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Preface
Finland is committed to EU targets in energy efficiency improvements. New build-
ings that are in government use or ownership are required to be nearly zero ener-
gy buildings from 2018, and after 2020 this will apply to all new buildings. Behind
this is the Energy Performance of Buildings Directive (EPBD), which requires
member nations to specify near-zero energy buildings.

The common vision of the Finnish construction industry on the EU's require-
ments for nearly zero energy buildings and suggestions on the energy efficiency
requirements of different building types have been announced as the result of the
FInZEB project as a base for drafting legislation. The draft will be presented to the
Finnish parliament during Autumn 2016.

Finland is a member of IEA Heat Pump Programme, of which Annex 40 “Heat
Pump Concepts for Nearly Zero Energy Builidngs” Finland participated with a
national project called HP4NZEB. This is the final report of the project. The annex
was collaboration project between 9 countries, each participating with their own
national project. Annex collaboration has provided an important platform for the
international knowledge exchange and exploiting the results of the project.

The results of the HP4NZEB project are surely flattering for the heat pump in-
dustry in Finland. Finnish nearly zero energy level for buildings can be achieved
more cost-efficiently with concepts utilizing heat pumps than district heating. All
studied concepts utilizing heat pumps reached the planned “nearly zero” level. In
addition to lower life cycle costs heat pumps can also cool the building and cooling
can be done almost without any extra investment needed.

As a conclusion of the project it is safe to point out that investing in a heat pump
can bring added value to the building and the user, such as:

 the cooling mode of the heat pump will increase comfort and well-
being of the user

 the heat pump investment will increase the market value of the building
 the image of the building gets better
 heat pumps have positive impact on the environment
 heat pumps increase energy independence and decrease the building

owner’s dependency on energy pricing

HP4NZEB project has definitely promoted the know-how of the Finnish business-
es. All the results of the project were by far excellent for the heat pump business,
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and they give valuable information for property owners, designers, construction
companies and others considering what is the best way to heat your house.

Jussi Hirvonen

Finnish Heat Pump Association SULPU, Executive Director
European Heat Pump Association EHPA, Member of Board
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1. Introduction

This is the final report of development project “HP4NZEB – Heat Pump Concepts
for Nearly Zero Energy Buildings”. The project’s main objective was to define and
clarify the role of the heat pumps in nZEB building industry and to offer a realistic
view what is the reasonable and cost-effective nZEB level in the Finnish climate.

The project was implemented in 2013–2015 by Green Net Finland (coordina-
tor), VTT Technical Research Centre of Finland Ltd, Aalto University and Finnish
Heat Pump Association SULPU. The project was the Finnish national project par-
ticipating IEA Heat Pump Programme’s Annex 40.

This report includes the calculation material and the main results of the project.
The simulation tool utilized in the project was IDA Indoor Climate and Energy (IDA
ICE, http://www.equa.se/en/ida-ice).

In this report Chapter 2 (written by VTT) gives an overview of state-of-the art of
existing concepts to reach nZEB utilizing heat pumps in residential buildings. The
summary of the key factors concerning building energy calculation is presented in
Chapter 3 (Aalto University). The detailed data is presented as an appendix.
Chapter 4 (Aalto University) introduces the reader the studied system concepts
utilizing heat pumps. Chapter 5 (VTT) summarizes all the calculation results – the
energy performance and the life cycle costs of each studied concept. Chapter 6 is
about conclusions (written by all team members).

The HP4NZEB project has been implemented in parallel with project FInZEB
where the common vision of the Finnish construction industry on the EU's re-
quirements for near-zero energy buildings and suggestions on the energy efficien-
cy requirements of different building types was created as a base for drafting the
Finnish nZEB legislation. The preconditions for the calculation and some input
data have been harmonized with the preconditions in FInZEB project in order to
create commensurate results with FInZEB.

http://www.equa.se/en/ida-ice
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2. State-of-the art of existing concepts to reach
nZEB utilizing heat pumps in residential
buildings

2.1 Introduction

In low energy houses, loads change significantly, in particular the space heating
needs are notably reduced, and the share of domestic hot water (DHW) increases.
Moreover, mechanical ventilation may be required to guarantee the necessary air
exchange due to the air-tight building construction, and in recent years market
development show an increasing integration of a comfort cooling option in the
system layouts. An overview of the characteristics of most common heat sources
of heat pumps is given in Table 1. (Wemhoener, 2011d.)
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Table 1. Characteristics of most common heat sources of heat pipes (Wemhoener,
2011d).

In this chapter existing concepts to reach nearly zero energy level by utilizing heat
pump solutions in residential buildings in Finland are introduced. Firstly, brief in-
troduction to low-energy and nZEB building definitions is given. Then, both con-
cepts analysed in literature and realized concepts are presented. In addition, con-
cepts presented in finished IEA HPP Annex 32 and on-going IEA HPP Annex 40
are shortly introduced. This work focused on cold climate concepts.
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2.2 Definitions

There is no global definition for low-energy buildings; however, different countries
have national definitions for low-energy buildings. Low-energy building generally
indicates a building that has a better energy performance than the standard alter-
native/energy efficiency requirements in building codes (EU, 2009). Low-energy
buildings are buildings with significantly lower energy demand than buildings just
meeting the mandatory building regulations (Blomsterberg et al., 2012). Typical
criteria are 25–50% better than minimum requirements. Low-energy buildings
typically use high levels of insulation, energy efficient windows, low levels of air
infiltration and heat recovery ventilation to lower heating and cooling energy (EU,
2009). They may also use passive solar building design techniques or active solar
technologies (EU, 2009). In Finland, a building is called low-energy building if the
building energy usage is at least 40% better than of standard buildings (EU, 2009).

National definitions for very low-energy buildings exist in Finland, Sweden,
Norway and Denmark (NorthPass, 2012). In Finland, definition of passive house is
based on three characteristics: heating energy demand of spaces, total primary
energy need of the building, and measured air tightness (Nieminen & Lylykangas,
2009). In Table 2, there is shown the Finnish passive house definitions for different
parts of the country.

Table 2. The Finnish passive house definition (Nieminen & Lylykangas, 2009).

Coastal area includ-
ing major cities (Hel-
sinki, Espoo, Vantaa

& Turku)

Central Finland North-East Finland +
Lapland

Heating energy de-
mand of spaces
(kWh/m2)

 20  25  30

Primary energy de-
mand (kWh/m2)

 130  135  140

Measured air tightness
(1/h)

0.6 0.6 0.6

A zero-energy building is a building with zero net energy consumption and zero
carbon emissions annually (Kilkis, 2007; Marszal et al., 2011). According to the
European Directive on Energy Performance of Buildings (EPBD), “a nearly zero-
energy building is a building that has a very high energy performance. The nearly
zero or very low amount of energy required should be covered to a very significant
extent by energy from renewable sources, including energy from renewable
sources produced on-site or nearby” (European Parliament, 2010). Net ZEBs have
the dual role of being energy producers and consumers (“prosumers”) (Salom et
al., 2014). In practice, zero-energy building produces as much energy as it con-
sumes. There is no established definition of zero energy building, because there
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are several comparison principles for energy production and energy usage (Mar-
szal et al., 2011; Sartori et al., 2012). The nearly zero-energy building standard
still has to be defined in detail on both European and national level (Flodberg,
2012).

Zero energy buildings have two definitions: Net zero energy building (ZEB) and
nearly net zero energy building (nZEB). ZEB has energy use of 0 kWh/(m2,a)
primary energy (Kurnitski, 2013a). The basic concept of a Net Zero Energy Build-
ing is that on-site renewable energy generation covers the annual energy load
(Berggren et al., 2013). Nearly net zero energy building (nZEB) has technically
reasonable achievable national energy use of > 0 kWh/(m2,a) primary energy
achieved with best practice energy efficiency measures and renewable energy
technologies which may or may not be cost optimal (Kurnitski, 2013).

Many European countries calculate and compare primary energy instead of
end-use energy. End-use energy is the final delivered energy to the building, re-
quired for heating, hot water, cooling and electricity, often also referred to as final
energy. Primary energy is defined as the total amount of a natural resource need-
ed to produce a certain amount of end-use energy, including extraction, pro-
cessing, transportation, transformation and distribution losses down the stream
(Sartori & Hestnes, 2007; Schimschar et al., 2011; Flodberg, 2012). The system
boundary of zero energy building is explained in Figure 1.

Figure 1. System boundaries for nZEB (Kurnitski, 2013a).

Also other ZEB definitions have been introduced. The +ZEBs produce more ener-
gy than their operational needs; Autonomous and NetZEBs produce as much
energy as needed and NearZEBs less than needed. In addition, +ZEB category
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contains the sub-category of Life Cycle ZEB, which is the ZEB that takes into
account its embodied energy when calculating the energy needs (Panagiotidou &
Fuller, 2013).

2.3 nZEB concepts

Broadly speaking, ZEBs involve two strategies  minimizing the need for energy
use in buildings through energy-efficient measures and adopting RETs (renewable
energy and other technologies) to meet the remaining energy needs (Li et al.,
2013). Even adopting the best energy-efficient measures available, energy will still
be required to power the day-to-day running of a building.

In Europe a large variety of (non-governmental) concepts and examples for
nearly zero-energy buildings exist (Hermelink et al., 2013). However, even the
EPBD does not prescribe a uniform approach for implementing nearly zero-energy
buildings and neither does describe the assessment categories in detail.

2.3.1 Concepts analysed in literature

Chwieduk (2012) presents heat pump fundamentals including principles, thermo-
dynamic cycles, classification and renewable heat sources. The simplified idea of
utilizing different renewable energy sources for a heat pump at a single-family
house is presented in Figure 2. Combining solar thermal systems with heat pumps
is popular in modern low-energy buildings, because such heating systems can
supply all the heating demand and no auxiliary conventional heating is needed.
Classification of solar-assisted heat pump (SAHP) systems is usually made be-
cause of the configuration of the system; mainly it is connected with the role of
solar collectors and a heat pump for heating and the mutual interaction between
them. The following categories can be classified: parallel, series, and dual-source
SAHP systems.



14

Figure 2. The idea of utilizing different renewable energy sources for a heat pump
at a single-family house (Chwieduk, 2012).

Klein et al. (2014) investigated the feasibility of retrofitted hybrid heat pump sys-
tems for a German 1970s’ single family home as well as a renovated variant of the
same building. With the renovated building model, significantly higher efficiencies
(SPF 3.88 vs. 3.34) and load factors (0.57 vs. 0.36) were achieved. Medium-sized
heat pumps attained the highest SPF values. The volume of the buffer storage
tank had very limited impact on system performance.

Thygesen & Karlsson (2013) simulated and analysed three different solar as-
sisted heat pump systems in Swedish near zero energy single-family houses. The
analysed systems were: a PV-system and a heat pump, a heat pump and a solar
thermal system and a heat pump, a PV-system and a solar thermal system. The
conclusion was that a PV system in combination with a heat pump was a superior
alternative to a solar thermal system in combination with a heat pump.

Wiberg et al. (2014) investigated whether it is possible to achieve a net Zero
Emission Building (nZEB) by balancing emissions from the energy used for opera-
tion and embodied emissions from materials with those from on-site renewables
for a single-family house in the cold climate of Norway. The residential nZEB con-
cept, mainly based on state-of-the-art-technologies on the market, is a so-called
all-electric solution where essentially a well-insulated envelope is heated using a
heat pump and where photovoltaic panels (PV) production is used to achieve the
CO2eq balance. The results showed that the single-family house had a net export
to the electric grid with a need for import only during the coldest months.

Kurnitski et al. (2011) determined cost optimal and nZEB energy performance
levels with model calculations. The procedure was tested with Estonian reference
buildings and the results of the reference detached house were reported. The
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concepts also included cases for a ground source heat pump and an air to water
heat pump. Cost optimal energy performance level of Estonian reference de-
tached house was 110 kW h/(m2,a) primary energy including all energy use with
domestic appliances. The distance from cost optimal to nearly zero energy per-
formance level was about 239 €/m2 extra construction cost, i.e. about 20%. Nu-
meric results provided in the study are to be treated as country specific ones ap-
plying for Estonian markets with local energy, material and labour prices.

Sarbu & Sebarchievici (2014) provided a detailed literature review of the
ground-source heat pump (GSHP) systems, and their recent advances. The oper-
ation principle and energy efficiency of a heat pump were defined first. Then, a
general introduction on the GSHPs and its development, and a detailed descrip-
tion of the surface water (SWHP), ground-water (GWHP), and ground-couplet
(GCHP) heat pumps were performed. The review concentrates to GSHPs only
and do not discuss the associated buildings and their properties at all.

Dar et al. (2014) investigated the flexibility of heat pump and photovoltaic com-
binations that they could offer to the grid. For the purpose, two different hydraulic
configurations of heat pump with thermal energy storage and four different control
strategies were analysed. The study considered a typical Norwegian detached
single-family house whose thermal properties were adjusted to conform to Norwe-
gian passive house requirements. The annual simulation of the house using nor-
mative internal gains, heating set-points and occupancy schedules led to space-
heating needs of 18 kWh/m2/y. Results showed that with a proper control: self-
consumption of the building could be improved by almost 40%, the annual import
bills could be reduced by 20% and hours of peak exchanges with the grid could be
reduced by 30%. Overall, significant flexibility in Net-ZEBs is found achievable if a
proper control is in place.

Georges et al. (2014) investigated the feasibility of the air heating (AH) concept
in passive houses in Norway along with its challenges in terms of thermal dynam-
ics: the magnitude of the AH temperature needed, the temperature difference
between rooms, the impact of internal gains, the influence of thermal losses from
ventilation ducts and the AH control. Results showed limitations related to a cen-
tralized AH as well as provide guidelines for a consistent AH design in cold cli-
mates. The paper does not directly deal with heat pumps but it could be applied in
some heat pump concepts.

Vanhoudt et al. (2014) built a lab test setup to examine the potential of a heat
pump for demand response purposes. With this test setup, it is possible to emu-
late the behaviour of a heat pump in a single Belgian household building equipped
with either photovoltaic panels or a residential wind turbine (Figure 3). A market
based multi-agent system was developed to control the active heat pump. The
goal of this active control was to limit the peak power demands of the building and
to maximise the self-consumption of the locally produced electricity. The tests
showed that the current heat pump controller is able to shave the power consump-
tion peaks of the building. In this way, active control of the heat pump can diminish
extra investment costs for grid reinforcement. Active control also enables self-
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consumption of locally produced electricity. Any cost analysis of the analysed
systems was not made.

Figure 3. A schematic representation of the emulated buildings.

Marszal et al. (2012) deployed a life cycle cost analysis to define the cost-optimal
combination between energy efficiency and renewable energy production for a
multi-storey residential Net ZEB from private economy perspective in Denmark.
Both on-site and off-site renewable supply options were taken into consideration.
Generally from the private economic perspective, the off-site RES (renewable
energy supply) options had lower life cycle cost than the on-site RES options. The
analysis showed that from the private economy perspective and with the current
technologies’ cost and energy price, in 4 out of 5 on-site RES options investment
in energy efficiency is more cost-effective decision than investment in renewable
energy technologies. For the on-site and off-site RES options, the cost-effective
system is PV-MiCHP(biomass)1 and SofW-HP2 or El100%-HP3, respectively. More-
over, the SofW-HP and El100%-HP systems are also the cost-effective systems
among all ten renewable energy supply options.

2.3.2 Realised concepts

A semidetached house with two apartments and a single-family house were built
in two different Finnish locations (Kouhia et al., 2013). Both of them utilized heat
pumps. After one year of monitoring, neither of them quite met the defined passive
house targets and both of them had problems especially with control and tuning of
the building services systems.

1 PV-MiCHP(biomass): Building with on-site photovoltaic installations and a micro Stirling
biomass CHP. Biomass is transported to the building site.

