Haller, 2006), and a laboratory intended for measurements and parameter identification is being built. System simulations of pellet heating systems
are also planned by TU Graz IWT Institut Für Wärmetechnik in Austria, and further simulation
studies are also planned at SERC, Högskolan Dalarna in Borlänge, Sweden. Another group at the
Fraunhofer Institut in Freiburg, Germany is currently using the Type 210 boiler model for simulations.
The objectives in section 1.2 are quite broad and it would require a comprehensive work to fulfil
them. The thesis shows many possibilities for how pellet and solar heating systems could be improved; however much remains to investigate. This work gives a basis for further system studies
and optimisation work.

5.1

System efficiency

In general, this study has shown that there are pellet heating systems that are economically feasible (Fig. 4.1) compared with electric resistance heating systems in Sweden. This is assuming the
current energy prices and state subsidies, that the house uses over 15 000 kWh/yr for heating and
hot water, that there is room for a stove or a boiler and the buffer store, and an interest rate minus inflation of 5%. Under these conditions the pellet heating systems are economically feasible
and the first hypothesis in section 1.4 is supported. It is not the case for houses with lower energy
demand or if a new boiler room is required.
Calculating the annual system efficiency using Eq. (3.4) gives the possibility of comparing the
different systems with pellet stoves and boilers and also of comparing them looking at the whole
energy system. Table 5.1 gives the efficiency calculated using Eq. (3.4) but the term WDHW +
Wheatload is the simulated total electricity demand for the house with system S0 from Table 3.3.
This calculation means that if the calculated efficiency is larger than the electricity conversion
efficiency of 40%, there are primary energy savings from the pellet heating systems
Table 5.1 shows that the highest efficiency of 70% is reached for system S13 with stove K3 in
house type H3. The same system has quite low efficiency in house H1. It seems to be difficult to
make the systems with an electric auxiliary heater in the radiator circuit work optimally (S8, S9,
S12 and S13), as electric heat is delivered to all radiators if one room gets too cold. It looks as if
system S14, with the auxiliary heater built in the store, works slightly better than the correspond-
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ing system S13. In spite of the simplicity of systems S2 and S3 and the efficiency of stove K1
which is the highest (around 90%), the values for these systems in Table 5.1 are not higher than
for system S14, due to the lower electricity savings; however the efficiency is reasonable for
house type H3.

Table 5.1
The annual system efficiency calculated by Eq. (3.4) for the different houses with open doors and the different stove systems
from paper II and Persson (2004) given in Table 3.3. The efficiency is calculated by Eq. (3.4), but the heat load (WDHW +
Wheatload) is the energy demand that is required for the reference system S0 from Table 3.3.
Water
System

Stove radiators

S2
S3
S6
S7
S8
S9
S10
S11
S12
S13
S14
S14

K1
K1
K2
K2
K3
K3
K2
K2
K3
K3
K2
K3

No
No
Few
Few
Yes
Yes
Few
Few
Yes
Yes
Yes
Yes

Solar
5 m2
5 m2
5 m2
5 m2
5 m2
5 m2
5 m2

Efficiency [-]
H1
H3
47%
49%
46%
49%
49%
51%
47%
49%
50%
52%
46%
64%

59%
64%
57%
61%
58%
63%
61%
64%
67%
70%
61%
67%

H4
48%
52%
49%
53%
56%
60%
50%
53%
60%
63%
50%
66%

In table 5.2 the corresponding efficiencies are calculated for the investigated systems with boilers.
Here, the fixed hot water load and heat load are used for WDHW + Wheatload. The highest efficiency is for the systems where the heat losses are utilised in the simulated building zone (System
S16-V3 and S17-V3, The simulation results show that 2250 to 2430 kWh of the heat losses can
be utilized if the systems are placed in the heated building zone.
The most advanced solar heating system S17-A11-M reach an efficiency of 75% though all heat
losses are considered to be waste heat. The modifications for this system compared to System
S17-A5 are modulating combustion power, lower heat losses from the boiler and the store to the
boiler room, lower leakage losses and a smaller boiler water volume
Comparing system versions V1 with V3 shows that there is a large improvement from placing the
system inside the heated building zone. The efficiency increase by 10 percent units for system
S16, and 9 percent units for system S17. However the simulations were carried out with a singlezone house model and smaller savings will be achieved in ordinary houses where the heat cannot
be distributed to the whole heated area.
Comparing Table 5.2 with Table 5.1 shows that the boilers in general have slightly higher annual
system efficiency.
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Table 5.2
The annual system efficiency calculated by Eq. (3.4) for the investigated boiler systems S16-V1 to S17-V3 from Table 3.4
and Fig. 3.4 and the system versions A4, A5-M and A11-M from Table 3.6. V2 is identical to V1, but has modulating
combustion control. In V3, boiler, burner and store heat losses are emitted into the one-zone building model and therefore
reduce the heat losses. V4 is from IV, but has similar control algorithms to V1 from III. The efficiency is calculated by Eq.
(3.4), with the constant heat load (Wheatload) 12 200 kWh/yr. This is the energy demand that would be required for the
house if the radiator heating system worked ideally.
System
S15-A0-H
S15-A0L
S16-V1
S16-V2
S16-V3
S17-V1
S17-V2
S17-V3
S17-A4
S17-A5-M
S17-A11-M

Efficiency
63%
68%
70%
68%
80%
68%
71%
77%
67%
69%
75%

The parametric studies of the stoves and boilers carried out in II, III and IV (section 3.2 and 3.3)
have been shown to give slightly different and contradictory results concerning which parameters
affect the efficiency and emissions in positive directions. The explanations are to be found in the
characteristics of the simulated stoves and in the boundary conditions of the simulations.
A comparison of the stove systems without solar heating with the corresponding systems with
solar heating in Table 5.1 shows that the systems with solar heating generally give higher annual
efficiency. The efficiency for the stove systems with solar heating is typically 2 to 5 percent units
higher than the corresponding system without solar. For the boiler systems the savings are highly
dependant on the heat loss coefficient of the boiler in the reference system. Assuming a reference
boiler with higher heat loss coefficient than in the solar heating system (comparing S15-A0-H
with S17-A4 or S17-A11-M gives large savings with the solar heating system. This is because the
boilers have low efficiency in the summer and they are used in combination with a solar heated
buffer store that is well insulated. Electricity is used as backup and the boiler is not used at all in
the summer. This shows that solar heating can increases the efficiency for the boiler systems
combined with solar heating and hypothesis number 2 from section 1.4 and the results from
Thür et al. (2004), Larsson (2000) and Bohm (2004) is supported. However this conclusions are
restricted to the specific conditions described. Using a reference boiler with identical heat loss
coefficient as in the solar heating system, the efficiency increase only for the most optimised solar
heating system S17-A11-M. Using buffer stores with higher heat losses will also decrease the system efficiency