2 SofW-HP: Building owning share of a windmill farm and a ground source heat pump.
3 El100%-HP: Building connected to power grid, which in 100% is supplied with renewable

energy sources and a ground source heat pump.
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The IEA5 Solar single-family house was built at the Pietarsaari housing fair in
1994, (Nieminen & Kouhia, 1997). The house fulfils the present Finnish passive
house and very low-energy houses definitions. The performance of the house has
been monitored until the end of 1996 and checked every year since 1996. The
results prove that the yearly purchased energy consumption was only 7900 kWh,
corresponding to 48 kWh/gross m2. The average space heating energy consump-
tion was 13 kWh/m2. The heating system is based on a ground source heat pump
with a capacity of 8 kW that is supported by a roof integrated 10 m2 solar thermal
collector system. Heat from the 3 m3 storage tank is distributed to the rooms with a
low-temperature floor heating system. The 48 m2 photovoltaic system consists of
45 solar panels (amorphous silicon modules) with 2 kWp output power.

Salom et al. (2014) monitored six buildings representing different building typol-
ogies in different climates and renewable energy technologies. Not all of them
fulfilled the zero energy standards. Four of the buildings were single-family houses
in Denmark and Sweden and they all included heat pumps. The report gives only
a limited description of the actual systems. The most relevant ones are the Ener-
gyFlexFamily house in Denmark and the Finnängen house in Sweden.

The EnergyFlexFamily house (Salom et al., 2014) in Denmark is better than the
Low E class 1 defined in the former Danish Building Code from 2008. The annual
energy demand for space heating, ventilation, domestic hot water (DHW) and
building-related electricity (not including energy for the household) is less than 30
kWh/m². With the PV production, EnergyFlexFamily is energy neutral over the
year including the demand for electricity of the household and an electric vehicle.
The heating system consists of two heat pumps and a solar heating system. One
of the heat pumps produces space heating via the floor heating system. The other
heat pump is located in series with the passive heat exchanger of the ventilation
system. This heat pump both preheats fresh air and DHW. The solar heating sys-
tem preheats primarily DHW but may also deliver space heating. The efficiency of
the passive heat exchanger is around 85%.

The Finnängen house is the first renovated plus-energy house in Sweden.
Finnängen was built in 1976 (Myresjöhus) and renovated in 2010 and added an
extension. The building has a wooden structure with brick decoration. The walls
were clad with air-tightness layer, external insulation and plaster. The roof tiles
were exchanged to steel roof, photovoltaic and solar-thermal. The building enve-
lope can now be classified as a passive-house according to the FEBY criteria (air-
tightness 0.13 ACH, U-value roof 0.07 W/m2K wall 0.10 W/m2K, new ground 0.12
W/m2K), except for the old house ground that was not refurbished. Space heating
is supplied through hydronic floor heating and radiator system which is heated by
solar thermal and horizontal ground source heat pump system. In 2011 the house
used 7202 kWh (28.6 kWh/m2) totally, out of which ~3000 kWh (12 kWh/m2) is
used in the heat pump, ~1000 (4 kWh/m2) is used for ventilation and heating circu-
lation. The remaining ~3000 kWh (12 kWh/m2) is household electricity. The power
supply through the photovoltaic system was 8356 kWh in 2011, thus a surplus of
1154 kWh. (Salom et al., 2014.)
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Molin et al. (2011) presented results and an evaluation of a newly built house in
an area with passive houses in Linköping, Sweden. Nine passive houses were
built with the aim to be energy efficient, with an annual space heating demand of
21 kWh/m2, and at the same time to have the same visual appearance as any
other building in the surrounding area. The buildings are heated with district heat-
ing but heat pump solutions could be applied as well. Some examples of potential
improvements for future, similar buildings were found including deficiencies in the
insulation of the wall and the roof creating a cold bridge, the insulation of ducts
inside the building, the plastic diffusion stops showed signs of worse performance
after only one year, and the control of the heat exchanger for sanitary hot water
(SHW).

2.3.3 Concepts from IEA HPP Annex 32

Annex 32 in the Heat Pump Programme (HPP) of the International Energy Agency
(IEA) entitled "Economical heating and cooling systems for low energy houses"
started in 2006 with the participating countries Austria, Canada, France, Germany,
Japan, the Netherlands, Norway, Sweden, Switzerland (operating agent) and the
USA in order to support the further development of heat pump systems for the use
in low- and ultra-low energy buildings and to prove the feasibility and performance
benefit of new and marketable systems (Wemhoener, 2011a). Focus of the R&D
in the frame of Annex 32 was on the one hand the development of new integrated
heat pump concepts including lab-testing, simulation and assessment of respec-
tive prototypes.

While Annex 32 concentrated on system integration, current trends also include
a building integration, using the building façade and roof as parts of the system
technology (Wemhoener, 2011a). This approach opens the scope to even higher
integration of the system and building envelope technologies, which may lead, by
use of further synergies, to even more comprehensive and high-quality, high per-
formance and low cost sustainable building concepts.

Table 3 gives an overview of heat pump systems of current interest in low-
energy and passive houses in Nordic climates and especially in Norway. Justo
Alonos & Stene (2010) describe different systems more in detail according to
function, design, heating and cooling capacity, typical Seasonal Performance
Factor (SPF), heat distribution and impact on the indoor environment.
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Table 3. Classification of commercially available heat pump systems for low-
energy and passive houses in Nordic climates (Justo Alonso & Stene, 2010).

Extensive field tests accomplished in IEA HPP Annex 32 of above 100 heat
pumps installed in low energy houses in Germany and about 10 heat pumps in
Austria confirmed that the average performance of air-source heat pumps were in
the range of about 2.8 and brine-to-water heat pumps in the range of 4
(Wemhoener, 2011b). So, virtually all measured heat pump systems in low energy
house fulfilled the criteria of the European RES Directive to be considered as
renewable energies, which is currently a minimum Seasonal Performance Factor
of 2.63.

Concerning the system configurations, field results confirmed that modular sys-
tems with a rather complex hydronic configuration often do not reach the expected
performance. Therefore, the system configuration shall be chosen carefully
(Wemhoener, 2011b). Despite this generally good performance in the field opera-
tion, also malfunctions and optimisation potentials were encountered. Average
temperatures of the system confirmed that performance of the heat pump systems
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still have performance improvements by lowering the temperature lift and improve
design and system layout.

2.3.3.1 EcoTerraTM Home

EcoTerraTM Home is a two-storey detached home of a 234 m2 floor heating area
located in the Eastern Canadian province Québec (Wemhoener, 2011c). The core
of the building technology is the 3 kWp building integrated solar PV/thermal
(BIPV/T) system, the heat pump and the thermal storage. BIPV/T compared to
stand-alone PV or solar thermal systems has the advantage of simultaneous pro-
duction of heat and electricity.

By a roof top ventilation outdoor air is drawn behind the PV-laminate and heats-
up while cooling the PV system to achieve a better electric efficiency. The heated
air serves various functions inside the houses, primarily for clothes drying when-
ever the exiting air temperature is above 15°C. If temperature is below this limit,
an air-to-water heat exchanger serves to preheat the DHW or the air is ventilated
through a hollow floor slab to store the heat in the concrete. (Wemhoener, 2011c.)

The EcoTerra house is heated or cooled by a two-stage geothermal heat pump
(nominal COP at B0/W35 of 4.3). In addition to space heating through a ducted
forced air system, the heat pump assists water heating with a desuperheater.
Figure 4 depicts the system concept of the EcoTerraTM house. A further compo-
nent of the building technology is a waste water heat recovery integrated in the
drain. Therein, a heat exchanger coil is placed around the waste water pipe.
(Wemhoener, 2011c.)
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Figure 4. System concept of the EcoTerraTM Home in Eastman (Wemhoener, 2011c).

2.3.3.2 Alstonvale Net Zero Energy House

Pogharian et al. (2008) presented the Alstonvale Net Zero Energy House (AN-
ZEH), which strives towards net zero energy lifestyle by integrating efficient on-site
food production methods to further reduce the household’s energy footprint, and
incorporating, as the primary energy generation system, a 7 kW, building integrat-
ed, photovoltaic/thermal (BIPV/T) system on its roof to generate both electricity
and thermal energy (Figure 5), and of which 1.5 kW is dedicated to balancing the
local transportation needs of the household, assuming an electric drive vehicle.
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Figure 5. The configuration of the AZEH.

The heat pump system is the most important piece of equipment of the ANZEH.
The heat pump chosen had to deliver the required peak heating load (estimated at
12–13 kW). It also had to operate at partial load under varying flow rates and
temperatures, with a good coefficient of performance (COP) preferably above 5.
(Pogharian et al., 2008.)

2.3.4 Concepts from IEA HPP Annex 40

The IEA HPP Annex 40 "Heat pump concept for Nearly Zero Energy Buildings"
deals with the application of heat pumps as core component of the HVAC system
for Nearly or Net Zero energy buildings (NZEB) (Baxter & Sikes, 2013). The Task
1 is to give an overview on NZEB on the national level of the participating coun-
tries. At the time when writing this report, only two country reports from Task 1
were available – Norway 2007 (Justo Alonso & Stene, 2013) and USA (Baxter &
Sikes, 2013). In the following, from them the most relevant heat pump concepts for
cold climates are presented.

2.3.4.1 NorOne – the first certified Norwegian passive house & A/W heat pump

The NorOne residence in Sørum, Southern Norway, was the first single-family
house in Norway to be certified by the German Passivhaus-Institut in Darmstadt in
2007 (Justo Alonso & Stene, 2013). The 340 m² passive house is equipped with a
number of heat recovery and heating systems (Figure 6).
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Figure 6. A principle sketch of the heating system including the 5 kW air-to-water
heat pump, the grey water heat recovery unit and 6 m² solar collector

(www.norone.info).

At the design outdoor temperature (-25 °C), the ground heat exchanger preheats
the inlet air by as much as 20 °C. The city water, which circulates in a coil heat
exchanger inside a double-shell buffer tank, is preheated to about 35–40 °C by the
heat pump unit. An electric immersion heater in the hot water tank reheats the
water to the required temperature (min. 65 °C). This kind of integrated heat pump
design is not recommended in passive houses since it only covers approx. 50% of
the annual domestic hot water (DHW) heating demand, and the supply water
temperature from the condenser is maintained at 40–45 °C the entire year. (Justo
Alonso & Stene, 2013.)

In 2011 the heat supply from the grey water heat exchanger and the solar heat-
er system was 600 kWh (1,000 kWh) and 1,400 kWh (3,400 kWh), respectively
(Justo Alonso & Stene, 2013). ThE-values in the brackets show the calculated
(expected) heat supply. The measured total annual energy use was 60 kWh/m²,
while the annual space heating demand was 7,200 kWh (21 kWh/m²).

2.3.4.2 The Zijdemans Residence – W/W Heat Pump

A 2.9 kW prototype water-to-water heat pump for combined space heating and hot
water heating was installed in a 170 m2 single-family passive house in Flekkefjord
(Southern Norway) in 2007. The heat pump unit utilizes lake water as heat source,
and propane (R290) is used as working fluid. The heat pump is optimized for en-
ergy-efficient DHW and low-temperature space heating. Regarding the DHW heat-

http://www.norone.info
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ing the heat pump is equipped with a suction gas heat exchanger that increases
the heating capacity and temperature of the suction gas as well as a desuperheat-
er for reheating of DHW. Since DHW is preheated by the condenser and reheated
by a desuperheater, the system design is denoted "two-stage DHW heating". The
main advantage of this system is that the heat pump can cover the entire DHW
heating demand at the required temperature (65 °C) without reheating by electric
immersion heaters, and still maintain a relatively low condensation temperature.
The heat pump is operated in "space heating mode", "DHW heating mode" or
"combined heating mode". The average COP for the entire system is 3.1. (Justo
Alonso & Stene, 2013.)

Figure 7. Principle sketch of the 2.9 propane water-to-water heat pump system
comprising a 2-stage DHW system with two storage/buffer tanks (Justo Alonso &

Stene, 2013).

2.3.4.3 Tveitta Borettslag (Block of Flats) – Heat Pump Water Heater

The three block of flats in Tveitta Borettslag (housing cooperative) in Oslo was
built in 1969 and have 819 apartments (Justo Alonso & Stene, 2013). The build-
ings have recently been refurbished for €40 million, and the specific annual energy
use has dropped from 280 to 140 kWh/(m2a). The building does not meet the
Norwegian passive house standard but the hot water heating technology applied
represents the most energy efficient and environmentally benign technology for
hot water heating.

Each block of flats has a centralized hot water heating system, and the electric
immersion heaters have been replaced by heat pump water heaters using carbon
dioxide (CO2, R744) as the working fluid. Each CO2 heat pump unit has a nominal
heating capacity of approx. 100 kW, and the units have been manufactured by
Green&Cool in Sweden. The installation is the first large-capacity CO2 heat pump
system in Norway. (Justo Alonso & Stene, 2013.)
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The block of flats have an exhaust air ventilation system without heat recovery,
and the heat pumps utilize 22 °C exhaust air as heat source. Each brine-to-water
heat pump unit is connected to two brine-to-air heat exchangers by means of a
secondary circuit. The set-point for the hot water temperature is about 70 °C.
However, due to the unique properties of the CO2 heat pump cycle, the heat
pumps can supply water up to approx. 95 °C, i.e. no reheating with electric immer-
sion heaters is required. The average measured COP is above 4. (Justo Alonso &
Stene, 2013.)

2.3.4.4 NIST Net Zero Energy Residential Test Facility (NZERTF)

The Net Zero Energy Residential Test Facility, located at the National Institute of
Standards and Technology (NIST) in Gaithersburg, MD, USA was designed to
ensure that it would meet current and future measurement science needs towards
net zero energy homes (NIST, 2012). This 372 m2 residential building was con-
structed on the NIST campus and officially opened in summer 2012 (Baxter &
Sikes, 2013). The building technical systems include for example a Photovoltaic
System and a Solar Thermal/Heat Pump Water Heating System. An overview of
the building systems can be seen in Figure 8.

Figure 8. An overview of the key features of the NIST Net Zero Energy Residential
Test Facility (NIST, 2012).
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3. Description of the studied nZEB buildings
and the key factors concerning building
energy calculation

3.1 Introduction

The description of the key factors concerning building energy calculation is pre-
sented in this chapter. The data includes building envelope structures, the building
materials and their features, internal heat gain loads, hot domestic water usage
and schedule and other initial data. The detailed data of each case is presented in
Appendixes B–D.

The researched buildings are a new detached house, a new apartment build-
ing and an existing apartment building, built in the 1960s. The data of the new
detached house and the 1960s apartment building are based on model buildings
defined in a previous Cost Optimal project (Vainio et al., 2012) that has already
been completed. The data of the new apartment building is based on a real build-
ing that is under construction. The usage profiles and specific powers of the inter-
nal heat gains for lighting, persons and household equipment are based on the
Finnish building code part D3 (2012). The usage profile of the domestic hot water
is based on measured DHW consumption of a Finnish apartment building.

The simulation tool was IDA Indoor Climate and Energy (IDA ICE,
http://www.equa.se/en/ida-ice). It is a whole-year detailed and dynamic multi-zone
simulation application for study of thermal indoor climate as well as the energy
consumption of the entire building.

3.2 Energy calculation data of the new detached house

The calculation data for the energy simulation model of the new detached house is
presented in this section. The detailed data is in Appendix B.

http://www.equa.se/en/ida-ice
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3.2.1 Building’s location and the description of the building

Table 4. Building’s location and general information.

General information Description / Value Notifications
Location Helsinki 60  19’ north latitude

24  58’ east longitude
Weatherr TRY2012 Helsinki-Vantaa test year weather data

Environment Urban environment
Total inner dimensions of the building

Width 8.8 m From inner surface to the inner surface
of the external walls

Length 10.6 m From inner surface to the inner surface
of the external walls

Floor height 2.75 m
Room height 2.60 m

Outer dimensions of the building
Width 9.9 m From outer surface to the outer surface

of the external walls
Length 11.8 m From outer surface to the outer surface

of the external walls
Areas and volumes

Heated net floor area 180.0 m2

Gross floor area 233.6 m2

The total area of the
building envelope

383.2 m2

The heated volume of
the building

468.1 m3

3.2.2 Building’s geometry and layout

The main geometry of the building and the layout of the floor plans are shown in
Figures 9–11.
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Figure 9. The geometry of the detached house building.