The influence of the control strategy
In section 3.3.1 it is shown that the adjustments and characteristics of the stove or boiler influence whether the modulation operation increases or decreases the efficiency. Well adjusted stoves
(all stoves in Fig. 2.7 except the water jacketed stove K3 used in paper III) where the air factor is
reduced as much as possible during the whole combustion power range would usually give increased efficiency for modulating operation (decreased combustion power) as the flue-gas temperature usually decreases with decreased combustion power. An additional factor is if the stop
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sequence involves long operation of the fan to avoid emissions going into the room, as this may
greatly increase the flue-gas losses if many stops occur.
For boilers it is more complicated as the heat losses to the boiler room may also be considered as
wasted heat and it is the sum of both flue gas losses and losses to the boiler room that is important. Two of the simulated boilers in Fig. 2.8 show almost constant efficiency depending on
combustion power and one boiler shows greatly increased efficiency with decreased combustion
power.
The results in II, III and IV indicate that using modulating power increases the annual system
efficiency for stove and boiler systems which have increased efficiency with decreased combustion power. To achieve high efficiency for low combustion power the air factor must be adjusted
carefully. It is likely that most installers who carry out adjustments will not pay particular attention to the minimum combustion power step. It is also likely that the air factor will be adjusted a
little higher than necessary to avoid the risk of CO peaks that may occur if the air factor is slightly
too low. However, if the user switches fuel so that the size distribution of the pellet fuel or the
heating value change, the boiler would need a new adjustment, but it is probable that this will not
be done if the user does not notice any problems. Therefore, technology that automatically adjusts the air settings depending on the fuel characteristics as developed by Eskilsson et al. (2004)
is important and should be implemented in the stoves and boilers on the market.
A large part of the heat losses from the boiler to the boiler room may be used for heating if the
boiler is placed inside the heated area and the efficiency is higher (V3 in Fig. 3.4 and ). These
results are for a house with a single zone and the possible savings is certainly very dependent on
the house plan and the behaviour of the users; however this has not been investigated in detail in
this study.

5.2

CO-emissions

The results in Table 3.2 and Table 3.6 (II and IV) show that the annual amount of CO-emissions
can be reduced significantly by using modulating power control; however the reduction is very
dependant on how many starts and stops can be saved, how the emissions vary with combustion
power and how large the emissions are during the start and the stop sequences. Large reductions
are achieved for stoves and boilers if a large number of starts and stops can be saved, if the start
and stop emissions are relatively high and if the CO-emission does not increase tremendously for
low combustion power.
In paper IV it is shown that the start and stop emissions of CO may, on an annual basis, become
the dominating part of the emissions from a boiler. Besides using modulating combustion control
the number of starts and stops can be reduced, and thereby the CO-emissions, by reducing the
maximum combustion power. Houses with a maximum heat load of 6 kWh should not have a
pellet burner with a maximum power of 20 kW. If it is possible to operate such a burner on 50%
part load (10 kW), this would strongly reduce the number of starts and stops.
In section 2.1.7 it is shown that the annual total CO-emissions from a boiler are not representative of other emissions. There are, for example, more other harmful emissions during the start
phase than during the stop phase meaning that the CO-emissions must be treated differently
depending on which sequence they come from. Unfortunately there is no literature describing
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correlations between CO-emissions and other harmful emissions dependant on the different
phases in a pellet combustion cycle.
The reduction in CO-emissions when combining solar energy with a boiler system is 45% (comparing system A0 with A5 and A0-M with A5-M in Table 3.6). The CO-emissions during the stop
sequence are the dominating source of CO; however during the start and operation there also are
high emissions of other harmful substances (Olsson, 2006; section 2.1.7) and the CO-emissions
during start and operation are reduced by 30 to 41% (comparing system A0 with A5 and A0-M
with A5-M in Table 3.6. These results support hypotheses nr 3 and 4 in section 1.4.

5.3

Reducing flue-gas losses

This study has shown that the flue-gas losses may be decreased in some of the boilers by reducing the combustion power (use of modulating power) if the boiler is properly adjusted. Using a
mechanical valve that blocks the air circulation through the boiler at no combustion periods is
often used in oil boilers and could be integrated in pellet boilers. However, by combining pellet
heating with solar heating (system S17) and using modulating combustion control, the losses can
be minimised without using a valve as the stand by time decreases. Further reduction in flue-gas
losses may be achieved using flue-gas condensation. A flue-gas condenser and a scrubber for a
small residential boiler were evaluated by Rawe et al. (2006) and showed that 5% (750 W for a
combustion power of 15 kW) could be recovered in the condenser unit if the radiator return water temperature was 40°C. In addition, about 11% (1650 W) could be recovered for preheating of
DHW if there was constant tapping of DHW so that the scrubber fluid is kept between 19 and
25°C. In addition particle emissions were reduced by 67%.
Using these results would mean that about 1000 kWh/yr could be recovered for a house using 20
000 kWh pellet. Heat recovery for preheating of domestic hot water is more difficult to estimate,
but the relatively small hot water load indicates that the recovered heat is quite small, maybe just
a few hundred kWh/yr. Thus the combination of a condensing pellet boiler with a low temperature heating system like floor heating will be interesting.
Other studies by Fredriksson and Rudling (2000), of a wood boiler with an external flue-gas condenser investigate optimal spray conditions for particle emission reductions of up to 80%. Further studies by Fredriksson et al. (2002) show that the particles can be reduced by 10-77% and
that uncombusted gases can be reduced by 50-91%. Further investigations of the condensate
show that it can be discharged to the communal sewage system without exceeding the pollution
limits. Continued investigations by Persson (2005a), also for wood boilers, estimate that about
2600 kWh of 20 000 kWh can be recovered by the tested equipment used with a wood boiler.
Flue-gas condensation using a scrubber seems to be a very good solution for the reduction of
particle emissions and uncombusted gases, but with relatively small energy savings. The economics may be problematic as the costs are estimated by Persson (2005a) to about 30 000 SEK. If the
scrubber makes it possible to use a very cheap plastic chimney (a chimney costs of about 15 000
SEK) the total extra costs for flue gas condensation will be reduced to about 15 000 SEK.
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5.4

Modulating or ON-OFF control?

The studies by Persson (2004), II, III and IV have shown that it is possible to increase the annual efficiency of wood pellet stoves if modulating power control is applied and the characteristics of the stove/boiler are such that the efficiency increases with decreased combustion power.
It is also shown that the CO-emissions can be reduced if there can be a large reduction in the
number of starts and stops and if the CO-emissions for the boiler do not increase strongly with
decreased combustion power. However, it may not be the case that other harmful substances
decrease as the CO-emissions decrease since a large part of the CO-emissions occur during the
stop phase when only very small amount of other harmful substances are emitted (Olsson, 2006;
Section 2.1.7).
In addition to the possible emission reductions, the modulating power control is expected to give
higher comfort for pellet stoves as the room temperature can be kept more stable and the fire can
burn more evenly. The electric heater is also spared a lot of ignition phases which may give
longer life.

Practical problems for modulating power control
Controlling the combustion power depending on the room air temperature has been proven to
work well in the simulations in II and also during the measurements. The modelled control unit
was built from a PID controller Type 120 (Holst, 1996b) and, in addition, an ON/OFF controller was used to stop the stove if the room temperature became too high though the stove was
operating at minimum combustion power. This is absolutely necessary to maintain high comfort
as too high temperatures due to solar radiation or internal gains occur throughout the year.
For water jacketed stoves, the modulating operation control is also possible; however the fraction
of energy going to the water circuit decreases. The ON-OFF control must be added to avoid
high water temperatures either by using temperature sensors in the store, as simulated, or a sensor in the stove together with a time function for later start up.
Implementing modulating power control using a PID controller for boilers is an advantage for
some of the simulated concepts, especially for boilers suitable for the electrically heated houses
which should have smallest possible water volumes. The modulating control is then outstanding
in being able to reduce the number of starts and stops. Simulations with the sensor placed in the
buffer store have shown that the burner will usually switch between maximum and minimum
combustion power (section 3.3.2). The disturbances from the DHW load often make the burner
go up to maximum power. When the set temperature in the store has been reached the temperature continues to rise due to all the heat produced and stored in the boiler. To avoid the burner
turning off after every DHW load, the stop temperature must be much higher than the set temperature.
Generally there are, in most cases, advantages with modulating power control. However according to Löfgren and Windestål (2001), there may be problems in operating some burners during
long periods without stopping them for a while due to unstable and inexact air control. As this is
mainly a simulation study, such practical disadvantages have not been studied. However, by integrating automatic air control (Eskilsson et al., 2004) such possible risks may be avoided.
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5.5

Increasing solar gains

Installation of the DHW unit (section 3.4) and the heat-fed machines (section 3.5) will increase
the solar gain in a solar combisystem and decrease the auxiliary energy demand. The annual energy savings in the studied system are about 0.5-0.6 MWh heat for a well sized DHW-unit (Table
3.10; Lorenz et al., 1998) and about 0.6 MWh electricity for a heat-fed dishwasher and washing
machine used every day (Table 3.12). For the case with the heat-fed machines, the savings in electricity are achieved after compensating for the larger heat load by 2 m2 extra solar collector and
0.3 MWh extra heat from the boiler. The results support hypothesis nr 6 in section 1.4.
The investigations were carried out for a solar combisystem with an annual load of 15.2 MWh
heat to radiators and 3.1 MWh DHW load. The savings using the hot water unit of 0.5-0.6 MWh
correspond to about 3 % of the load. The installation of the heat-fed machines would reduce the
household electricity demand by about 0.6 MWh/yr assuming a daily use of the machines. This
corresponds to about 10% of the average Swedish household electricity demand of 5.8 MWh/yr
in 1999 (SCB, 2001).
Heat losses from the DHW units have not been included as the operation time is quite short.
However, during measurements it was found that continuous self circulation may occur on the
primary side (Persson et al., 1996) and this leads to large heat losses and mixing in the store with
significantly higher auxiliary heating demand as a result. A one-way valve with a sufficiently high
opening pressure to block this self circulation should therefore be installed in the primary circuit.
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CONCLUSIONS

The foremost outcome of this thesis is the increased understanding of the dynamic operation of
combined pellet and solar heating systems for single-family houses. The results show that electricity savings and annual system efficiency are strongly affected by the system design and the
control strategy.
Large reductions in pellet consumption are possible by combining pellet boilers with solar heating if the system is properly designed. Pellet heating systems can reach higher annual system efficiencies if they are combined with solar heating, but the heat loss coefficient of the boilers in the
reference system and in the solar heating system and the heat loss coefficient of the buffer store
have a large influence on the result. Well insulated boilers and buffer stores should be used to
reach high savings. For systems with pellet boilers, the solar gains may give larger savings in primary energy than what is given by the actual solar system. This requires the hot water production
being moved to a well insulated buffer store so that the boiler can be turned off during the summer. For stove systems it is mainly electricity for DHW-production in summer that is replaced.
Taking into account an electricity generation efficiency of 40%, solar heating also increases the
overall system efficiency for the energy system as a whole.
A further improvement from combining pellet with solar heating in boiler systems is that the
CO-emissions can be almost halved though the pellet energy savings are about 25 % (Table 3.6
comparing S17-A5 with S15-A0H). This is because the worst operating conditions during the
summer period are avoided however this large savings are due to that the simulated boiler have
relatively large CO-emissions during the stop sequence in relation to the emissions during operation. Table 3.6 shows that the dominating CO-emissions from a residential pellet boiler come
from the start and the stop sequences. The annual CO-emissions from a residential boiler can
therefore not be estimated only from measurements with stationary conditions, although stationary test conditions are suggested to be the general test standard for the countries in the European
Union.
The amount of electricity being replaced using stoves is very dependant on the house plan, if
internal doors are open or closed, the comfort requirements, and the system design. Combining
solar heating with pellet stoves mainly replaces electric energy for hot water production as the
stoves, even though they are water jacketed, cannot be in operation during sunny and warm periods due to overheating problems in the houses.
Pellet heating systems with stoves are an economically feasible technology for conversion of
houses with electric resistance heaters for heating and hot water production with current prices
for electricity and pellet. Also systems with pellet boilers are an economical alternative to electrical heating if the house has a suitable space for the boiler.
The investigated technologies for increasing the solar gains (DHW-units and heat-fed appliances)
significantly increase the solar gains, but for the heat-fed appliances the market introduction is
difficult due to the limited financial savings and because a new heat distribution system has to be
installed. The applications closest to market introduction could be for communal laundries and
for use in sunny climates where the dominating part of the heat can be covered by solar heating.
The DHW-units are economical but compete with the internal finned-tube heat exchanger which
is the totally dominating technology for hot water preparation in solar combisystems for singlefamily houses.
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The stove/boiler model
The boiler model Type 210 that was developed for this study allows detailed studies of performance, efficiency and emissions of a pellet stove or a boiler in a heating system. The energy balance
of the simulations with both stationary and dynamic conditions has proved to have reasonable
agreement with the measured data, but higher accuracy may be achieved using an automatic program for parameter identification and by modifying the boiler model (see section 7).
No variations in the fuel quality and maintenance cleaning can be simulated. The model is calibrated for the conditions that occurred during the measurements. The water circuit behaves as a
fully mixed water volume, though a real boiler would act more like a plug flow model. However,
by combining the model with buffer store model Type 140 (Drück and Pauschinger, 2000), this
problem can be solved. The start and stop sequences are always identical, though for real boilers
they sometimes differs depending on the boiler temperature.