Figure 10.The floor layout of the first floor.
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Figure 11. The floor layout of the second floor.

3.3 Energy calculation data of the new apartment building

The calculation data for the energy simulation model of the new detached house is
presented in this section. The detailed data is in Appendix C.



30

3.3.1 Building’s location and the description of the building

Table 5. Building’s location and general information.

General information Description / Value Notifications
Location Järvenpää 60° 28' 0" North latitude

25° 6' 0" East longitude
Weather TRY2012 Helsinki-Vantaa test year weather data

Environment Urban environment
Total inner dimensions of the building

Width From inner surface to the inner surface of
the external walls

Length From inner surface to the inner surface of
the external walls,

Floor height 3.0 m According to the sectional drawing (A-A)
of the building

Room height 2.6 m According to the sectional drawing (A-A)
of the building

Outer dimensions of the building

Width 44.2 m Maximum from outer surface to the outer
surface of the external walls, not a rec-

tangle shape, According to the floor plan
of the building

Length 17.8 m Maximum from outer surface to the outer
surface of the external walls, not a rec-

tangle shape, According to the floor plan
of the building

Areas and volumes
Heated net floor area 3098.5 m2 According to the ground plan of the build-

ing
Gross floor area 3959 m2 According to the ground plan of the build-

ing
Gross floor area of main

storeys
696 m2 According to the ground plan of the build-

ing (storeys 2–4; cellar, and storeys 1
and 5 are a bit different)

The total area of the
building envelope

1908.8 m2 123.95 m (building circle) *15,4 m (build-
ing height excluding cellar)

The heated volume of the
building

8056.1 m3 (13233 m3

according to the building
specification)

heated net floor area (3098,5 m2) * room
height (2,6 m)

The building has 5 storeys and a cellar, which includes a parking hall.
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3.3.2 Building’s geometry and layout

The main geometry of the building and the layout of the floor plans are shown in
Figures 12–14.

Figure 12. The geometry of the new apartment building.
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Figure 13. The floor layout of the apartment floors (4th storey).

Figure 14. The floor layout of the basement floor, which is used as a parking hall.
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3.4 Energy calculation data of the 1960s apartment building

The calculation data for the energy simulation model of the existing 1960s apart-
ment building is presented in this section. The detailed data is in Appendix D.

3.4.1 Building’s location and the description of the building

Table 6. Building’s location and general information.

General information Description / Value Notifications
Location Helsinki 60  19’ north latitude

24  58’ east longitude
Weather TRY2012 Helsinki-Vantaa test year weather

data
Environment Urban environment

Total inner dimensions of the building
Width 12.0 m From inner surface to the inner

surface of the external walls
Length 50.0 m From inner surface to the inner

surface of the external walls
Floor height 3.00 m
Room height 2.60 m

Outer dimensions of the building
Width 12.6 m From outer surface to the outer

surface of the external walls
Length 50.6 m From outer surface to the outer

surface of the external walls
Areas and volumes

Heated net floor area 3697 m2

Gross floor area 4463 m2

The total area of the
building envelope

3586 m2

The heated volume
of the building

10 497 m3
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3.4.2 Building’s geometry and layout

The main geometry of the building and the layout of the floor plans are shown in
Figures 15–17.

Figure 15. The geometry of the 1960s apartment building

Figure 16. The floor layout of the apartment floors (r = room, k = kitchen).
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Figure 17. The floor layout of the basement floor.
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4. The studied system concepts of the nZEB
buildings

4.1 General information

The different system concepts utilizing heat pumps that were used in the energy
simulation and calculation are presented in this chapter. There are three different
system concepts for the new apartment building and four different system con-
cepts for the new detached house and for the 1960s apartment building. The total
number of different system concepts is eleven and the total number of different
simulation cases is 44, because the system concepts are simulated both without
and with the solar energy systems, using a few different dimensioning options for
the solar systems.

The idea of the selection of different system concepts was to make a clear dif-
ference between different factors that influence to the energy efficiency of the
building. This was done by choosing a different kind of heat pump for system
concepts and by adding solar energy production, electricity and thermal, along
with the heat pump. The building’s envelope, exterior structures and their insula-
tion levels were fixed and kept constant in all system concepts and simulation
cases and the cases concentrate on the energy efficiency of the heat pump and
HVAC systems. The selection of different system concepts for different nZEB
buildings was mainly based on the results of previous research projects concern-
ing energy efficiency of buildings and also on the expertise of the project and
steering groups of the HP4nZEB project.

4.2 Simulation method

Dynamic energy performance simulations were carried out using IDA-ICE 4.6.1
building simulation software in this study. This software allows modelling of the
multi-zone building, HVAC-systems, internal and solar loads, outdoor climate, etc.
and provides simultaneous dynamic simulation of heat transfer and mass flows. It
is a suitable tool for the simulation of thermal comfort, indoor air quality, and ener-
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gy consumption in all kinds of buildings. A modular simulation environment, IDA-
ICE, has originally been developed by the Division of Building Services Engineer-
ing, KTH, and the Swedish Institute of Applied Mathematics, ITM (Sahlin, 1996;
Björsell et al., 1999). IDA-ICE has been tested against measurements for example
in Moinard et al. (1999) and several independent inter-model comparisons have
been made (Achermann & Zweifel, 2003). In the comparisons, the performance of
radiant heating and cooling systems using five simulation programs (CLIM2000,
DOE, ESP-r, IDA-ICE and TRNSYS) were compared and IDA ICE showed a good
agreement with the other programs. IDA-ICE was validated according to the Euro-
pean Standard prEN 13791 by Kropf and Zweifel (2001). The IDA-ICE software
has been successfully used and validated in numerous studies before, for exam-
ple in Travesi et al. (2001) and Loutzenhiser et al. (2007).

The validation studies and the successful use in various studies before are the
main reasons why IDA-ICE was selected as a simulation tool of this study. Fur-
thermore, the recent implementation of the ESBO Plant model in IDA-ICE made
detailed energy simulation of heating system possible. Detailed simulation of heat
pumps, hot water storage tank and solar-based energy production was performed
by means of ESBO Plant model in this study. Main features of the ESBO plant
energy production system are presented in Figure 18.

Figure 18. Main features of the ESBO Plant model with ground source heat pump
and boreholes, heat storage tank, solar collectors and PV-electricity production
system.
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Real room heating and cooling units with data of existing products, such as water
radiators, floor heating, chilled beams and fan coil was used to simulate heating
and cooling energy consumption. Furthermore, losses of the heat distribution
system were simulated in IDA-ICE.

4.3 The target levels for energy performance in different
building types

According to the Finnish building code, energy performance of buildings is calcu-
lated by means of E-value, which is total delivered energy consumption of the
building weighted by the energy carrier factors (D3, 2012). The official Finnish
definition of E-value is

net

i i,DEi,DE
)2012(3D A

fE
E                    (1)

where

EDE,i = delivered energy i (district heating, electricity, fuels used for energy produc-
tion of the building and district cooling), kWh/a
fDE,i = weighing factors of delivered energy form i (0,7 for district heating, 1,7 for
electricity, 1,0 for fossil fuels, 0,5 for renewable fuels, 0,4 for district cooling), -
Anet = heated net floor area of the building, m2.

There is no official definition for the nZEB level of buildings in the Finnish building
code yet. A proposal of the Finnish nZEB levels was done in FInZEB-project in
2015 (see Table 7).

Table 7. The current Finnish requirement levels of E-value for new buildings and
the proposed requirement levels of Finnsh nZEB-buildings by the FInZEB-project
(Reinikainen et al., 2015).

Building type Current max. E-value of
new buildings, ED3(2012),
kWh/m²,a

Proposal for the nZEB
level of E-value,
kWh/m²,a

Detached house1 160…204 120…204
Apartment building 130 116
Office 170 90
School 170 104
Kindergarten 170 107
Commercial building 240 143
Sports hall 170 115
Commercial accom- 240 182
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modation building
Hospital 450 418
1 The requirement levels depend on the heated net floor area of the detached
house. The levels are presented for the houses with 270–100m² floor area.

One of the most important goals of this research project was to define and clarify
the role of the heat pumps in nZEB building industry and to offer a realistic view
what is the reasonable and cost-effective nZEB level in the Finnish climate. For
this reason, the target level for energy performance (ED3(2012)) was set to 0 kWh/m2

for all three building types of this project. By doing this, one could study what en-
ergy performance level can be achieved in all three different building types and
what could be the cost-optimal level. In this study, the E-value is calculated with its
current definition (Equation 1) and also with a definition by REHVA (Kurnitski,
2013b) which takes exported energy into account (Equation 2).

net

i i i,Expi,Expi,DEi,DE
Exp A

fEfE
E

        (2)

where
EExp,i = annual energy i, that is exported from the building, kWh/a
fExp,i = weighing factors of exported energy form i, -
Anet = heated net floor area of the building, m2

Two different definitions of E-value are studied in order to show how surplus elec-
tricity which is produced by PV-system and exported to grid impacts on E-value.
The weighting factor of exported electicity fExp is assumed to be same as the factor
of delivered electricity fDE (1.7) in this study, because there is no national definition
for the weighing factors of exported energy in Finland yet.

Examples of different nZEB definitions in different countries are shown in Table
8 for a reference.
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Table 8. Different energy performance levels for different nZEB building types in
Denmark, Estonia, Latvia and Lithuania (Kurnitski et al., 2014).

4.4 The system concepts of the new detached house

The main system concepts used in the energy simulation cases of the new de-
tached house are presented in this section.

4.4.1 Recent studies

According to Vainio et al. (2012) the ground source heat pump is a good option for
main heating system in a detached house, especially when combined with solar
thermal and solar electricity systems. The downside is obviously its high invest-
ment costs. It seems to be reasonable to integrate solar systems with all the heat
pump solutions, if one wants to achieve the coming nZEB requirements in a new
detached house.

Pan and Cooper (2011) state that when choosing the heat pump concept for a
detached house, one should always consider the economical aspects and the total
life-cycle costs of the entire building, because the energy consumption of a pas-
sive house level detached house is small in the first place and the extra invest-



41

ment in different heat pump systems may not actually be profitable, especially in
the Southern Finland or warmer climates.

Hamdy et al. (2012) states that the ground source heat pump system is domi-
nating over the other conventional heating systems in detached houses in the
Southern Finland, when the optimization is based on primary energy consumption
and life-cycle costs.

When choosing the heat pump system to the specific situation, an important
point is also the annual energy consumption level of the building. The main bene-
fits of the heat pump systems are realized when the heating energy consumption
is relatively high. In an energy efficient building, for instance a detached passive
house, the difference in energy savings between the ground source heat pump
and the air source heat pump (air to water) becomes smaller. According to Saari
et al. (2010) the higher investment costs of the ground source heat pump may not
be justified anymore and the actual life cycle costs of the ground source heat
pump may actually be higher than the life cycle costs of the air source heat pump.

For further notice with the solar based energy, the usage profiles of lighting,
household equipment and domestic hot water use have a significant impact on the
solar based energy production, electricity and thermal. The production and de-
mand should match as close as possible to obtain the maximum benefits of the
solar based energy production. (Liljeström et al., 2014.)

The auxiliary heat energy is produced by electricity for all four heat pump types.

4.4.2 System concepts for energy simulation cases

The structures and the insulation thicknesses of the new detached house are kept
constant in every calculation case. The exterior structures are at the Finnish pas-
sive house level (RIL 249, 2009) as shown in Chapter 3 and the system concepts
concentrate on different types of heat pumps and on the use of solar energy sys-
tems. The heat recovery unit of the ventilation system is also kept similar in each
system concept, as it is reasonable to install a ventilation system with high supply
air temperature efficiency in every new detached house. The heat distribution
system is water-based floor heating system with dimensioning temperatures of
40/30 C in system concepts 1–3 and supply air heating system with electric floor
heating in the bathroom in system concept 4.

The selected system concepts and their properties are shown in Table 9. The
properties of the systems shown in Table 9 are based on the product information
of the existing systems.
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Table 9. The system concepts and their properties used in the energy simulation
for the new detached house (DH).

Properties of the new detached

house

DH CONCEPT 1: DH CONCEPT 2: DH CONCEPT 3: DH CONCEPT 4:

Main heating system Ground source

heat pump

Air source heat

pump

(air to water)

Exhaust air heat

pump

Air source heat

pump

(outdoor air to

ventilation

supply air)

Heating power and COP of

the heat pump in a test point

8.9kW

COP: 4.85

(0/35°C)

8.0kW

COP: 4.4 7/35°C

4.9kW

COP: 3.0

(20/35°C)

1.9 kW

COP: 3.8

(-10/37°C)

Heat distribution system Floor heating

(40/30 C)

Floor heating

(40/30 C)

Floor heating

(40/30 C)

Supply air

heating + El.

floor heating in

bathroom

Cooling system Free cooling with

boreholes

Free cooling with

horizontal

ground loop

Free cooling with

horizontal

ground loop

The main

heating system

in a cooling

mode and an

additional air to

air heat pump

for cooling in a

bedroom

Cool distribution system Brine/Water-

based cooling

system for

supply air

(10/15°C) and a

a fan coil in a

single bedroom

Brine/Water-

based cooling

system for

supply air

(10/15°C) and a

a fan coil in a

single bedroom

Brine/Water-

based cooling

system for

supply air

(10/15°C) and a

a fan coil in a

single bedroom

Cooling for

supply air and

a split unit in a

bedroom

Ventilation system

(temp. efficiency of heat

recovery)

Mec. sypply and

exhaust ventila-

tion

(80%)

Mec. sypply and

exhaust ventila-

tion

(80%)

Mec. sypply and

exhaust ventila-

tion

N/A

Mec. sypply

and exhaust

ventilation

(80%)

Level of thermal insulation Passive

(RIL 249, 2009)

Passive

(RIL 249, 2009)

Passive

(RIL 249, 2009)

Passive

(RIL 249, 2009)

On-site energy production Solar collectors

PV-panels

Solar collectors

PV-panels

Solar collectors

PV-panels

Solar collectors

PV-panels

The different simulation cases are shown in Table 10 below. Total of 16 simulation
cases are selected from these proposed concepts, as shown in Table 10. There is
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also an extra simulation case with LED-based lighting. The extra LED-lighting
simulation is performed to the most energy efficient simulation case of the four
system concepts.

Table 10. The simulation cases for the selected detached house system concepts.

Description of the simulation cases DH CONCEPT
1  2 3 4

1: concepts without the solar based energy systems X  X X X
2: concepts with the solar collectors X  X X X
3: concepts with the solar collectors (see case 2) and PV-
panels, typical panel area is selected

X  X X X

4: concepts with the solar collectors (see case 2) and PV-
panels, large panel area is selected X X X X

The selected solar collector area for simulation cases is 12 m2. The criterion of
selection for solar collectors was to dimension the collector area so that approxi-
mately 50% of the needed annual domestic hot water heating energy is produced
by the solar collectors. With the 12 m2 collector area approximately 54% of the
annual DHW heating energy is produced.

The selected PV-panel area is 18 m2 for simulation case 3 and 36 m2 for simu-
lation case 4. The 18 m2 PV-panel area represents a typical PV-area that is in-
stalled to a detached house and was chosen for that reason. The 36 m2 PV-panel
area was selected to demonstrate how the large panel area affects to the solar
electricity production and to the E-value of the building.

The solar based energy systems are dimensioned so that the total solar collec-
tor and large PV-panel area is not more than 50% of the building’s total roof area,
as the panels and collectors begin to shade each other, if the total area is in-
creased beyond 50%.
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4.5 The system concepts of the new apartment building

The main system concepts used in the energy simulation cases of the new apart-
ment building are presented in this section.