Stove systems
The electricity savings using a pellet stove are greatly affected by the desired level of comfort, the
house plan, the system choice and whether internal doors are open or closed. For houses with an
open plan (all rooms can be reached through only one door opening from the room with the
stove) around 80% of the electricity for heating can be replaced by installing a pellet stove without a water jacket. The internal doors should be open and a temperature difference of about 3ºC
between bedrooms and the room where the stove is placed has to be accepted. To achieve the
same electrical savings having the internal doors closed, a stove with a high fraction of energy
going to the water circuit and a radiator heating system have to be installed.
For a house that has a traditional plan, a water jacketed stove is preferable to attain large electricity savings. However the savings are highly affected by the location of the stove. A stove with a
small fraction of energy going to the water circuit can, in combination with a higher set temperature, give significant electricity savings when it is placed in the hall with as many openings as possible to the other rooms. It is unnecessary to have many radiators connected to a stove with a low
fraction of energy going to the water circuit. Placing three or four radiators in the rooms with the
highest comfort criteria and keeping the electric resistance radiators for auxiliary heating is usually
the simplest way to control such a system.
Using a buffer store together with stoves makes it possible to create a more efficient control system; however the design of the buffer stores, and the control system are very complex and must
be properly set up. Well tested standard systems should be developed and the construction of the
buffer store and the control system should be tested, both in laboratory and in demonstration
houses. A small mistake in placing a sensor or a connection to the buffer store can significantly
reduce the electricity savings or decrease the comfort. Specially designed control systems with
integrated error indications should be developed
Today’s most common control strategy for stoves (the ON/OFF control), results in unnecessarily many starts and stops and consequently high CO-emissions. A more advanced control varying
the heating rate from maximum to minimum to keep a constant room temperature reduces the
number of starts and stops and can, if the stove is well adjusted, reduce the CO-emissions. This
control strategy can also increase the efficiency for some of the stoves. This is mainly due to the
lower number of starts and stops and because the efficiency for a properly adjusted stove increases with decreased combustion power.
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The efficiency of the stove during stationary conditions is usually not representative for the annual efficiency of a complete system. The fraction of heat going to the water circuit is lower during normal operation than what is measured during stationary operation. This is because of the
influence from the start, heating up and stop sequences where no heat is transferred to the water
circuit.

Boiler systems
For the studied boiler systems it was shown that a modulating operation of the boiler could either
increase or decrease the efficiency. This is mainly dependant on how the efficiency varies with the
combustion power. Combining pellet boilers with solar heating improved the overall system efficiency, reduced the pellet consumption and the CO-emissions. Using a proper control strategy
and system design and a well insulated store, the energy savings can be much larger than the solar
gain. However it is very dependant on the heat loss coefficient for the boiler in the reference system and the heat loss coefficient for the boiler and the buffer store in the system. Improving the
heat loss coefficient of the buffer store from today's standard (≈ 6 W/K) to realistic levels (≈ 2.6
W/K), the energy costs can be decreased by 4%.
To obtain the positive effects from the combination with solar heating that is described above, it
is very important that the hot water production and the radiator circuit are moved from the boiler
to the buffer store. This makes it possible to let the boiler cool down when the solar gains are
high enough to cover the load. A one-way valve shall be placed in the boiler circuit to prevent
self circulation that may cool the buffer store. Other important factors to achieve high system
efficiency are that the boiler and the buffer store should be well insulated and the boiler should
have a small volume. The sensor controlling the boiler should be placed in the buffer store; and
the temperature difference between the start and stop temperature should be at least 10°C independent of the type of control system (ON-OFF or modulating). The pump should only be in
operation together with the burner or preferable only when the boiler temperature is higher than
the store temperature. Use of an electric heater in the store instead of the boiler during the summer results in small primary energy savings and energy cost savings. The efficiency of a boiler
with stationary conditions is not representative of the annual system efficiency, which is often
much lower.
The boilers of today cannot compensate for different fuel qualities and different draught conditions and this may not give the highest possible efficiency and lowest possible emissions. Implementing technology with automatic air settings decreases the installation work as the burner is
self-adjusting and has a potential to increase the system efficiency.

DHW units
A properly sized hot water unit performs better in solar combisystems and decreases the heating
demand by about 500 to 600 kWh/yr (3% of the annual load). The most important design factors
for DHW units are that the return water temperature going back to the store is as cold as possible and that the temperature drop between the store water and the domestic hot water is small.
This is achieved by having a maximum primary water flow rate that corresponds to the maximum
hot water flow rate and a heat exchanger that is sufficiently large. Small temperature drops between the store water and the domestic hot water allow low auxiliary set temperatures, which is a
parameter that has a large influence on the auxiliary heating demand in a solar heating system. If
the auxiliary set temperature is unnecessarily high the savings are reduced significantly. In addition, a one-way valve with sufficiently high opening pressure to block possible self circulation in
the primary circuit should be installed, otherwise high heat losses and mixing of the store may
occur with a higher auxiliary heating demand as a result. There are several different designs that
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are suitable for solar heating systems; however the unit with a variable speed controlled pump
performed best for equal heat exchanger and primary water flow rate.

Heat-fed dishwasher and washing machine
The prototypes of the heat-fed dishwasher and the washing machine have proved to work satisfactorily. All electricity for heating can be replaced by water having a normal boiler temperature
of 70°C, but larger savings than for the hot water-fed machines occur even with supply temperatures around 55°C. The model overestimates the energy demand by about 10% compared with
the energy classification; however, comparing with the measurements from this project the
maximum deviations are 5.6%. For the dishwasher, it is the heating demand that is over estimated, but for the washing machine the energy demand of both the motor and the heating is
over estimated. Apart from measurement errors, the deviations can be due to deviations in the
simulated control algorithms, that the simple cover of the dishwasher causes higher losses to the
ambient, that the externally placed heat exchanger in the washing machine increases the losses
and that the thermal capacity of the extra heat exchanger increases the heating demand.
The simulated heat-fed machines have proved to save much more electricity than hot water-fed
machines; however the increased solar gains are almost as large for hot water-fed machines. The
heat-fed concept is particularly good at achieving high electric energy savings for the dishwasher.
The increased heat load using heat-fed machines can be covered to more than 50% by solar heat
for both combisystems in cold climates and SDHW-systems in hot and sunny climates if the collector area is increased to keep the same marginal solar contribution. A SDHW system in hot and
sunny climates can be designed to cover most of the heating demand. SDHW-systems in cold
climates do not perform as well as the other two systems.
It should be pointed out that the use of heat-fed machines does not save energy on the consumer
side (about 20% more energy is used), but a shift from the use of electric energy to heat will give
an energy saving in the energy system as a whole, if the electricity is produced in a fuel-based
power plant, where the heat is not utilized. The heat losses in the distribution pipes for the heatfed machines can be significant if the distribution pipes are long or have a large diameter. Also
electricity consumption for the circulation pump can be significant if the pipes are long and the
diameter is small. Though the pump energy and heat losses in this system are reasonable, designers of such systems must take into account both electricity consumption for the pump and heat
losses from the pipes.
The simulation results indicate that system optimization by improving the stratification in the
store of a combisystem in a cold climate is more advantageous if heat-fed machines are connected to the store. Thus, measures such as increasing the stratification in the store by stretching
heat exchangers and decreasing the flow rate in the collector circuit give higher energy savings if
heat-fed machines are integrated in the system concept.
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RECOMMENDATIONS FOR FUTURE WORK

Heating single-family houses in Sweden using renewables, such as wood pellets and solar heating,
are important steps shifting to a more sustainable society. But the increased use of biomass may
also cause a shortage of wood pellets with rising fuel prices. This study shows that there can be
substantial savings in wood pellets in single-family houses by using optimised technologies and,
in particular, by combining pellet heating with solar heating. The most important future work is
therefore the development of well functioning and well tested solar and pellet heating systems
that are attractive to the market.

Pellet heating systems
In order to increase the efficiency of the studied systems it is most important to increase knowledge among the installers and the retailers who size and design the systems and to encourage
them to develop standardised and well tested pellet and solar heating systems. Popularly written
papers in trade literature may be important information channels, but to actually push the companies into speeding up this development would probably require other methods. Standardised
system testing and energy labelling of integrated pellet and solar heating systems as currently is
the case for pellet boilers and solar collectors may be an effective method to influence the companies to work with system optimisation. Another possibility is technology competitions, where
the manufacturers are urged to design systems that fulfil certain criteria. However it must be remembered that wood pellet heating is a very young technology and it needs time to develop.
The performance of the systems is highly dependant on the system design and the control strategy and these correlations are not fully investigated and need further work. The systems with
water jacketed stoves and buffer stores are very complicated and the system design that is simulated here points out the problems with these systems and how these problems can be handled.
Further work with measurements and simulations are required to find optimised system design
and well functioning control strategies.
The technology for pellet heating is young, but fast growing, and a strong development of the
technology can be expected. To attract the consumers in electrically heated houses it is important
to develop automatic operation and longer intervals between maintenance cleaning and ash removal. This trend can also be observed in the latest boilers coming onto the market. For the
houses without boiler rooms, only pellet stoves are a realistic alternative today, as the boilers are
not integrated in a 60 by 60 cm module standard. Compact, clean and automatic pellet boilers
may become a future market.
Another trend on the market is the introduction of boilers with maximum power around 10 kW.
The development of boilers with lower maximum combustion power that is better matched to
the electrically heated houses is important to be able to minimize the emissions and maximise the
efficiency. The development of stoves with a higher fraction of heat to the water circuit is important for houses with waterborne electric heating, as it will decrease the problem of uneven temperatures in the house.
The following technological development of solar and boiler/stove systems can be recommended to increase the system efficiency and decrease the emissions.
• Better insulation standards for boilers and buffer stores with reduced thermal bridges.
• Decreased leakage losses through the chimney.
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•
•
•
•
•
•

Boilers with better insulation, smaller water volume and smaller maximum combustion
power.
Further development and optimisation of the control strategies and system designs could
increase comfort and system efficiency and decrease the CO-emissions.
Investigation of optimal control for a boiler/stove connected to a buffer store. How
many temperature sensors are required in the buffer store?
The development of advanced controllers that optimise the operation (combustion
power, combustion air flow, a decrease in the need for manual adjustments, etc.)
The developments of advanced controllers that check that the system is working optimally and otherwise warn the user.
Products for flue gas condensation in small residential pellet boilers need to be integrated
in the boilers and combined with cheaper chimney constructions (plastic chimneys)

The work in this study gives examples of the amount of electricity that can be replaced by different kinds of stove systems in different kinds of houses. A simplified calculation model should be
developed that can be used by installers and energy advisers to calculate the savings from a number of parameters. Parameters that are important are the house plan, the insulation standard, the
climate; the comfort requirements, the system type and stove characteristics, but this would require further simulations.
Only CO-emissions are considered in this work. To be able to estimate other harmful emissions,
correlation between CO-emissions and other harmful emissions should be developed. The correlations must be identified for the different phases (sequences) in a combustion cycle and the
variations between different boilers and stoves and the combustion air settings must be investigated.
The following recommendations can be given in order to increase the accuracy of the simulations
• Measurement accuracy of the boilers and the stoves should be improved and an uncertainty analysis should be performed.
• The parameter identification method should be developed to give higher accuracy and be
performed using dynamic parameter identification programs like previously used for solar
buffer stores
• The thermal mass of the water in the boiler simulation model Type 210 should be divided
in several nodes so that stratification in the boiler can be simulated. This can also be
achieved by combining the model with the buffer store model Type 140.
• Exponential expressions of the air factor and the CO-emissions in the boiler/stove
model Type 210 could increase the accuracy as well as allowing different air factor during
the start sequence and during the operation sequence.
• The characteristics of the start sequence are in reality dependant on the temperature of
the boiler and the time from the last time it was stopped, and this should be incorporated
in the boiler model.
• In the boiler model Type 210 the calculation of stop emissions of CO should be improved so that they are emitted as a time dependent flow rate during a certain time period
after the stop. If the stove/boiler starts again shortly after it has stopped some of the
emissions are avoided and the model must be able to simulate this. In the publication by
Persson et al. (2006a), such a calculation was performed by using equations and external
components, but this was very time consuming.
• As the influence from different fuel qualities and maintenance intervals cannot be simulated and this should be further investigated and maybe incorporated in the model.
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•

•

•

The use of multi-zone building models with heat transfer through door openings is necessary for the studies of stove systems to achieve realistic operation conditions; however
the heat distribution needs to be calibrated against measurements.
Parameter studies and sensitivity analysis are not thorough enough to give full understanding, and studies of the relation between different parameters and performance and
should be continued
More boilers and stoves need to be measured in order to get a better overview of how the
characteristics differ between different products. This would make more general conclusions possible

Hot water units
Correctly sized DHW-units are more effective than the copper finned–spiral-tube heat exchangers that are the standard for hot water preparation in buffer stores in Sweden. In addition, the
DHW-units also use less material although the costs are higher for the DHW-units including the
required controller or control valve. Increasing copper prices might change this in time.
The uncertainties with the DHW-units are if lime deposits occur and for what water qualities
extra measures have to be taken. Limiting the inlet temperature to the heat exchanger is a way to
reduce the risk of lime deposits, but this may decrease the solar gains.

Heat-fed appliances
The economics, finding a producer and a market for the heat-fed machines seem to be the major
problems for the introduction of the technology. The following can be recommended to put the
technology onto the market.
• The energy labelling of the machines must be changed so that machines using heat instead of electricity are favoured.
• Who should sell the technology to the consumer? – The solar heating companies or the
traditional retailers?
• A well functioning tumble dryer and floor heating and towel dryers should be included in
the concept.
• The economics are much better for machines that are frequently used. The market introduction is therefore more likely to take place in communal laundries.
• The technology is much more cost effective in green buildings with solar electricity and
solar heating, as producing electricity with PV-panels is more expensive and less effective
than producing heat with solar collectors.
• In hot climates with available solar energy during a long time of the year the major part
of the heat demand for the machines can be covered with solar energy.
Before the machines are put into production the heat exchanger requires further investigation. It
must be evaluated if the heat exchanger needs to be produced in stainless steel and if there will be
any problems with lime deposits. Also the high pressure drop on the primary side should be decreased with remaining heat transfer rate. Finding a cheap and rational production method for
the heat exchanger is also an important task.
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NOMENCLATURE
m& air ,50

mass flow of leakage air at a temperature difference of 50°C between Tg2 and Toutd [kg/s]

m& air

mass flow of leakage air [kg/s]

m& p

primary mass flow rate [kg/s]

&

mdhw
_________

domestic hot water flow rate [kg/s]

Tamb ,h +b

average ambient temperature for the test with both the electric heater and boiler [K]

_______

Tamb ,h

average ambient temperature for the test with only the electric heater [K]

_______

Tboil ,h
_________

average water temperature of the boiler for the test with only the heater [K]

Tboil ,h+b

average boiler water temperature for test with both the electric heater and boiler [K]