4.5.1 Recent studies

According to Vainio et al. (2012) the ground source heat pump is a good option for
main heating system in a new apartment building as well, especially when com-
bined with solar thermal and solar electricity systems. The downside is obviously
its high investment costs when compared to the district heating system. It seems
to be reasonable to integrate solar systems with the ground source heat pump
solution, if one wants to achieve the coming nZEB requirements in a new apart-
ment building.

Saari et al. (2010) states that it seems to be a smart decision to choose the low
energy standard level (RIL 249, 2009) or the 2012 Finnish building code part D3
reference level of thermal insulation with the ground source heat pump system
and integrate solar systems along with it rather than choosing the passive house
standard level structures in a new apartment building. The reason is that when
one compares the investment costs between the passive house standard level
and the low energy standard level, it can be seen that the increase in investment
costs is substantial, almost three times larger. In addition, the specific energy
consumption is smaller in apartment buildings than in detached buildings, so the
actual benefits of making the structures more energy efficient are also smaller.

It is also not a very common solution to choose an air to water heat pump for
the primary heating system to a new apartment building. The air source heat
pumps work well in detached house sized buildings, but the substantially larger
heat demand of an apartment building requires a much larger heat pump system
to cover the heat demand of the building, especially the dimensioning of the out-
door unit is a key factor with the air source heat pump system. Also, the need of
the auxiliary heating energy during winter time would be substantial as well, as the
performance of the heat pump decreases on cold outdoor temperatures. However,
according to the Finnish Heat Pump Association (SULPU) and a group of Finnish
heat pump manufacturers the air source heat pump technology is currently devel-
oping at a fast pace and could be a very potential heating system in the near fu-
ture also in new apartment buildings. Additionally, its investment costs are sub-
stantially lower than for example the ground source heat pump’s investment costs.
For these reasons, it is reasonable to study the air to water heat pumps in new
apartment buildings as well.

The district heating is a common and probable heating system in almost every
new apartment building, when it is available. For this reason, it is reasonable to
choose the district heating as a reference concept of this building type.
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The auxiliary heat energy for the ground source and air source (air to water)
heat pumps is produced by electricity.

4.5.2 System concepts for energy simulation cases

The structures and the insulation thicknesses of the new apartment building are
similar in every system concept. Even if the level of thermal insulation of the new
apartment building almost fulfills the low energy level defined in (RIL 249, 2009),
the system concepts are simulated with the reference level of thermal insulation
defined in D3 (2012). This lower level of thermal insulation was used because it
has been shown for example in Vinha et al. (2013) that the better thermal insula-
tion level brings negligible energy savings in apartment buildings in Southern
Finland. The system concepts concentrate on different types of heat pumps and
on the use of solar energy systems. The heat recovery unit of the ventilation sys-
tem is also similar in every system concept, as it is reasonable to install a ventila-
tion system with high supply air temperature efficiency in every new apartment
building. The heat distribution system is water-based low-temperature radiator
heating system with dimensioning temperatures of 45/35 C in every system con-
cept and in every simulation case. The low temperature heating system benefits
all heat pump types, making the heat pump’s COP-value higher, and also the
district heating system by allowing lower return water temperatures in the heating
system and also in the district heating network.

The heat pumps used in the concepts are selected as a result of the current
trend in the heat pump market and the selection is also based on the experience
and opinions of a group of professionals that are involved both in Finnish and in
international heat pump markets. According to this group’s opinion, it is reasona-
ble to choose both ground source and air to water heat pumps as the main heating
system in a new apartment building, rather than choosing an exhaust air heat
pump for example. The market and the technology is developing fast at the mo-
ment and there are new solutions and system concepts coming, especially in the
air source heat pump category, making the air source heat pump a potential main
heating system also in new apartment buildings in the near future. Ground source
heat pumps are already known to be a very potential main heating system in new
apartment buildings, as well as in almost any type of building.

The selected system concepts and their properties are shown in Table 11. The
properties of the systems shown in Table 11 are based on the product information
of the existing systems.
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Table 11. The system concepts and their properties used in the energy simulation
for the new apartment building (AB).

Properties of the new
apartment building

AB CONCEPT 1: AB CONCEPT 2: AB CONCEPT 3:

Main heating system Ground source
heat pump

Air source heat
pump
(air to water)

District heating

Heating power and COP of
the heat pump in (a test
point)

61 kW
COP: 3.6
(0/45°C)

64 kW
COP: 4.2
(7/45°C)

-

Heat distribution system Low temperature
radiators
(45/35 C)

Low temperature
radiators
(45/35 C)

Low temperature
radiators
(45/35 C)

Cooling system Free cooling with
boreholes

Mechanical water
chiller system

Mechanical water
chiller system

Cool distribution system Water-based
cooling system for
supply air
(10/15°C)

Water-based
cooling system for
supply air
(10/15°C)

Water-based
cooling system for
supply air
(10/15°C)

Ventilation system
(temp. efficiency of heat
recovery)

Mec. sypply and
exhaust ventila-
tion
(AB: 80%)
(Parking hall:
75%)

Mec. sypply and
exhaust ventila-
tion
(AB: 80%)
(Parking hall:
75%)

Mec. sypply and
exhaust ventila-
tion
(AB: 80%)
(Parking hall:
75%)

Level of thermal insulation Reference level
2012
(D3, 2012)

Reference level
2012
(D3, 2012)

Reference level
2012
(D3, 2012)

On-site energy production Solar collectors
PV-panels

Solar collectors
PV-panels

Solar collectors
PV-panels

The different simulation cases are shown in Table 12 below. Total of 12 simulation
cases are selected from these proposed concepts, as shown in Table 12. There is
also an extra simulation case with LED-based lighting. The extra LED-lighting
simulation is performed to the most energy efficient simulation case of the three
system concepts.
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Table 12. The simulation cases for the selected new apartment building system
concepts.

Description of the simulation cases AB CON-
CEPT
1 2  3

1: concepts without the solar based energy systems X X X
2: concepts with the solar collectors, typical collector area is se-
lected, so that a reasonable amount of domestic hot water heat-
ing energy is produced by the solar collectors, considering the
domestic hot water consumption and the roof area of the building

X X X

3: concepts with the solar collectors (see case 2) and PV-panels,
typical panel area is selected

X X X

4: concepts with the solar collectors (see case 2) and PV-panels,
large panel area is selected

X X X

The selected solar collector area for simulation cases is 78 m2. The criterion of
selection for solar collectors was to dimension the collector area so that approxi-
mately 40–50% of the needed annual domestic hot water heating energy is pro-
duced by the solar collectors. One criteria of selection was also to dimension the
system according to the typical dimensioning of solar thermal systems in apart-
ment buildings. With the 78 m2 collector area approximately 47% of the annual
DHW heating energy is produced.

The selected PV-panel area is 66 m2 for simulation case 3 and 200 m2 for simu-
lation case 4. The 66 m2 PV-panel area represents a typical PV-area that is in-
stalled to an apartment building of this size and was chosen for that reason. The
200 m2 PV-panel area was selected to demonstrate how the large panel area
affects to the solar electricity production and to the E-value of the building.

The solar based energy systems are dimensioned so that the total solar collec-
tor and large PV-panel area is not more than 50% of the building’s total roof area,
as the panels and collectors begin to shade each other, if the total area is in-
creased beyond 50%.
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4.6 The system concepts of the 1960s apartment building

The main system concepts used in the energy simulation cases of the existing
1960s apartment building are presented in this section.

4.6.1 Recent studies

The ground source heat pump is a good option for main heating system in new
detached houses and in new apartment buildings, as stated in the previous chap-
ters, and it is even more profitable to choose it as the main heating system in an
existing 1960s apartment building as well, because the existing building consumes
more heating energy than the new building, so the potential heating energy sav-
ings are even higher. The downside is obviously its high investment costs. It
seems to be reasonable to integrate solar energy systems with the ground source
heat pump solution, according to the recent studies mentioned before.

According to Vainio et al. (2012), the exhaust air heat pump is also a consider-
able option in an existing apartment building. The investment costs are smaller
than with the ground source heat pump and the savings in heating energy are
high. Previous research projects indicate that the exhaust air heat pump is a valu-
able addition to improve building’s energy efficiency, even when the building’s
primary heating system is district heating.

Saari et al. (2010) state, that it doesn’t seem very profitable to improve either
the level of thermal insulation or energy efficiency of the ventilation system of an
existing apartment building, unless it is necessary along with other renovation
processes.

It is also not a very common solution to choose an air source heat pump for the
primary heating system to an existing apartment building for the same reason as
with the new apartment buildings. The air source heat pumps work well in de-
tached house sized buildings, but the substantially larger heat demand of an
apartment building requires a much larger heat pump system to cover the heat
demand of the building, especially the dimensioning of the outdoor unit is a key
factor with the air source heat pump system. Also, the need of the auxiliary heat-
ing energy during winter time would be substantial as well, as the performance of
the heat pump decreases on cold outdoor temperatures. There are several sys-
tems on the market for larger air to water heat pump applications at the moment
(Danfoss, Mitsubishi and Nibe for example), but the air source heat pump system
is generally not a very typical heating solution to be installed in an existing apart-
ment building at the moment. However, according to the Finnish Heat Pump As-
sociation (SULPU) and a group of Finnish heat pump manufacturers the air source
heat pump technology is currently developing at a fast pace and could be a very
potential heating system in the near future also in existing apartment buildings.
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Additionally, its investment costs are substantially lower than for example the
ground source heat pump’s investment costs. For these reasons, it is reasonable
to study the air to water heat pumps in existing apartment buildings as well.

The auxiliary heat energy for the ground source, exhaust air and air source (air
to water) heat pumps are produced by district heating.

As it is stated before, one should carefully select the energy efficiency im-
provement options and their features to be carried out to maximize the total bene-
fits of the renovation process, especially in the nZEB building cases. There have
been carried out multiple research projects in Sweden to determine the most cost-
optimal energy performance improving methods for existing apartment buildings
that have been built in the 1950s to 1970s. These research results and conclu-
sions can be used to help the selection of reasonable and cost-optimal system
concepts for the 1960s apartment building. There are numerous different energy
performance improving combinations and variations for the existing apartment
buildings and one can’t carry them all out at the same time, because the invest-
ment costs of the energy saving measures would then be too high. However, if
one wants to achieve the EPBD-2020 standards with the renovation process, then
these energy performance improving measures need to be reconsidered.

The different energy performance improving measures and their impact on the
building’s life-cycle costs and energy consumption are shown in Figure 19. The
figure shows the results of the Swedish research projects to determine the cost-
optimal energy performance improving measures for the existing 1950s to 1960s
apartment buildings.
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Figure 19. Different energy performance improving measures for the existing
apartment buildings. Present value of life-cycle cost for different packages of en-
ergy efficient measures in combination with different heating systems at renova-
tion of a low-rise apartment blocks in climate zone 3 built in 1950–1960. (CIT
Energy Management, 2013.)

4.6.2 System concepts for energy simulation cases

The structures and the insulation thicknesses of the 1960s apartment building are
similar in every system concept. The exterior structures are at the initial level as
shown in Chapter 3 and Annexes B–D and the system concepts concentrate on
different types of heat pumps and on the use of solar energy systems. The heat
distribution system will be renovated from the original high-temperature water-
based radiator system to a water-based low-temperature radiator heating system
with dimensioning temperatures of 45/35 C in every system concept and in every
simulation case, except in the initial base case simulation cases, where the heat
distribution system is the original high temperature radiator heating system with
dimensioning temperatures of 80/50 C.

The selected system concepts and their properties are shown in Table 13. The
selection of the concepts is based on the personal view and on the experience of
the authors and also on the results of the recent research projects that have been
carried out in Sweden, considering the cost-optimal energy performance im-
provement measures in existing apartment buildings. The properties of the sys-
tems shown in Table 13 are based on the product information of the existing sys-
tems.
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Table 13. The system concepts and their properties used in the energy simulation
for the 1960s apartment building (EAB).

Properties of
the 1960s
apartment
building

EAB
CONCEPT 1:

EAB
CONCEPT 2:

EAB
CONCEPT 3:

EAB
CONCEPT 4:

Main heating
system

District heat-
ing

Exhaust air
heat pump

Ground
source heat
pump

Air source
heat pump
(air to water)

Heating power
and COP of
the heat pump
in a test point

- 39kW
COP: 3.7
(0/45°C)

156kW
COP: 3.7
(0/45°C)

128 kW
COP: 4.2
(7/45°C)

Heat distribu-
tion system

Original ra-
diators
(80/50 C)

Low tempera-
ture radiators
(45/35 C)

Low tempera-
ture radiators
(45/35 C)

Low tempera-
ture radiators
(45/35 C)

Ventilation
system

Mec. exhaust
ventilation

Mec. exhaust
ventilation

Mec. exhaust
ventilation

Mec. exhaust
ventilation

Level of ther-
mal insulation

Original Original Original Original

On-site energy
production

Solar collec-
tors
PV-panels

Solar collec-
tors
PV-panels

Solar collec-
tors
PV-panels

Solar collec-
tors
PV-panels

The different simulation cases are shown in Table 14. Total of 16 simulation cases
are selected from these proposed concepts, as shown in Table 14. There is also
an extra simulation case with LED-based lighting. The extra LED-lighting simula-
tion is performed to the most energy efficient simulation case of the four system
concepts.
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Table 14. The simulation cases for the selected 1960s apartment building system
concepts.

Description of the simulation cases EAB CON-
CEPT
1  2  3  4

1: concepts without the solar based energy systems X  X  X  X

2: concepts with the solar collectors, typical collector area is selected,
so that a reasonable amount of domestic hot water heating energy is
produced by the solar collectors, considering the domestic hot water
consumption and the roof area of the building

X X X X

3: concepts with the solar collectors (see case 2) and PV-panels, typi-
cal panel area is selected

X  X  X  X

4: concepts with the solar collectors (see case 2) and PV-panels, large
panel area is selected

X  X  X  X

The selected solar collector area for simulation cases is 90 m2. The criterion of
selection for solar collectors was to dimension the collector area so that approxi-
mately 40–50% of the needed annual domestic hot water heating energy is pro-
duced by the solar collectors. One criteria of selection was also to dimension the
system according to the typical dimensioning of solar thermal systems in apart-
ment buildings. With the 90 m2 collector area approximately 42% of the annual
DHW heating energy is produced.

The selected PV-panel area is 66 m2 for simulation case 3 and 200 m2 for simu-
lation case 4. The 66 m2 PV-panel area represents a typical PV-area that is in-
stalled to an apartment building of this size and was chosen for that reason. The
200 m2 PV-panel area was selected to demonstrate how the large panel area
affects to the solar electricity production and to the E-value of the building.

The solar based energy systems are dimensioned so that the total solar collec-
tor and large PV-panel area is not more than 50% of the building’s total roof area,
as the panels and collectors begin to shade each other, if the total area is in-
creased beyond 50%.
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5. Energy performance of the concepts

This chapter shows the detailed energy simulation results of each concept of the
studied buildings. Tables 15–17 show annual energies of the solar systems,
breakdown of the annual delivered energy and the E-value calculated by two dif-
ferent definitions. The E-value was calculated according to the official Finnish
definition (ED3(2012)) and using the definition of REHVA (Eexp), which takes exported
energy into account (see Chapter 4.2, Equations 1 and 2).

In Tables 15–17, energy of solar thermal (ST) system is heat energy which is
used in the heating of DHW, space heating and heating of ventilation supply air.
Energies of the solar electricity system (PV) are the total amount of on-site elec-
tricity production and the produced electricity which is used in the building. Surplus
electricity can be exported to the grid.

The tables show delivered energy consumption of heat pump and auxiliary
heater separately. Electricity consumption of heat pump and electric auxiliary
heater is shown in the cases of the new detached house and the new apartment
building. District heating is used as the auxiliary heating system in the cases of the
1960s apartment building with heat pumps. District heating was selected to be the
auxiliary heating system, because district heating is the original heating system of
the studied building and the district heating connection is available in the building.
The new buildings are equipped with a mechanical cooling or a free cooling de-
pending on the studied concept (see Tables 9 and 11). The delivered energy of
cooling includes electricity consumption of the mechanical cooling system or a
pump of the free cooling system.