B the width of the opening [m]
b1 primary flow rate dependence of the heat exchanger model Type 140 [-]
b3 parameter for the dependence on the average temperature at which heat transfer takes place [-]
C coefficient for calculating the convective heat transfer in openings [-]
cp heat capacity [ J/(kg·K)]
cp,air,T heat capacity of the air at the air temperature [ J/(kg·K)]
ELSF electricity saving factor [-]
Fliq fraction of useful heat to water circuit
g ground acceleration [m/s2]
GrL Grashof number with L as characteristic length [-]
H chimney height [m]
L height of the opening [m]
m1, m2 thermal mass [ J/K]
nhx the number of nodes over which the heat exchanger extends in Type 140 [-]
Nstart number of starts [-]
NuL Nusselt number with L as characteristic length [-]
p pressure, under-pressure in the combustion chamber [Pa]
P power, heat rate [W]
Pc calculated heat rate [W]
Pm measured heat rate [W]
Ppellets combustion power [W]
Pr Prandtl number [-]
Re Reynolds number [-]
t time, time for the washing sequence [s]
T temperature [K], [°C]
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Taux,set auxiliary set temperature [°C]
Tdhwi cold water temperature [°C]
Tdhwo domestic hot water temperature [°C]
Tflow supply water temperature [°C]
Tg
Tg0
Tg1
Tg2
Tm1, Tm2

flue gas temperature, ground temperature [°C]
temperature of combustion gases after combustion [°C]
temperature of combustion gases after thermal mass m1 [°C]
temperature of combustion gases after thermal mass m2 [°C]
zone air temperature, temperature of thermal masses [°C]

Toutd outdoor temperature [°C]
Tpi primary inlet temperature [°C]
Tpo primary outlet temperature [°C]
Ts,j temperature in the secondary side (cold side) of the heat exchanger [°C]
UA0 base UA-value of the heat exchanger model of Type 140 [W/K]
UAgm2 UA-value between flue gas och thermal mass m2 [W/K]
UAgml UA-value between flue gas och thermal mass m1 [W/K]
UAi UA-value for node i of the heat exchanger model of Type 140 [W/K]
UAloss heat loss coefficient for the boiler [W/K]
UAloss, flu flue gas heat loss coefficient [W/K]
UAm1-Amb UA-value between thermal mass m1 and ambient [W/K]
UAm1-m2
UAma
UAmliq
UAmm

UA-value between thermal mass m1 and mass m2 [W/K]
UA-value between thermal mass m1 and room air [W/K]
UA-value between thermal mass m2 and water circuit [W/K]
UA-value between thermal masses m1 and m2 [W/K]

W energy [ J ]
Waux simulated auxiliary energy demand [ J ]
Waux,corr auxiliary energy demand compensated for varying load [ J ]
Wc calculated transferred energy through the heat exchanger [ J ]
WDHW hot water load [ J ]
Wel,aux electricity demand for auxiliary heater [ J ]
Wel,boil electricity demand for boiler/stove operation [ J ]
Wel,h heat losses from the electric heater circuit [ J]
Wel,h+b heat losses from the boiler and the electric heating circuit [ J]
Wel,pump electricity demand for pumps [ J ]
Welkonv electricity demand for heating and hot water for the converted house [ J ]
Welkonv electricity demand for heating and hot water for the converted house [ J ]
Welkonv electricity demand for heating and hot water for the converted house [ J ]
Welref electricity demand for the house before the conversion [ J ]
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Wfuel energy content of the combusted pellet [ J ]
Wheatload heating demand [ J ]
Wload total annual energy demand for heating and hot water [ J ]
Wload,nom nominal total annual energy demand for heating and hot water [ J ]
Wm measured transferred energy through the heat exchanger [ J ]
Wpell energy content of combusted pellet [ J ]
Wroom heat delivered to the room by convection and radiation [ J ]
Wsol,store energy gains to store from solar heating system [ J ]
Wwater heat delivered to the water circuit [ J ]
Greek

η efficiency [-], [%]
∆Th,min minimum temperature difference between Tpi and Tdhwo [°C]
∆Wel electricity savings
ø diameter [m]
εCO relative error in CO-emissions [%]
εP relative error in transferred heat rate [%]
εP,water relative error in transferred heat rate to the water circuit [%]
εW relative error in transferred energy [%]
εW,ambient relative error in transferred energy to the ambient [%]
εW,fluee gas relative error in transferred energy to the flue gas [%]
εW,water relative error in transferred energy to the water circuit [%]
ρ density [kg/m3]
ρair,50°C density of air at 50°C[kg/m3]
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Fig A1.1. System concepts S2 to S9. System S4 and S5 cannot be recommended as the domestic hot water load usually is to
small resulting in over heating problems in the water circuit. Systems S3 and S7 reprinted from Persson et al. (2005) with
permission from Elsevier.
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Set temperatures of the radiator thermostats

Table A2.1
Set temperature at the water radiator thermostats (temperature at fully closed valve) in house type H1 for the different stove
systems in Appendix 1.
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7 Zone 8 Zone 9 Zone 10
S6, K2, few rad.
S7, K2, few rad.
S7, K2
S7, K3
S8, K3
S9, K3
S10, K2, few rad.
S11, K2, few rad.
S11, K2
S11, K3
S12, K3
S13, K3
S14, K2
S14, K3

-

-

-

-

-

-

-

22
22
22
22
22
22
22
22
21
21

21
21
21
21
21
21
21
21
21
21
21
21
20
20
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23
23
20
20

24
24
24
24
24
24
24
24
24
24
24
24
23
23

-

23
23
23
23
23
23
23
23
23
23
23
23
20
20

-

-

-

-

-

-

23
23
23
23
23
23
23
23
23
23
23
23
20
20

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

- Radiator is missing or turned off

Table A2.2
Set temperature at the water radiator thermostats (temperature at fully closed valve) in house type H3 for the different stove
systems in Appendix 1.
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7
S6, K2, few rad.
S7, K2, few rad.
S7, K2
S7, K3
S8, K3
S9, K3
S10, K2, few rad.
S11, K2, few rad.
S11, K2
S11, K3
S12, K3
S13, K3
S14, K2
S14, K3

21
23
23
23
21
23
23
23
21
21

22
22
22
23
23
23
22
22
22
23
23
23
20
20

- Radiator is missing or turned off
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Table A2.3
Set temperature at the water radiator thermostats (temperature at fully closed valve) in house type H4 for the different stove
systems in Appendix 1.
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7 Zone 8 Zone 9 Zone 10
S6, K2, few rad.
S7, K2, few rad.
S7, K2
S7, K3
S8, K3
S9, K3
S10, K2, few rad.
S11, K2, few rad.
S11, K2
S11, K3
S12, K3
S13, K3
S14, K2
S14, K3

-

-

-

-

-
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-

- Radiator is missing or turned off
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Material and installation costs

Table A3.1. Calculated material and installation costs incl. VAT for system components in house type H1.
Components
Electric resistance radiators
Hot water store 100 l

Material costs
[SEK]
20 906

Installation costs
[SEK]
5 630

5 702

5 179

Hot water store 280 l with one heat exchanger

10 644

6 179

Hot water store 280 l with two heat exchangers

12 844

7 179

Buffer store 330 l incl. radiator shunt, pump and control unit

21 094

11 179

Pellet stove K1

19 500

3 750

Water jacket pellet stove K2 incl. control valve, pump and pipes

38 779

7 349

Water jacket pellet stove K3 incl. control valve, pump and pipes

50 879

7 349

500

750

Solar collectors, 5 m2 incl. pipes, control unit, pump and safety equipment

17 204

10 000

Solar collectors, 10 m2 incl. Pipes, control unit, pump and safety equipment

28 954

11 000

Water radiators incl. pipes but no radiator shunt

24 906

18 554

Water radiators incl. Pipes, shunt and electric auxiliary heater

33 234

19 312

Water radiators in Zone 3, 5, 7 and 8 excl. shunt

17 715

14 506

New boiler room as an attached building

34 954

47 681

New chimney in boiler room

11 669

4 750

Standard boiler including hot water preparation

53 005

10 442

Boiler with integrated buffer store incl. radiator shunt, pump and control unit

61 255

13 692

Small boiler for connection to buffer store incl. control valve, pump and pipes

40 188

3 692

Buffer store 750 l incl. radiator shunt, pump and control unit

22 312

11 684

Connection to existing chimney

Table A3.2. Calculated material and installation costs incl. VAT for system components in house type H3.
Material costs
[SEK]
18 030

Installation costs
[SEK]
4 692

5 702

5 179

Hot water store 280 l with one heat exchanger

10 644

6 179

Hot water store 280 l with two heat exchangers

12 844

7 179

Buffer store 330 l incl. radiator shunt, pump and control unit

21 094

11 179

Pellet stove K1

19 500

3 750

Water jacket pellet stove K2 incl. control valve, pump and pipes

37 365

4 621

Water jacket pellet stove K3 incl. control valve, pump and pipes

49 465

4 621

New chimney

11 669

4 750

Solar collectors, 5 m2 incl. pipes control unit, pump and safety equipment

17 556

10 000

Solar collectors, 10 m2 incl. pipes control unit, pump and safety equipment

29 306

11 000

Water radiators incl. pipes but no radiator shunt

28 538

22 761

Water radiators incl. Pipes, shunt and electric auxiliary heater

36 866

23 519

Components
Electric resistance radiators
Hot water store 100 l

Water radiators in Zone 3, 5, 7 and 8 excl. shunt

17 076

16 465

New boiler room as an attached building

34 954

47 681

New chimney in boiler room

11 669

4 750

Standard boiler including hot water preparation

53 005

10 442

Boiler with integrated buffer store incl. radiator shunt, pump and control unit

61 255

13 692

Small boiler for connection to buffer store incl. control valve, pump and pipes

40 188

3 692

Buffer store 750 l incl. radiator shunt, pump and control unit

22 312

11 684
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Table A3.3. Calculated material and installation costs incl. VAT for system components in house type H4.
Components
Electric resistance radiators
Hot water store 100 l

Material costs
[SEK]
19 825

Installation costs
[SEK]
5 630

5 702

5 179

Hot water store 280 l with one heat exchanger

10 644

6 179

Hot water store 280 l with two heat exchangers

12 844

7 179

Buffer store 330 l incl. radiator shunt, pump and control unit

21 094

11 179

Pellet stove K1

19 500

3 750

Water jacket pellet stove K2 incl. control valve, pump and pipes

40 193

10 077

Water jacket pellet stove K3 incl. control valve, pump and pipes

52 293

10 077

Connection to existing chimney

15 881

6 875

Solar collectors, 5

m2

18 084

10 000

Solar collectors, 10 m2 incl. pipes, control unit, pump and safety equipment

incl. pipes, control unit, pump and safety equipment

29 834

11 000

Water radiators incl. pipes but no radiator shunt

29 730

23 073

Water radiators incl. pipes, shunt and electric auxiliary heater

38 057

23 831

Water radiators in zone 3, 5, 7 and 8 excl. shunt

10 629

6 367

New boiler room as an attached building

34 954

47 681

New chimney in boiler room

11 669

4 750

Standard boiler including hot water preparation

53 005

10 442

Boiler with integrated buffer store incl. radiator shunt, pump and control unit

61 255

13 692

Small boiler for connection to buffer store incl. control valve, pump and pipes

40 188

3 692

Buffer store 750 l incl. radiator shunt, pump and control unit

22 312

11 684
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Identified parameters for the boiler/stove models

Table A4.1. Collection of identified parameters for TRNSYS non-standard Type 210 for the boilers and stoves
(Persson, 2003; Persson, 2004; Nordlander, 2004a; Nordlander, 2004b). The parameters in brackets are older
parameters used by Persson (2004) and Persson (2005).
Parameter

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Operation mode
Stoichiometric air/fuel ratio
LHW of fuel
Specific heat capacity of water
Thermal mass of m1
Thermal mass of m2
Maximum combustion power
Minimum combustion power
Combustion power at start phase part 2
Electric power at start phase part 1
Electric power consumption at standby
Electric power consumption slope
Time for start phase part 1 (no flame)
Time for start phase part 2
Time of fan operation during stop phase
Time constant for after glow phase
Flue gas mass flow rate during stop phase 1
Flue gas mass flow rate during standby at
(Tg-Toutd)=50°C
not used
not used
UA gas-m1
UA gas-m1 slope
UA gas-m2
UA gas-m2 slope
UA m1-Ambient
UA m1-Ambient slope
UA m2-liquid
UA m2-liquid slope
UA m1-m2
UA m1-m2-slope
CO-emission factor at P/Pmax = 0
CO-emission factor slope
Lumped CO-emission during start phase
Lumped CO-emission during stop phase

Stove K1

1
5.57 (5.864)
17460(17 480)
4.186
32
1 (0.001)
21 528
7 344
16 056
3168 (0) 5)
7.2 (0) 5)
82.44 (0) 5)
0.067 (0.075)
0.283 (0.275)
0 (0.1167)
0.1 (0.01)
0 (5)
3

Stove K3

Burner B1
Boiler B1

1
1
5.57
5.57 (5.864)
17 460 17460 (17 480)
4.186
4.186
1
13
1
9 (12)
43 196
41 724
11 000
7 200
25 000
12 276
2354.5
936 (0) 5)
32.4
7.2 (0) 5)
417.6
82.8 (0) 5)
0.1
0.2 (0.075)
0.2 0.287 (0.275)
0
0.75
0.1
0.05 (0.01)
0
36
4
5

Boiler B2

Boiler B3 Unit

1
5.57
17 460
4.186
400
400
72 000
28 000
45 000
1 465
18
417.6
0.125
0.2
0.03
0.03
36
6

1
5.8646
17 964
4.186
1
1200
45 076
16 206
21 000
1094
9
146
0.100
0.190
0.025
0.06
18
3.5
104.062
121.967
181.500
96.773
16.773
-2.120
72000.00
0.000
171.500
-100.051

71.6
241.9
0.01 (0)
0.01 (0)
69.8
281.9
0.01 (0)
0.01 (0)
0.01 (0)
0.01 (0)
0.3518
-0.313
0.50
1.35

30
150
0.01
0.02
0.01
0.7
1
0.01
0.01
0.01
0.11
0
1.2
6.4

33.08 (32.7)
66.13 (81.3)
101.1 (101.9)
202.2 (253.6)
13.26 (10.52)
3.456 (4.07)
720 (1 644.8)
648 (0)
3.96 (0.36)
0.36 (0)
0.8 (0.48)
-0.7 (-0.078)
2.0
1.2