Electricity consumption of HVAC auxiliary devices in the tables includes fans
and pumps of the ventilation system and pumps of the heat distribution system.
Lighting and equipment includes inside lighting and all the household devices as
defined in D3 (2012).
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5.1 Energy performance of the studied system concepts of
new detached house

Table 15 shows the detailed energy simulation results of the new detached house.

Table 15. Annual energy simulation results of the new detached house.

The results show that the lowest total delivered energy consumption can be
achieved with GSHP. Compared to the GSHP without the solar systems, the total
delivered energy consumption is 11% (5kWh/m²,a) higher with AWHP, 55% (25
kWh/m²,a) higher with EAHP or 62% (28kWh/m²,a) higher with AAHP.

The delivered energy saving by the solar systems depends on the energy effi-
ciency of the main heating system. The achieved maximum saving with the solar
systems is the lowest with GSHP (15 kWh/m²,a) and highest (29kWh/m²,a) with
AAHP. The saving is lower with GSHP because the heating electricity consump-
tion is lower and because DHW is heated by the GSHP.

ST1 PV ED3(2012) Eexp

Util ized Produced Util ized Heat Aux. Cooling HVAC-aux.

pump heater devices

No solar systems 0 0 0 16.7 0.4 0.1 6.1 78.2 78.2

+ST (12m2) 19.0 0 0 14 0.4 0.1 6.1 73.7 73.7

+ST (12m2)+PV (18m2) 19.0 20.9 9.8 14 0.4 0.1 6.1 57.1 38.1

+ST (12m2)+PV (36m2) 19.0 41.9 12.1 14 0.4 0.1 6.1 53.1 2.5

+ST (12m2)+PV (36m2)+LED 19.0 41.9 11.1 13.8 0.4 0.1 6.1 49.9 -2.5

No solar systems 0 0 0 21 1.1 0.1 6.1 86.7 86.7

+ST (12m2) 19.0 0 0 14.6 1.1 0.1 6.1 75.9 75.9

+ST (12m2)+PV (18m2) 19.0 20.9 9.6 14.6 1.1 0.1 6.1 59.5 40.3

+ST (12m2)+PV (36m2) 19.0 41.9 11.8 14.6 1.1 0.1 6.1 55.8 4.7

No solar systems 0 0 0 39.7 2.7 0.1 6.1 121.3 121.3

+ST (12m2) 19.0 0 0 33.6 2.7 0.1 6.1 111 111

+ST (12m2)+PV (18m2) 19.0 20.9 10.8 33.6 2.7 0.1 6.1 92.6 75.4

+ST (12m2)+PV (36m2) 19.0 41.9 14 33.6 2.7 0.1 6.1 87.2 39.8

No solar systems 0 0 0 6.7 38.9 0.1 6 126.6 126.6

+ST (12m2) 19.0 0 0 6.7 23.1 0.1 6 99.7 99.7

+ST (12m2)+PV (18m2) 19.0 20.9 10.4 6.7 23.1 0.1 6 82 64.1

+ST (12m2)+PV (36m2) 19.0 41.9 13.4 6.7 23.1 0.1 6 76.8 28.4
1 Solar thermal collectors
2 Utilized PV electricity has been subtracted from the total electricity consumption.

22.8 58.6

22.8 48.2

22.8 45.2

22.8 54.5

22.8 51.3

Air-to-air heat pump

22.8 74.5

22.8 32.8

Exhaust air heat pump

22.8 71.4

22.8 65.3

Air-to-water heat pump

22.8 51

22.8 44.6

22.8 35

22.8 33.6

22.8 31.2

20 29.3

equip.

Ground source heat pump

22.8 46

22.8 43.3

Electricity

Lighting+ Total2

Case Solar system energy, kWh/m²,a Delivered energy, kWh/m²,a E-value, kWh/m²,a
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The E-value (ED3(2012)) of all the studied concepts fulfill the proposed Finnish
nZEB level of the detached house (see Table 7). The proposed nZEB level of the
studied detache house with 180m² heated net floor area is 128kWh/m²,a.

If the exported electricity is taken into account the Eexp is significantly lower than
ED3(2012) with the studied PV areas. The Eexp reach even -2.5 kWh/m²,a with GSHP
and maximum studied PV area and LED lights. But, it should be noted that, the
same energy carrier factors were assumed for delivered and exported electricity.

5.2 Energy performance of the studied system concepts of
new apartment building

Table 16 shows the detailed energy simulation results of the new apartment building.

Table 16. Annual energy simulation results of new apartment building.

ST1 PV District Electricity Total ED3(2012) Eexp

Uti l ized Produced Util ized heating Heat Aux. Cooling HVAC-aux. Lighting+ Total2 del ivered

pump heater devices equip. energy

No solar  systems 0 0 0 0 13.1 0.5 0.1 12 30.6 56.3 56.3 95.7 95.7

+ST (78m2) 15.7 0 0 0 10.2 0.5 0.1 12 30.6 53.3 53.3 90.7 90.7

+ST (78m2)+PV (66m2) 15.7 3.9 3.9 0 10.2 0.5 0.1 12 30.6 49.5 49.5 84.1 84.1

+ST (78m2)+PV (200m2) 15.7 11.7 9.5 0 10.2 0.5 0.1 12 30.6 43.9 43.9 74.6 70.7

+ST (78m2)+PV (200m2)+LED 15.7 11.7 8.9 0 10.9 0.5 0.1 12 25.2 39.9 39.9 67.8 62.9

No solar  systems 0 0 0 0 15.3 1.8 0.7 12 30.6 60.4 60.4 102.6 102.6

+ST (78m2) 15.7 0 0 0 11.3 1.8 0.7 12 30.6 56.5 56.5 96 96

+ST (78m2)+PV (66m2) 15.7 3.9 3.9 0 11.3 1.8 0.7 12 30.6 52.6 52.6 89.4 89.4

+ST (78m2)+PV (200m2) 15.7 11.7 9.8 0 11.3 1.8 0.7 12 30.6 46.7 46.7 79.4 76.1

No solar  systems 0 0 0 48.4 0 0 0.7 12 30.6 43.3 91.8 107.6 107.6

+ST (78m2) 15.7 0 0 32.2 0 0 0.7 12 30.6 43.3 75.6 96.2 96.2

+ST (78m2)+PV (66m2) 15.7 3.9 3.9 32.2 0 0 0.7 12 30.6 39.5 71.7 89.7 89.7

+ST (78m2)+PV (200m2) 15.7 11.7 9.5 32.2 0 0 0.7 12 30.6 33.8 66.1 80.1 76.3

2 Uti l ized PV electricity has been subtracted from the total electricity consumption.

E-number, kWh/m²,a

Ground source heat pump

Air-to-water heat pump

Distric heating

1 Solar thermal col lectors

Case Solar system energy, kWh/m²,a Del ivered energy, kWh/m²,a
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The results show that the lowest total delivered energy consumption can be
achieved with GSHP. Compared to the GSHP without the solar systems, the total
delivered energy consumption is 7% (4kWh/m²,a) higher with AWHP or 63% (35
kWh/m²,a) higher with district heating.

The delivered energy saving by the solar systems depends on the main heating
system. The achieved maximum saving with the solar systems is the lowest with
GSHP (12 kWh/m²,a) and highest (26kWh/m²,a) with district heating. The saving is
lower with GSHP especially because DHW is heated by the GSHP.

The E-value (ED3(2012)) of all the studied concepts fulfill the proposed nZEB level
(116 kWh/m²,a) of the new apartment building (see Table 7).
According to the results, almost all the produced electricity can be used in the
building, so the difference between the ED3(2012) and Eexp is minor.
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5.3 Energy performance of the studied system concepts of
1960s apartment building

Table 17 shows the detailed energy simulation results of the 1960s apartment
building.

Table 17. Annual energy simulation results of the 1960s apartment building.

ST1 PV District Electricity Total ED3(2012) Eexp

Utilized Produced Utilized heating Heat HVAC-aux. Lighting    + Total2 delivered

(aux. heating) pump devices equipment energy

No solar
systems 0 0 0 144.3 0 5.5 30.6 36.1 180.4 162.4 162.4

+ST (90m2) 17.2 0 0 126.6 0 5.5 30.6 36.1 162.7 150 150
+ST
(90m2)+PV
(66m2)

17.2 3.7 3.7 126.6 0 5.5 30.6 32.5 159 143.8 143.7

+ST
(90m2)+PV
(200m2)

17.2 11.3 8 126.6 0 5.5 30.6 28.1 154.7 136.4 130.7

No solar
systems 0 0 0 74.3 15.5 5.3 30.6 51.5 125.8 139.5 139.5

+ST (90m2) 17.2 0 0 74.3 11.8 5.4 30.6 47.8 122.1 133.2 133.2
+ST
(90m2)+PV
(66m2)

17.2 3.7 3.7 74.3 11.8 5.4 30.6 44 118.4 126.9 126.9

+ST
(90m2)+PV
(200m2)

17.2 11.3 8.4 74.3 11.8 5.4 30.6 39.4 113.7 119 114

No solar
systems 0 0 0 2.7 39.9 5.6 30.6 76.1 78.8 131.2 131.2

No solar
systems+L
ED

0 0 0 3.1 40.8 5.6 25.2 71.6 74.6 123.8 123.8

+ST (90m2) 17.2 0 0 2.7 36.7 5.6 30.6 72.9 75.6 125.8 125.8
+ST
(90m2)+PV
(66m2)

17.2 3.7 3.7 2.7 36.7 5.6 30.6 69.2 71.8 119.4 119.4

+ST
(90m2)+PV
(200m2)

17.2 11.3 8.6 2.7 36.7 5.6 30.6 64.3 67 111.2 106.5

No solar
systems 0 0 0 17.1 38.5 5.5 30.6 74.6 91.7 138.8 138.8

+ST (90m2) 17.2 0 0 17.1 32.9 5.6 30.6 69.1 86.1 129.4 129.4
+ST
(90m2)+PV
(66m2)

17.2 3.7 3.7 17.1 32.9 5.6 30.6 65.3 82.4 123 123

+ST
(90m2)+PV
(200m2)

17.2 11.3 8.6 17.1 32.9 5.6 30.6 60.5 77.5 114.8 110.1

+ST
(90m2)+PV
(200m2)+LE
D

17.2 11.3 8 18 33.4 5.6 25.2 56.2 74.2 108.2 102.5

2 Utilized PV electricity has been subtracted from the total electricity consumption.

E-number, kWh/m²,a

Distric heating

Exhaust air heat pump

Ground source heat pump

Air-to-water heat pump

1 Solar thermal collectors

Case Solar system energy, kWh/m²,a Delivered energy, kWh/m²,a
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The results show that the lowest total delivered energy consumption can be
achieved with GSHP. Compared to the GSHP without the solar systems, the total
delivered energy consumption is 16% (13kWh/m²,a) higher with AWHP, 59% (47
kWh/m²,a) higher with EAHP or 129% (102kWh/m²,a) higher with district heating.

The delivered energy saving by the solar systems depends on the main heating
system. The achieved maximum saving with the solar systems is the lowest with
GSHP (12 kWh/m²,a) and highest (26kWh/m²,a) with district heating.

It is notable that the E-value (ED3(2012)) of the most energy efficient concepts of
GSHP and AWHP fulfill the proposed Finnish nZEB level (116 kWh/m²,a) of the
new apartment building (see Table 7). The most of the heat pump concepts and
the district heating concept with the maximum studied ST and PV areas fulfill the
current Finnish requirement of major renovation.

According to the requirement, the E-value of the building after the major renova-
tion should be (ED3(2012) 0.85×Einitial) where Einitial is the E-value of the building
before the renovation (Decree for the improvement of the energy efficiency of the
building by repairs and modifications, 2013). The E-value of the studied building
before the renovation is 162.4 kWh/m²,a. The concept fulfills the requirement, if it
is less or equal than 138 kWh/m²,a after the renovation.

According to the results, the most of the produced electricity can be used in the
building, so the difference between the ED3(2012) and Eexp is minor.
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6. Life cycle cost analysis

This chapter summarizes the life cycle cost analysis and its results implemented
for all studied system concepts included into the project and descripted in the
previous chapters. The total number of different system concepts is eleven and
the total number of different simulation cases is 44, as described in Chapter 4. The
system concepts are simulated both without and with solar energy systems, using
a few different dimensioning options for the solar systems.

6.1 Calculation methods

The Life Cycle cost (LCC) analysis takes the capital and the life cycle cost impacts
into account by using net present value. The resulting value will be the cost effect
of different options.

The life cycle calculations are carried out during the following 25 year period
which is in line with the average of the calculation period used in FInZEB project
(Reinikainen et al., 2015) (20 years and 30 years). In addition, a sensitivity analy-
sis for life cycle of 20 years was made.

The following issues have been taken into account in the calculation (corre-
sponding output values are presented in Appendix E):

- The investment cost covering the design and construction costs
- Capital cost (= investment cost + financial cost – residual value)
- Service and maintenance cost
- Heating energy cost based on the average month tariffs and the average

basic fees (Vantaan Energia Ltd., 3/2015). The selling price of electrical
energy is estimated to be about 1/3 compared to the consumer price.

- Electrical energy cost (based on the prices of Vantaan Energia Ltd.,
6/2014)

The detailed output data is presented in Appendix E.
As basic rate of interest has been chosen to be 0%, due the calculation was

done in the point of view of the property owner. The interest rate of 2% is included
in the sensitivity analysis. Also possible taxation advantages and other supports
for use of renewable energy resources and rise of energy prices have not been
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included. However the importance of these has been taken in account by means if
sensitivity analysis. The results of sensitivity analysis are almost as probable as
results of basic calculation.

This way the most important factors effecting on the development of energy
prices as the most difficult prediction factor have been noticed:

- ending the use of coal energy
- investments on renewable energy
- rise of energy taxation
- competition of energy companies

The variations of electricity prices are supposed to be remarkable and the im-
portance of call compliance will increase.

The life cycle cost and its sensitivity regarding different heating systems are de-
picted in the following paragraphs. The utilization of maximal solar energy is also
taken into account (the new detached house: 12m² solar heat, 36m² PV and
apartment buildings: 90m² solar heat, 200m² PV). The reason for this is that life
cycle costs are almost the same with every building type and their heating system
concepts. The benefits of solar energy and additional panel costs refute each
other’s positive effect. Therefore it is justified to choose the system concepts with
the best return of solar energy. This way it is also possible to have the lowest
possible E-value.

Every concept (heating system) also has its own result column where the max-
imum solar energy (Sol/S) is calculated.

6.2 LCC analysis results of the new detached house

The detailed calculation results of different heating systems are presented in table
18 and corresponding optimization curves in Figure 20.
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Table 18. Life cycle costs of new detached house.