6.12
24.5
244.8
550.8
24.5
0.01
1 346.4
0.01
306.0
0.01
0.061
0
1
6

0.341 - 1.0
3.59
0.036 (0.2145)
= input 7
-

0.255-1.0
1.8
0.4

0.1726-1.0
9.1 (4.27)
-6.37 (-1.57)
= input 7
-

0.389-1.0
1.8
0.4

kg/kg
kJ/kg
kJ/(kg·K)
kJ/K
kJ/K
kJ/hr
kJ/hr
kJ/hr
kJ/hr
kJ/hr
kJ/hr
hr
hr
hr
hr
kg/hr
kg/hr

kJ/hr-K
kJ/hr-K
kJ/hr-K
kJ/hr-K
kJ/hr-K
kJ/hr-K
kJ/hr-K
kJ/hr-K
kJ/hr-K
kJ/hr-K
2) g/MJ fuel
0 g/MJ fuel
2.2 g/start
21 4) g/stop

Input
1
2
3
4
5
6
7
8
9
10
11

Fraction of maximum combustion
Air factor at P/Pmax = 0
Air factor, slope
Set temperature for combustion start
Set temperature for combustion stop
Temperature for boiler control
Ambient room temperature
Outdoor air temperature
Temperature of combustion air
Mass flow rate of incoming water
Temperature of incoming water

= input 7
-

= input 7
-

0.359-1.0 - 3) 0 - °C
- °C
- °C
- °C
- °C
= input 7 °C
- kg/hr
- °C

At Ppell =12.165 kW
CO-emissions are modelled externally as: m& CO = 31056.043·(Ppell)-0.917884 [g/hr] with Ppell in [kJ/hr]
3) Air factor is modelled externally as: λ = 413.365 ·(P )-0.5208664 [-] with P
pell
pell in [kJ/hr]
4) Smaller than 21 g if the boiler starts again within three hours. Modelled externally, see Persson et al.
(2006).
5) Modelled externally as Type 209 where used, see Persson (2003) and Persson (2004).
1)
2)
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Table A4.2. Identified parameters by Persson (2003), for the part of Boiler B1 modelled with Type 140 (Drück, 2000).
Parameters
1
2
3
4
5
8
9
10
11
12
13
17
18
21
22
58
61
65
66
67
68
69
70
71
72
73
74
75
76
77
82
83
84
85
86
87
88
89
90
95
96
97
98
99
100
101
102
103
108
109
110
111
112
113
114
115
116
121
122
123
125

Height
Volume
Heat capacity of water
Density of water
Effective vertical heat conduction
Heat loss coefficient, bottom
Heat loss coefficient, top
Relative length zone 1
Heat loss coefficient from zone 1
Relative length, zone 2
Heat loss coefficient from zone 2
Relative height inlet of radiator return
Relative height outlet radiator supply upper
Relative height inlet radiator return
Relative height outlet radiator supply lower
Relative height sensor solar collector
Relative height sensor pellet burner
Relative height electric auxiliary heater
Relative height sensor auxiliary heater
Stop temperature auxiliary heater
Hysteres electric auxiliary heater
Relative height inlet solar heat exchanger
Relative height outlet solar heat exchanger
Volume solar heat exchanger
Fluid specific heat in solar heat exchanger
Fluid density in solar heat exchanger
UA-value in solar heat exchanger
Exponent depending on mass flow rate
Exponent depending on temperature difference
Exponent depending on average temperature level
Relative height inlet lower DHW heat exchanger
Relative height outlet lower DHW heat exchanger
Volume lower DHW heat exchanger
Specific heat capacity lower DHW heat exchanger
Density fluid in lower DHW heat exchanger
UA-value lower DHW heat exchanger
Exponent depending on mass flow rate
Exponent depending on temperature difference
Exponent depending on average temperature level
Relative height inlet upper DHW heat exchanger
Relative height outlet upper DHW heat exchanger
Volume upper DHW heat exchanger
Specific heat capacity upper DHW heat exchanger
Density fluid in upper DHW heat exchanger
UA-value upper DHW heat exchanger
Exponent depending on mass flow rate
Exponent depending on temperature difference
Exponent depending on average temperature level
Relative height inlet flue gas from burner Type 210
Relative height outlet flue gas from burner Type 210
Volume of the flue gas heat exchanger
Specific heat capacity of the flue gas
Density of the flue gas
UA-value of the flue gas
Exponent depending on mass flow rate
Exponent depending on temperature difference
Exponent depending on average temperature level
Accuracy for calculations of temperatures
Accuracy for calculations of UA-values
Accuracy for the mixing process
Number of nodes

Unit
1.428
0.631
4.186
992
1.4
1
0.68
0.54
3.05
0.46
4.29
0.501
1
0.501
0.614
0.266
0.866
0.708
0.866
69.0
5.0
0.406
0.028
-0.0028
3.78
1026
18.04
0
0
1.163
0.186
0.512
-0.0028
4.186
992
6037
0.3086
0
5.64E-05
0.73
0.972
-0.0028
4.186
992
129.8
0.0878
0
0.9965
0.58
0.923
0.05
1.2
1.2
2350
0.6
0
0
0.001
10
1⋅107
100

m
m3
kJ/(kg·K)
kg/m3
W/(m·K)
W/K
W/K
W/K
W/K
°C
°C
m3
kJ/(kg·K)
kg/m3
kJ/(h·K)
m3
kJ/(kg·K)
kg/m3
kJ/(h·K)
m3
kJ/(kg·K)
kg/m3
kJ/(h·K)
m3
kJ/(kg·K)
kg/m3
kJ/(h·K)
-
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ERRATA FOR APPENDED PAPERS

Paper II
Page 923, line 21: "the upper one 50 mm below the auxiliary heater" should be "the upper one 50
mm above the auxiliary heater".
Paper III
Fig. 6. on page 83 and Table 2 on page 86, Mistake in the simulation of weather data causing that
the solar gain is too low and the auxiliary heating is slightly too high, however it does not change
the general conclusions. See the Table 3.4 in the theses on page 70 and Fig. 3.4 on page 71 for
correct values.
Page 88, ref. [11]: "Elbesparing i direktelvärmda hus med pelletkaminer och solvärme" should be
"Elbesparing med pelletkaminer och solvärme i direktelvärmda småhus"
Paper IV
Page 87, Section 2, line 2: "Biomatic (Also tested by [10])" should be "Bionet (Also tested by
[10])".
Page 88, Section 2.1, first column, line 26 from bottom: "Swedish buffer store with internal heat
exchangers for" should be "Swedish buffer store with a volume of 750 litres and internal heat
exchangers for"
Page 89, bottom table: "Table I" should be "Table II"
Page 91, ref [4]: "H. Drück" should be "H. Drück, T. Pauschinger"
Paper VI
Page 121, line 5: "in 1.1 TWh in 1999 [7]" should be "1.1 TWh in 1999 [7]"
Page 125, section 6.3, line 9-10: "The relative error in transferred heat rate difference in heat ratefor the…" should be "The relative error in transferred heat rate for the…"
Paper VII
Page 653, Fig. 5., Headline: "Stockholm, Solar hot water system V3" should be "Miami, Solar hot
water system V3"
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