Life cycle costs and E -values of new detached house
Heated netto area: 180 m2

Acquisition cost and life cycle cost €/m²/25 y E-value
Acquisition cost Renewing Residual value Capital Maintenance Heating energy Electrical energy Summary kWh/m²,v

Ground source heat pump

No solar systems 86.0 22.0 50.0 58.0 22.0 46.0 74.0 200.0 78.2
+ST (12m2) 110.0 46.0 69.0 87.0 35.0 41.0 74.0 237.0 73.7

+ST(12m2)+PV (18m2) 114.0 46.0 69.0 91.0 37.0 41.0 47.0 214.0 57.1
+ST (12m2)+PV (36m2) 118.0 46.0 69.0 95.0 39.0 41.0 31.0 206.0 53.1

+ST(12m2)+PV (36m2)+LED 124.0 46.0 69.0 101.0 39.0 42.0 27.0 209.0 49.9

Air-water heat pump

No solar systems 60.0 16.0 11.0 65.0 22.0 56.0 73.0 216.0 86.0
+ST (12m2) 84.0 40.0 30.0 94.0 35.0 40.0 73.0 242.0 75.9

+ST(12m2)+PV (18m2) 89.0 40.0 30.0 99.0 38.0 40.0 49.0 226.0 59.5
+ST(12m2)+PV (36m2) 94.0 40.0 30.0 104.0 41.0 40.0 33.0 218.0 55.8

Exhaust-air heat pump

No solar systems 55.0 55.0 42.0 68.0 21.0 108.0 73.0 270.0 121.3
+ST(12m2) 84.0 79.0 61.0 102.0 34.0 93.0 73.0 309.0 111.0

+ST(12m2)+PV (18m2) 89.0 79.0 61.0 107.0 37.0 93.0 47.0 284.0 92.6
+ST(12m2)+PV (36m2) 94.0 79.0 61.0 112.0 40.0 93.0 28.0 273.0 87.2

Air-air heat pump

No solar systems 60.0 17.0 12.0 65.0 23.0 116.0 73.0 277.0 126.6
+ST(12m2) 89.0 36.0 31.0 94.0 36.0 78.0 69.0 277.0 99.7

+ST(12m2)+PV (18m2) 94.00 36.0 31.0 99.0 39.0 78.0 44.0 261.0 82.0
+ST(12m2)+PV (36m2) 99.0 36.0 31.0 104.0 42.0 78.0 26.0 250.0 76.8
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Figure 20. Life cycle costs (€/m²/25 years) and corresponding E–values of the
heating systems in the new detached house. (GSHP = ground source heat pump,
AWHP = air-to-water heat pump, EAHP = exhaust air heat pump, AAHP = air-to-
air heat pump, S = solar energy, E = E-value.)

4 different heat pump types and GSHP with maximum amount of solar energy
were chosen for more thorough analysis as shown in Figure 20. Then maximum
rate is the most economical choice of solar energy.

The life cycle cost of the ground source heat pump (GSHP E78) is the most in-
expensive solution/heating system – even when solar energy is included (GSHP/S
E53). In this case it is also possible to reach a very low E-value. Even the air-to-
water heat pump (AWHP E87) has a good energy and cost efficiency. The results
are reported in order of E-value starting with the lowest (Figure 21). The maximum
use of solar energy and its effects to the life cycle cost are also shown in the re-
sults.
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Figure 21. Life cycle costs of energy systems in the new detached house. Present
values of the different solutions are reported in order of E-value starting with the
lowest. (GSHP = ground source heat pump, AWHP = air-to-water heat pump,
EAHP = exhaust air heat pump, AAHP = air-to-air heat pump Sol = solar energy, E
= E-value.)

Capital costs are in every case approximately at the same level, excluding the
solution where solar energy is included (GH/S E53). Utilizing solar energy also
raises costs of maintenance and service. In the other solutions these costs are
approximately equivalent. The air heat pumps are slightly cheaper to buy but don’t
save as much energy as for example the ground source heat pump. This is why
the exhaust air heat pump (EAHP E121) has heating costs of almost twice the size
of the other solutions. Also the air-to-air heap pump’s (AAHP E127) heating costs
are high. The reason for this is that the heating solution needs extra electric heating.

The lower heating costs of the ground source heat pump (GH) and the air-to-
water heat pump (AW) are explained by their better seasonal performance factor
(SPF). By using solar energy it is possible to achieve electricity consumption that
is less than half of what the other solutions consume. The benefits of solar energy
are small when taking the investments into account.

It is possible to reduce the E-value significantly by maximum use of solar ener-
gy (12m² ST, 36m² PV).
   The life cycle cost savings of ground source heat pump (GSHP) and air water
heat pump (AWHP) in house with 150 m² are over 10 000 € compared to air-air
water pumps or exhaust-air heat pumps.

6.2.1 Sensitivity of life cycle costs in new detached house

The economic order of the solutions depicted before doesn’t change when the
results are sensitized. The sensitivity analysis includes factors: capital cost growth
+30% (because of higher price of money, shorter use time of heat pumps etc.),
capital cost reduction -30% (because of technological development etc.), and
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annual energy cost rise +4.0% and using a counting period of 20 years instead of
25 years. The economic efficiency of the ground source heat pump is even better
when energy costs rise. The results are reported in order of E-value starting with
the lowest (Figure 22).

However if the capital cost of both ground source heating pump and solar ener-
gy become lower, then the life cycle costs are almost equal with those of pure
ground source heating pump.

Figure 22. Sensitivity of life cycle costs (€/m²/25 years) of the energy systems in
the new detached house. Present values of the different solutions are reported in
order of E-value starting with the lowest. (GSHP = ground source heat pump,
AWHP = air-to-water heat pump, EAHP = exhaust air heat pump, AAHP = air-to-
air heat pump, Sol = solar energy, E = E-value.)

6.3 LCC analysis results of the new apartment building

The detailed costing results of different heating systems are presented in Table 19
and corresponding optimization curves in Figure 23.
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Table 19. Life cycle costs of new apartment building.

Life cycle costs and E -values of new apartment building
Heated netto area: 3571 m2

Acquisition cost and life cycle cost €/m²/25 y E-value
Acquisition cost Renewing Residual value Capital Maintenance Heating energy Electrical energy Summary kWh/m²,v

Ground source heat pump

No solar systems 25.0 7.0 15.0 17.0 13.0 33.0 110.0 173.0 95.7
+ST(78m2) 41.0 23.0 27.0 37.0 23.0 26.0 110.0 196.0 90.7

+ST(78m2)+PV (66m2) 45.0 23.0 27.0 41.0 26.0 26.0 100.0 193.0 84.1
+ST(78m2)+PV (200m2) 53.0 23.0 27.0 49.0 32.0 26.0 86.0 193.0 74.6

+ST(78m2)+PV (200m2)+LED 60.0 23.0 27.0 56.0 32.0 26.0 74.0 187.0 67.8

Air-water heat pump

No solar systems 20.0 7.0 5.0 22.0 8.0 44.0 109.0 183.0 102.6
+ST(78m2) 36.0 23.0 25.0 34.0 18.0 34.0 109.0 203.0 96.0

+ST(78m2)+PV (66m2) 40.0 23.0 25.0 38.0 21.0 34.0 100.0 201.0 89.4
+ST(78m2)+PV (200m2) 48.0 23.0 25.0 46.0 27.0 34.0 85.0 200.0 79.4

District heating

No solar systems 27.0 3.0 14.0 16.0 2.0 91.0 110.0 219.0 107.6
+ST(78m2) 47.0 23.0 23.0 47.0 14.0 60.0 110.0 239.0 96.2

+ST(78m2)+PV (66m2) 51.0 23.0 23.0 51.0 17.0 60.0 101.0 237.0 89.7
+ST(78m2)+PV (200m2) 59.0 23.0 23.0 59.0 23.0 60.0 86.0 236.0 80.1
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Figure 23. Life cycle costs (€/m²/25 years) and corresponding E-values of the
heating systems in the new apartment building. (GSHP = ground source heat
pump, AWHP = air-to-water heat pump, EAHP = exhaust air heat pump, AAHP =
air-to-air heat pump, S = solar energy, E = E-value.)

4 different heat pump types and GSHP with maximum amount of solar energy
were chosen for more thorough analysis as shown in Figure 24.

The life cycle cost of the ground source heat pump (GH E96) is the most inex-
pensive solution and the air-to-water heat pump (AWHP E103) is almost as good
as the ground source heat pump. In addition, when solar energy (GH/S E53) is
taken into account with the ground source heat pump, it is also possible to reach a
very low E-value. The results are reported in order of E-value starting with the
lowest.
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Figure 24. Life cycle costs of energy systems in new apartment building. Present
values of the different solutions are reported in order of E-value starting with the
lowest. (GSHP = ground source heat pump, AWHP = air-to-water heat pump, DH
= district heating, S = solar energy, E = E-value.)

In each case, capital costs are approximately at the same level, excluding the
solution where solar energy is included (GSHP/S E75). Utilizing solar energy also
raises costs of maintenance and service. In the other solutions these costs are
lower and approximately equivalent. The district heating solution (DH E108) has
low costs of maintenance and service compared to the other solutions. Also, there
is no need to replace any components during the 25 year period. This lowers
capital costs because the residual value is bigger than in the other cases. On the
other hand, the energy costs of the district heating solution are much higher than
with the heat pump solutions. The portion of “free energy” with the heat pump
solutions (especially the ground heat solution) is bigger when heating costs are
compared with district heating. Investing in solar energy (GSHP/S E75) reduces
electricity consumption. The difference of heating costs between ground heat (GH
E96) and air-to-water heat pump solution (AWHP E103) is explained by the better
seasonal performance factor (SPF) of ground source heat.

The air-to-water heat pump (AWHP E103) is cheaper to buy but doesn’t save
as much energy as does for example the ground source heat pump. This is ex-
plained by their lower seasonal performance factor (SPF). This is why the air-to-
water heat pump has higher heating costs than the ground source heat pump. By
using solar energy it is possible to achieve lower electricity and heating consump-
tion but correspondingly other costs are higher, such as service, maintenance and
capital costs. So, the benefits of solar energy are relatively small when taking the
investments into account.

The maximum use of solar energy and its effects to the life cycle cost are also
shown in the results (Figure 23). It is possible to reduce the E-value significantly
by maximum use of solar energy (78m² solar heat, 200m² PV). The other combi-
nations of solar energy cause higher life cycle costs than maximum use so every
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solution in case of other building types are shown in the results with and without
maximum amount solar energy.

6.3.1 Sensitivity of life cycle costs in new apartment building

The economic order of the solutions depicted before doesn’t change when the
results are sensitized (Figure 25). The sensitivity analysis includes factors: capital
cost growth +30%, annual energy cost rise +4.0% and using a counting period of
20 years instead of 25 years. The economic efficiency of the ground source heat
pump is even better when energy costs rise.

However if the electricity cost rise is higher, the life cycle costs of AWHP be-
come even higher than those of district heating.

Figure 25 Sensitivity of life cycle costs (€/m²/25 years) of the energy systems in
the new apartment building. Present values of the different solutions are reported
in order of E-value starting with the lowest. (GSHP = ground source heat pump,
AWHP = air-to-water heat pump, DH = district heating, Sol = solar energy, E = E-
value.)

6.4 LCC analysis results of the 1960s apartment building

The detailed costing results of different heating systems are presented in Table 20
and corresponding optimization curves in Figure 26. As seen in Figure 26, the
economic profitability with the solar systems is lower in case of GSHP compared
to other systems, since the system has high energy performance level. Due the
high COP of the GSHP, the domestic hot water is mainly produced by the heat
pump system and the profitability of adding solar energy is lower.
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Table 20. Life cycle costs results of the 1960s apartment building.

Life cycle costs and E -values1960s apartment building
Heated netto area: 3697 m2

Capital = acquisition + renewing - residual value
Acquisition cost and life cycle cost €/m²/25 y E-value
Acquisition cost Renewing Residual value Capital Maintenance Heating energy Electrical energy Summary kWh/m²,v

District heating

No solar systems 22.0 0.0 11.0 11.0 4.0 270.0 92.0 377.0 162.4
+ST(90m2) 47.0 25.0 31.0 41.0 20.0 237.0 92.0 390.0 150.0

+ST(90m2)+PV (66m2) 51.0 25.0 31.0 45.0 22.0 237.0 83.0 387.0 143.8
+ST(90m2)+PV (200m2) 59.0 25.0 31.0 53.0 26.0 237.0 71.0 387.0 136.4

Exhaust-air heat pump

No solar systems 61.0 37.0 33.5 64.5 9.0 179.0 91.0 343.5 139.5
+ST(90m2) 86.0 62.0 53.5 94.5 25.0 169.0 91.0 341.5 133.2

+ST(90m2)+PV (66m2) 90.0 62.0 53.5 98.5 27.0 169.0 82.0 343.5 126.9
+ST(90m2)+PV (200m2) 98.0 62.0 53.5 96.5 31.0 169.0 70.0 343.5 119.0

Ground source heat pump

No solar systems 81.0 9.0 44.0 46.0 23.0 105.0 92.0 266.0 131.2
No solar systems+LED 87.0 9.0 44.0 52.0 23.0 108.0 80.0 263.0 123.8

+ST(90m2) 101.0 20.0 60.0 61.0 36.0 98.0 92.0 287.0 125.8
+ST(90m2)+PV (66m2) 106.0 20.0 60.0 66.0 38.0 98.0 83.0 285.0 119.4
+ST(90m2)+PV (200m2) 116.0 34.0 60.0 90.0 45.0 98.0 70.0 303.0 111.2

Air-water heat pump

No solar systems 64.0 8.0 8.0 64.0 24.0 130.0 92.0 310.0 138.8
+ST (90m2) 84.0 19.0 24.0 79.0 37.0 116.0 92.0 324.0 129.4

+ST(90m2)+PV (66m2) 88.0 19.0 24.0 83.0 39.0 116.0 83.0 321.0 123.0
+ST(90m2)+PV (200m2) 96.0 19.0 24.0 91.0 43.0 116.0 70.0 320.0 114.8

+ST(90m2)+PV (200m2)+LED 102.0 19.0 24.0 97.0 43.0 119.0 58.0 317.0 108.2
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Figure 26. Life cycle costs (€/m²/25 years) of the heating systems in 1960s apart-
ment building. Present values of the different solutions are reported in order of E-
value starting with the lowest. (GSHP = ground source heat pump, AWHP = air-to-
water heat pump, DH = district heating, EAHP = exhaust air heat pump, S = solar
energy, E = E-value.)

4 different heat pump types and GSHP with maximum amount of solar energy
were chosen for more thorough analysis as shown in Figure 27.
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Figure 27. Life cycle costs of energy systems in 1960s apartment building. Present
values of the different solutions are reported in order of E-value starting with the
lowest. (GSHP = ground source heat Pump, AWHP = air-to-water heat pump,
EAHP = exhaust  air  heat  pump,  DH = district  heating,  S  =  solar  energy,  E  =  E-
value.)

The capital cost of district heating (DH E162) is low compared to the other solu-
tions. This is due to high residual value. It is also important to take into account the
big differences between investment costs regarding different solutions. When it
comes to district heating, only adjustment of radiator heating has been executed.
In other solutions the whole radiator system has been replaced with low tempera-
ture radiators. The latter is ten times more expensive as an investment. So even
though the investment costs of district heating are much lower, the other solutions
are still much more profitable.

The air-to-water heat pump (AWHP E139) is more expensive than the other so-
lutions, which is due to the heating method’s low residual value. District heating is
used in every solution as a back-up system, which weakens the other solutions’
competitive power. This induces the other solutions extra costs because the back-
up system has to be fitted to match the maximum design power of the building.

The district heating solution (DH E162) has low costs of maintenance and ser-
vice compared to the other solutions. Also, there is no need to replace any com-
ponents during the 25 year period. This lowers capital costs because the residual
value is bigger than in the other cases. On the other hand, the energy costs of the
district heating solution are much higher than with the heat pump solutions.

The benefits of the ground source heat pump may be even greater the more
energy the building consumes. The portion of “free energy” with the heat pump
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solutions (especially the ground heat solution) is bigger when heating costs are
compared with district heating.

The difference of heating costs between the ground source heat pump (GSHP
E131) and air heat pumps (EAHP E140A and AWHP E139) is explained by the
good seasonal performance factor (SPF) of ground heat. The air heat pumps are
cheaper to buy but don’t save as much energy as does for example the ground
source heat pump. This is why the air heat pumps have higher heating costs than
the ground source heat pump. Investing in solar energy (GH/S E111) reduces
electricity consumption increasing capital costs relatively much.

The maximum use of solar energy and its effects to the life cycle cost are also
shown in the results (Figure 26). It is possible to reduce the E-value significantly
by maximum use of solar energy (90m² ST, 200m² PV). Every solution is shown in
the results with and without solar energy.

6.4.1 Sensitivity of life cycle costs of 1960s apartment buildings

The economic order of the solutions depicted before doesn’t change when the
results are sensitized. The sensitivity analysis includes factors: capital cost growth
+30%, capital cost decrease -30% (based on technological development), annual
energy cost rise +4.0% and using a counting period of 20 years instead of 25
years. The economic efficiency of the ground source heat pump is even better in
two cases: when energy costs rise and/or the ground source heat pump’s invest-
ment costs decrease at the same time when the investment costs of district heat-
ing stay the same. The results are reported in order of E-value starting with the
lowest (Figure 28).

Figure 28. Sensitivity of life cycle costs (€/m²/25 years) of the energy systems in
1960s apartment building. Present values of the different solutions are reported in
order of E-value starting with the lowest. (GSHP = Ground source heat pump,
AWHP = air-to-water heat pump, DH = district heating, EAHP = exhaust air heat
pump, S = solar energy, E = E-value.)
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7. Conclusions

The analysis presented in this report shows that Finnish nearly zero energy level
for buildings can be achieved more cost-efficiently with concepts utilizing heat
pumps than district heating.

In HP4NZEB project three different building types were studied: typical Finnish
new detached house, new apartment building and the renovation of a 1960s
apartment building.

All the studied concepts of new buildings fulfill the suggested Finnish nZEB lev-
els. The delivered energy consumption is significantly lower with the studied heat
pump solutions compared with district heating. The ground source heat pump and
air to water heat pumps are the most efficient solutions to save delivered energy
within the studied concepts.

When calculating life cycle costs using output values of the energy performance
calculation of the different concepts (as presented in the chapter 5), the ground
source heat pump is the best choice in all three different types of buildings: a new
detached house, a new apartment building and an existing apartment building,
built in the 1960s.

Even after sensitivity analyses the ground source heat pump is the most profit-
able solution, when taking all life cycle costs into account. The economic efficiency
of the ground source heat pump is even better in two cases: when energy costs
rise and/or the ground source heat pump’s investment costs decrease at the same
time when the investment costs of district heating stay the same.

In addition to lower life cycle costs heat pumps can also cool the building and
no extra investment for cooling is needed. The simulation of all studied building
types showed that there can be a demand for cooling in Finnish nearly zero ener-
gy building in order to ensure the comfortable indoor environment conditions
throughout the year. The cooling demand can be decreased through solar shad-
ing. The cooling feature of a heat pump brings added value to the investment
since no additional investment for cooling is needed when utilizing heat pump.
Heat pump is able to cool the building in an energy efficient way.



74

References
Achermann, M., Zweifel, G. 2003. RADTEST – Radiant heating and cooling test

cases. Subtask C. A Report of IEA Task 22. Building Energy Analysis
Tools, 2003.

Baxter, V.D., Sikes, K. August 2013. State-of-the-Art Analysis of Nearly Zero En-
ergy Buildings. Country report IEA HPP Annex 40 Task 1 USA. IEA
HPP Annex 40. Heat pump concepts for Nearly Zero Energy Buildings.
45 p. [Accessed 14 March 2014: http://www.annex40.net/fileadmin/user
_upload/annex40.net/documents/IEA_HPP_Annex40_N66.pdf]

Berggren, B., Hall, M., Wall, M. 2013. LCE analysis of buildings – Taking the step
towards Net Zero Energy Buildings. Energy and Buildings 62 (2013)
381–391.

Björsell, N., Bring, A., Eriksson, L., Grozman, P., Lindgren, M., Sahlin, P.,
Shapovalov, A., Vuolle, M. 1999. IDA indoor climate and energy. Pro-
ceedings of the IBPSA Building Simulation ‘99 conference, Kyoto, Japan.

Blomsterberg, Å., Buvik, K., Holopainen, R., Mortensen, A., Peuhkuri, P., Svenn-
berg, K. 2012. NorthPass – Very Low-Energy House Concepts in North
European Countries. [Accessed 4 March 2014:
http://northpass.ivl.se/download/18.50367b6c13a6fda01521878/1352115
852431/NorthPass_Booklet_Very-low-energy-house-conceptsNEW.pdf]

Chwieduk, D.A. 2012. Solar-Assisted Heat Pumps. In: Comprehensive Renewable
Energy, Volume 3. Elsevier. Pp. 495–528. ISBN: 978-0-08-087873-7.

D3, 2012. Energy efficiency of buildings, regulations and guidelines 2012. National
Building Code of Finlad. Ministry of the Environment. Available in
http://www.finlex.fi/data/normit/37188-D3-2012_Suomi.pdf [in Finnish]
(Accessed 28.4.2014)

Dar, U.I., Sartori, I., Georges, L., Novakovic, V. 2014. Advanced control of heat
pumps for improved flexibility of Net-ZEB towards the grid. Energy and
Buildings 69 (2014) 74–84.

Decree for the improvement of the energy efficiency of the building by repairs and
modifications (4/13). 2013. Ministry of Environment, Helsinki.
http://www.finlex.fi/data/normit/40799-
EU_27_2_2013YM__asetus_lopullinen_FIN.pdf [in Finnish] (Accessed
9 June 2015).

http://www.annex40.net/fileadmin/user
http://northpass.ivl.se/download/18.50367b6c13a6fda01521878/1352115
http://www.finlex.fi/data/normit/37188-D3-2012_Suomi.pdf
http://www.finlex.fi/data/normit/40799-EU_27_2_2013YM__asetus_lopullinen_FIN.pdf
http://www.finlex.fi/data/normit/40799-EU_27_2_2013YM__asetus_lopullinen_FIN.pdf


75

EU, 2009. Low energy buildings in Europe – Current state of play, definitions and
best practice. [Accessed 4 March 2014:
http://ec.europa.eu/energy/efficiency/doc/buildings/info_note.pdf]

European Parliament, 2010. Directive 2010/31/EU of the European parliament and
of the council of 19 May 2010 on the energy performance of buildings
(recast). [Accessed 4 March 2014: http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:153:0001:0012
:EN:PDF]

Flodberg, K. 2012. Very Low Energy Office Buildings in Sweden – Simulations
with low internal heat gains. Licentiate Thesis ed. Lund: Lund Universi-
ty, Lund Institute of Technology, Department of Architecture and Built
Environment, Division of Energy and Building Design. 209 p. ISBN 978-
91-85147-51-9. [Accessed 4 March 2014:
http://www.ebd.lth.se/fileadmin/energi_byggnadsdesign/images/Publikat
ioner/Bok_Kajsa_F_Lic_avhandl_web.pdf]

Georges, L., Berner, M., Mathisen, H.M. 2014. Air heating of passive houses in
cold climates: Investigation using detailed dynamic simulations. Building
and Environment 74 (2014) 1–12.

Hamdy, M., Hasan, A., Sirén, K. 2012. Energy and Buildings: A multi-stage optimi-
zation method for cost-optimal and nearly-zero-energy building solu-
tions in line with the EPBD-recast 2010. Aalto University, School of En-
gineering, Department of Energy Technology 2012, Espoo, Finland.

Heikkinen, J. 2011. Betonielementtirakenteisen rakennuksen vaipan kylmäsiltatar-
kastelut. VTT Tutkimusraportti VTT-R-07901-11. Espoo: VTT. 33 p.
http://www.vtt.fi/inf/julkaisut/muut/2011/VTT-R-07901-11.pdf. (In Finn-
ish.)

Hermelink, A., Schimschar, S., Boermans, T., Pagliano, L., Zangheri, P., Armani,
R., Voss, K., Musall, E. 14 February 2013. Towards nearly zero-energy
buildings. Definition of common principles under the EPBD. Final report.
467 p. [Accessed 12 March 2014: http://ec.europa.eu/energy/efficiency
/buildings/doc/nzeb_full_report.pdf]

Justo Alonso, M., Stene, J. 2010. IEA Heat Pump Programme Annex 32 – Eco-
nomical Heating and Cooling Systems for Low-Energy Houses – Um-
brella Report, System Solutions, Design Guidelines, Prototype System
and Field Testing – NORWAY, Final country report Norway IEA HPP
Annex 32, SINTEF Technical report TR A6966, Trondheim, May, NO.
[Accessed 13 March 2014: http://www.annex32.net/pdf/reports
/Annex32_NO_TRA6966.pdf]

http://ec.europa.eu/energy/efficiency/doc/buildings/info_note.pdf]
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:153:0001:0012
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:153:0001:0012
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:153:0001:0012
http://www.ebd.lth.se/fileadmin/energi_byggnadsdesign/images/Publikat
http://www.vtt.fi/inf/julkaisut/muut/2011/VTT-R-07901-11.pdf
http://ec.europa.eu/energy/efficiency
http://www.annex32.net/pdf/reports


76

Justo Alonso, M., Stene, J. April 2013. State-of-the-Art Analysis of Nearly Zero
Energy Buildings Country Report IEA HPP Annex 40 Task 1 – NOR-
WAY. 59 p. [Available online from: http://www.zeb.no/index.php/
reports/item/406-state-of-the-art-analysis-of-nearly-zero-energy-
buildings-country-report-iea-hpp-annex-40-task-1-norway]

Kilkis, S. 2007. A New Metric for Net-zero Carbon Buildings. Long Beach, CA,
USA, Proceedings of Energy Sustainability Conference.

Klein, K., Huchtemann, K., Müller, D. 2014. Numerical study on hybrid heat pump
systems in existing buildings. Energy and Buildings 69 (2014) 193–201.

Kouhia, I., Nieminen, J., Holopainen, R. 2013. Paroc-passiivitalo – kylmän ilmas-
ton energiaratkaisu. VTT Technology 78. Espoo: VTT. 57 p.
http://www.vtt.fi/inf/pdf/technology/2013/T78.pdf. (In Finnish.)

Kropf, S., Zweifel, G. 2001. Validation of the building simulation program IDA-ICE
according to CEN 13791 ‘Thermal performance of buildings – calcula-
tion of internal temperatures of a room in summer without mechanical
cooling – general criteria and validation procedures’. Luzern, 2001.

Kurnitski, J. (ed.) 2013a. Cost Optimal and Nearly Zero-Energy Buildings (nZEB).
Definitions, Calculation Principles and Case Studies. London: Springer-
Verlag. 176 p. ISBN 978-1-4471-5610-9.

Kurnitski, J. (ed.) 2013b. REHVA nZEB technical definition and system boundaries
for nearly zero energy buildings. Report NO 4. REHVA. Pp. 1–56. Brus-
sels, Belgium. ISBN 978-2-930521-09-1.

Kurnitski, J., Corgnati, S., Derjanecz, A., Buso, T., Litiu, A. 2014. nZEB definitions
in Europe. The REHVA European HVAC Journal, Issue 2, March 2014.
Pp. 6–9. Brussels, Belgium. Available in:
http://www.rehva.eu/publications-and-resources/hvac-journal/ (referred
13.5.2014)

Kurnitski, J., Saari, A., Kalamees, T., Vuolle, M., Niemelä, J., Tarke, T. 2011. Cost
optimal and nearly zero (nZEB) energy performance calculations for
residential buildings with REHVA definition for nZEB national implemen-
tation. Energy and Buildings 43 (2011) 3279–3288.

Li, D.H.W., Yang, L., Lam, J.C. 2013. Zero energy buildings and sustainable de-
velopment implications – A review. Energy 54 (2013) 1–10.

http://www.zeb.no/index.php/
http://www.vtt.fi/inf/pdf/technology/2013/T78.pdf
http://www.rehva.eu/publications-and-resources/hvac-journal/


77

Liljeström, K., Hurme, M., Raiko, M. 2014. Ehdotus lähes nollaenergiarakentami-
sen laskennan lähtötiedoiksi (Suggestion for initial calculation data of
the usage profiles for nZEB buildings). Sisäilmastoseminaari 2014, Es-
poo, 13.3. SIY Report 32, pp. 251–256. [in Finnish]

Loutzenhiser, P., Manz, H., Maxwell, G. 2007. Empirical Validations of Shading /
Daylighting / load Interactions in building energy simulation tools. A Re-
port for the International energy Agency SHC Task 34. ECBCS Annex
43 Project C, 2007.

Marszal, A.J., Heiselberg, P., Bourrelle, J.S., Musall, E., Voss, K., Sartori, I., Na-
politano, A. 2011. Zero Energy Building – A review of definitions and
calculation methodologies. Energy and Buildings 43 (2011) 971–979.

Marszal, A.J., Heiselberg, P., Lund Jensen, R., Nørgaard, J. 2012. On-site or off-
site renewable energy supply options? Life cycle cost analysis of a Net
Zero Energy Building in Denmark. Renewable Energy 44 (2012) 154–
165.

Moinard, S., Guyon, G. (eds.) 1999. Empirical validation of EDF ETNA and
GENEC test-cell models. Subtask A.3. A Report of IEA Task 22. Build-
ing Energy Analysis Tools, 1999.

Molin, A., Rohdin, P., Moshfegh, B. 2011. Investigation of energy performance of
newly built low-energy buildings in Sweden. Energy and Buildings 43
(2011) 2822–2831.

Nieminen, J., Kouhia, I. 1997. The Finnish IEA task 13 experimental building in
Pietarsaari: Completed results. Espoo, Finland, 9–11 June, 7th Interna-
tional Conference on Solar Energy at High Latitudes North Sun '97. Pp.
876–883.

Nieminen, J., Lylykangas, K. 2009. Passiivitalon määritelmä – Ohjeita passiivitalon
arkkitehtisuunnitteluun. [Online, Accessed 4 March 2014:
http://www.passiivi.info/]

NIST. July 2012. Net-Zero Energy Residential Test Facility. A brochure. [Accessed
14 March 2014: http://www.nist.gov/el/building_environment/heattrans
/upload/netzerofinal.pdf]

NorthPass. 2012. NorthPass – Promotion of the Very low-energy house Concept
to the North European Building Market. [Accessed 4 March 2014:
http://northpass.ivl.se/download/18.488d9cec137bbdebf94800058153/1
343647759586/NorthPass_Result_Report.pdf]

http://www.passiivi.info/]
http://www.nist.gov/el/building_environment/heattrans
http://northpass.ivl.se/download/18.488d9cec137bbdebf94800058153/1


78

Pan, W., Cooper, M. 2011. Decision criteria for selecting air source heat pumptech-
nology in UK low carbon housing (web publication). School of Architec-
ture, Design & Environment. Plymouth, UK: University of Plymouth.

Panagiotidou, M., Fuller, R.J. 2013. Progress in ZEBs – A review of definitions,
policies and construction activity. Energy Policy 62 (2013) 196–206.

Pogharian, S., Ayoub, J., Candanedo, J.A., Athienitis, A.K. 2008. Getting to a net
zero energy lifestyle in Canada: The Alstonvale net zero energy house.
The 23rd European PV Solar Energy Conference, Valencia, Spain,
September 2008. [Accessed 13 March 2014:
http://soeb.net/Getting_to_a_Net_Zero_Energy_Lifestyle_in_Canada_1.
pdf]

Reinikainen, E., Loisa, L., Tyni, A. 2015. FInZEB hanke – Lähes nollaenergiara-
kennusten käsitteet, tavoitteet ja suuntaviivat kansallisella tasolla. FIn-
ZEB – Loppuraportti. Pp. 1–71. [in Finnish] [Accessed 1 May 2015:
http://finzeb.fi/wp-content/uploads/2015/04/FInZEB_loppuraportti.pdf]

RIL 249. 2009. Matalaenergiarakentaminen, Asuinrakennukset (Low-energy buil-
ding, residential buildings). Helsinki, Finland: Suomen Rakennusinsi-
nöörien Liitto RIL. [in Finnish]

Saari, A., Jokisalo, J., Keto, M., Alanne, K., Niemi, R., Lund, P., Paatero, J. 2010.
Kestävä energia (Sustainable energy). Aalto-yliopiston teknillinen kor-
keakoulu 2010, TKK-R-B24. Espoo: Multiprint Oy. [in Finnish]

Sahlin, P. 1996. Modelling and Simulation Methods for Modular Continuous Systems
in Buildings. Doctoral Dissertation. Department of Building Sciences, Di-
vision of Building Services Engineering. Stockholm, Sweden: Royal Insti-
tute of Technology. [Online publication]. [Referred 22.11.2014]. Available
at: http://www.equa.se/dncenter/thesis.pdf. ISSN 0284-141X.

Salom, J., Marszal, A.J., Candanedo, J., Widén, J., Byskov Lindberg, K., Sartori, I.
2014. Analysis of load match and grid interaction indicators in net zero en-
ergy buildings with high-resolution data. A report of Subtask A IEA Task
40/Annex 52 Towards Net Zero Energy Solar Buildings. 102 p. [Accessed
12 March 2014: http://task40.iea-shc.org/data/sites/1/publications/T40A52--
LMGI-in-Net-ZEBs--STA-Technical-Report.pdf]

Sarbu, I., Sebarchievici, C. 2014. General review of ground-source heat pump
systems for heating and cooling of buildings. Energy and Buildings 70
(2014) 441–454.

http://soeb.net/Getting_to_a_Net_Zero_Energy_Lifestyle_in_Canada_1
http://finzeb.fi/wp-content/uploads/2015/04/FInZEB_loppuraportti.pdf]
http://www.equa.se/dncenter/thesis.pdf
http://task40.iea-shc.org/data/sites/1/publications/T40A52--LMGI-in-Net-ZEBs--STA-Technical-Report.pdf]
http://task40.iea-shc.org/data/sites/1/publications/T40A52--LMGI-in-Net-ZEBs--STA-Technical-Report.pdf]


79

Sartori, I., Hestnes, A.G. 2007. Energy use in the life cycle of conventional and
low-energy buildings: A review article. Energy and Buildings 39 (2007)
249–257.

Sartori, I., Napolitano, A., Voss, K. 2012. Net zero energy buildings: A consistent
definition framework. Energy and Buildings 48 (2012) 220–232.

Schimschar, S., Blok, K., Boermans, T., Hermelink, A. 2011. Germany's path
towards nearly zero-energy buildings – Enabling the greenhouse gas
mitigation potential in the building stock. Energy Policy 39 (2011) 3346–
3360.

Standard BS EN 13141-7:2010. 2011. Ventilation for buildings. Performance test-
ing of components/products for residential ventilation. Performance
testing of a mechanical supply and exhaust ventilation units (including
heat recovery) for mechanical ventilation systems intended for single
family dwellings. BSI 2011.

Thygesen, R., Karlsson, B. 2013. Economic and energy analysis of three solar
assisted heat pump systems in near zero energy buildings. Energy and
Buildings 66 (2013) 77–87.

Travesi, J., Maxwell, G., Klaassen, C., Holtz, M. 2001. Empirical validation of Iowa
energy resource station building energy analysis simulation models.
IEA Task 22, Subtask A, 2001.

Vainio, T., Airaksinen, M., Saari, A., Hasan, A., Vihola, J., Heljo, J., Jokisalo, J., Sirén,
K., Pulakka, S., Nissinen, K., Möttönen, V., Vuolle, M., Niemelä, J., Kallio-
mäki, P., Kauppinen J., Haakana, M. 2012. Energiatehokkuutta koskevien
vähimmäisvaatimusten kustannusoptimaalisten tasojen laskenta (Calcula-
tion of cost-optimal levels of minimum energy performance requirements).
The notice to the European Commission according to the Energy Perfor-
mance of Buildings Directive (2010/31/EC) Article 5. Available in:
http://ec.europa.eu/energy/efficiency/buildings/implementation_en.htm [in
Finnish] (referred 28.4.2014)

Vanhoudt, D., Geysen, D., Claessens, B., Leemans, F., Jespers, L., Van Bael, J.
2014. An actively controlled residential heat pump: Potential on peak
shaving and maximization of self-consumption of renewable energy.
Renewable Energy 63 (2014) 531–543.

Vantaan Energia Ltd., 3/2015, Pricing for district heating, Available in:
http://www.vantaanenergia.fi/fi/Kaukolampo/Documents/KL-
myyntihinnasto_01032015.pdf [in Finnish]

http://ec.europa.eu/energy/efficiency/buildings/implementation_en.htm
http://www.vantaanenergia.fi/fi/Kaukolampo/Documents/KL-myyntihinnasto_01032015.pdf
http://www.vantaanenergia.fi/fi/Kaukolampo/Documents/KL-myyntihinnasto_01032015.pdf
http://www.vantaanenergia.fi/fi/Kaukolampo/Documents/KL-myyntihinnasto_01032015.pdf


80

Vantaan Energia Ltd., 6/2014), Pricing for electricity, Available in:
http://www.vantaanenergia.fi/fi/sahko/hinnastotjaehdot/Documents/VE_m
yyntihinnasto_010614.pdf [in Finnish]

Wemhoener, K. (ed.) 2011a. Final report IEA HPP Annex 32. Project outline and
summary of main results. Report no. HPP-An32-1. 92 p. [Accessed 13
March 2014: http://www.annex32.net/pdf/Final_reports/Umbrella_report
_IEA_HPP_Annex32.pdf]

Wemhoener, K. (ed.) 2011b. Field monitoring. Results of field tests of heat pump
systems in low energy houses. IEA HPP Annex 32. Economical heating
and cooling systems for low energy houses 105 p. + app. [Accessed 13
March 2014: http://www.annex32.net/pdf/Final_reports/Final_report_
field_monitoring_IEA_HPP_Annex32.pdf]

Wemhoener, K. (ed.) 2011c. Prototype systems. New integrated heat pump systems
for the application in low energy houses. IEA HPP Annex 32. Economical
heating and cooling systems for low energy houses. 89 p. [Accessed 13
March 2014: http://www.sintef.no/project/Annex32/Annex32_Rapporter
_Presentasjoner/Final_report_prototype_systems_IEA_HPP_Annex32%
5B1%5D.pdf]

Wemhoener, K. (ed.) 2011d. System solutions. Multifunctional heat pump systems
for the application in low energy houses. IEA HPP Annex 32. Economi-
cal heating and cooling systems for low energy houses. 72 p.

Wiberg, A.H., Georges, L., Dokka, T.H., Haase, M., Time, B., Lien, A.G.,
Mellegård, S., Maltha, M. 2014. A net zero emission concept analysis of
a single-family house. Energy and Buildings 74 (2014) 101–110.

Vinha, J., Laukkarinen, A., Mäkitalo, M., Nurmi, S., Huttunen, P., Pakkanen, T.,
kero, P., Manelius, E., Lahdensivu, J., Köliö, A., Lähdesmäki, K., Piiro-
nen, J., Kuhno, V., Pirinen, M., Aaltonen, A., Suonketo, J, Jokisalo, J.,
Teriö, O., Koskenvesa, A., Palolahti, T. 2013. Ilmastonmuutoksen ja
lämmöneristyksen lisäyksen vaikutukset vaipparakenteiden kosteustek-
nisessä toiminnassa ja rakennuksen energiankulutuksessa (Effects of
climate change and increasing of thermal insulation on moisture per-
formance of envelope assemblies and energy consumption of buil-
dings). Department of Civil Engineering, Structural Engineering, Re-
search Report 159. Tampere, Finland: Tampere University of Technol-
ogy. [in Finnish]

http://www.vantaanenergia.fi/fi/sahko/hinnastotjaehdot/Documents/VE_m
http://www.annex32.net/pdf/Final_reports/Umbrella_report
http://www.annex32.net/pdf/Final_reports/Final_report_
http://www.sintef.no/project/Annex32/Annex32_Rapporter


A1

Appendix A: Domestic hot water consumption
profile

The domestic hot water consumption profile is based on a measured data of a
Finnish apartment building. It is essential to take into account the monthly usage
profiles of the DHW consumption in addition to the hourly usage profiles when
simulating the NZEB buildings to achieve realistic results, as the consumption of
the DHW is higher in winter time than in summer time. The hourly and monthly
usage profiles are shown in Tables A1 and A2.

Table A1. Hourly usage profile Ph(t) of domestic hot water.

Time t, hour 1 2 3 4 5 6 7 8 9 10 11 12
Ph(t) 0.87 0.52 0.52 0.52 0.67 0.82 0.92 0.97 1.02 1.02 1.02 1.02
Time t, hour 13 14 15 16 17 18 19 20 21 22 23 24
Ph(t) 0.97 0.97 1.02 1.07 1.17 1.27 1.42 1.52 1.52 1.42 1.12 0.72

Table A2. Monthly usage profile Pm(t) of domestic hot water.

Time t , month 1 2 3 4 5 6 7 8 9 10 11 12
Pm(t) 1.17 1.11 1.02 0.94 0.87 0.84 0.85 0.89 0.97 1.05 1.13 1.18

The hourly consumption of the domestic hot water (m3/h) is calculated using the
hourly and monthly usage profile multipliers according to Equation (A1) shown
below.

( ) ( ) ( )
8760

a building
h m

DHW A
DHW t P t P t

h
           (A1)

where

DHW(t) = hourly consumption of the domestic hot water, m3/h
DHWa = total specific consumption of the domestic hot water in one year, m3/m2,a
Abuilding = total heated net floor area of the building, m2

Ph(t) = hourly usage profile multiplier of the DHW consumption, -
Pm(t) = monthly usage profile multiplier of the DHW consumption, -.
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Appendix B: Detailed energy calculation data for
the new detached house

Structures

Table B1. Structures and their main features.

Structure Description / Value Notifications

External wall U-value: 0.08 W/m2K
Gypsum board 13 mm

Wooden frame (at 600 mm) + min-
eral wool 540 mm

Wind shield board 9 mm

Roof U-value: 0.05 W/m2K
Mineral wool 570 mm

Wooden frame (at 600 mm) + min-
eral wool 150 mm

Gypsum board 13 mm

Base floor (con-
nected to the

ground)

U-value: 0.10 W/m2K
Parquet 14 mm

Concrete slab 80 mm
EPS-insulation 365 mm
Ground layer 1000 mm

Internal wall U-value: 2.42 W/m2K
Gypsum board 13 mm

Wooden frame (at 600 mm) + air
gap 50 mm

Gypsum board 13 mm

Intermediate floor U-value: 0.36 W/m2K

Wooden panel 15 mm
Particle board 22 mm

Wooden frame (at 600 mm) + min-
eral wool 100 mm

Gypsum board 13 mm

External door U-value: 0.80 W/m2K
Wooden panel 12 mm

Wooden frame + mineral wool 40,5
mm

Wooden panel 12 mm

Windows

U-value: 0.81 W/m2K
Orientation of the windows:

North: 11.9 m2

East: 9.2 m2

South: 8.9 m2

West: 0.2 m2

Window type: MS2E-170 (two-
frame and four-glazing structure,

opened inwards, argon filled inner
and outer low-e glazing elements)

Glazing U-value: 0,80 W/m2K
g-value: 0,26

ST-value: 0,21
Internal/external emissivity: 0,90

Frame depth: 170 mm
Frame fraction of the total window
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Table B2. Thermal bridges of the structure joints and their conductances.

External wall

area: 0.15 (15%)

Integrated window
shading

Blinds between the outer
panes

Multiplier for g-value: 0.33
Multiplier for ST-value: 0.12

Air-tightness of the
building

q50-value = 0.60 m3/(m2 h)

Structure joint Conductance Notifications
External wall / exter-
nal wall, outer corner 0.05 W/mK

External windows
perimeter

0.04 W/mK

External doors pe-
rimeter

0.04 W/mK

Roof / external walls 0.05 W/mK
Base floor / external

walls
0.08 W/mK

Structure
D,m
m

,
W/mK

,
kg/m³

cp,
J/kgK

R,
m²K/W

1 Thermal resistance (inner) 0.13
2 Gypsum board 13 0.22 970 1090 0.059

3
Wooden frame (at 600 mm) + mineral

wool 540 0.044 56 1720 12.273
4 Wind shield board 9 0.22 970 1090 0.041
5 Thermal resistance (exterior) 0.04

To-
tal U-value 0.08 W/m²K
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Roof

Base floor (connected to the ground)

Internal wall

Structure
D,m
m

,
W/mK

,
kg/m³

cp,
J/kgK

R,
m²K/W

1 Thermal resistance (exterior)
0.04

2 Mineral wool
570 0.035 20 750 16.286

3
Wooden frame (at 600 mm) + mineral

wool
150 0.044 56 1720 3.409

4 Wind shield board
13 0.22 970 1090 0.059

5 Thermal resistance (inner)
0.10

To-
tal U-value 0.05 W/m²K

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W
1 Thermal resistance (inner) 0.17

2 Parquet 14 0.14 460 2300 0.100

3 Concrete 80 1.70 2300 880 0.047

4 EPS-insulation 365 0.040 20 750 9.125

5 Ground layer 1000 2.00 2000 1000 0.500

Total U-value 0.10 W/m²K

Structure
D,m
m

,
W/mK

,
kg/m³

cp,
J/kgK

R,
m²K/W

1 Thermal resistance (inner) 0.13

2 Gypsum board 13 0.22 970 1090 0.059

3
Wooden frame (at 600 mm) + air

gap
50 0.035

4 Gypsum board 13 0.22 970 1090 0.059

5 Thermal resistance (inner) 0.13
To-
tal U-value 2.42 W/m²K
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Intermediate floor

External door

HVAC systems

Structure
D,m
m

,
W/mK

,
kg/m³

cp,
J/kgK

R,
m²K/W

1 Thermal resistance (inner) 0.10

2 Parquet 14 0.14 460 2300 0.100

3 Particle board 22 0.13 1000 1300 0.169

4
Wooden frame (at 600 mm) + mineral

wool
100 0.044 56 1720 2.273

5 Gypsum board 13 0.22 970 1090 0.059

6 Thermal resistance (inner) 0.10
To-
tal U-value 0.36 W/m²K

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W
1 Thermal resistance (inner) 0.13

2 Wooden panel 12 0.14 460 1360 0.086

3 Wooden frame + mineral wool 40.5 0.045 56 1720 0.910

4 Wooden panel 12 0.14 460 1360 0.086

5 Thermal resistance (exterior) 0.04

Total U-value 0.80 W/m²K

Description / Value Notifications
Ventilation system

Mechanical supply and
exhaust ventilation sys-

tem

With heat recovery
system

Operation schedule Monday–Sunday 00:00–
24:00

Same operation
schedule throughout

the year
Supply and exhaust air

flow rate
0.4 dm3/(s, m2) CAV-ventilation sys-

tem

Supply air temperature in 18.0 C / 17.0 C
Constant temperature
control, 18.0 C in the
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rooms heating season, 17.0
C from 1.6 to 31.8

Temperature increase in
the supply air fan

1.0 C

Heat recovery unit Supply air temperature
efficiency: 0.80

Defined according to
Standard BS EN

13141-7:2010
The SFP-value of the

ventilation system
1.70 kW/(m3/s)

Heat distribution and heating system
Type of the heat distribu-

tion system
Water-based underfloor

heating system
Dimensioning tempera-

tures of the heat distribu-
tion system

40/30 C
Supply water tempera-
ture control according
to the outdoor temper-

ature
Room temperature set

point for heating
21.0 C

Supply water temperature
of the heating system

According to the figure 4

Cool distribution and cooling system

Type of the cool distribu-
tion system

Brine/Water-based cooling
system for supply air cool-
ing and for bedroom 1 fan

coil cooling

There is a fan coil
(1000 W) in bedroom 1

and a cooling coil in
the supply air duct for

supply air cooling

Dimensioning tempera-
tures of the cool distribu-

tion system

10/15 C
Constant supply water

temperature control
when the cooling sys-
tem is operating (from

1.6. to 31.8.)

Room temperature set
point for cooling

27.0 C
Room temperature

doesn’t exceed 27.0
C for more than 150

degree hours between
1.6.–31.8.
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Internal heat gains from lighting, persons and household equipment

The usage of the building, including usage profiles and specific internal gain power
outputs, is assumed to be according to the Finnish building code part D3. The
internal gains from lighting, persons and household equipment are shown in Table
B3. The heat gains presented are used in every room of the building.

Table B3. The internal gains from lighting, persons and household equipment in
the detached house.

Internal heat gain Specific power / Notifications

Persons
2.0 W/m2, which equals to 1 person per

43 m2 with activity level of 1,2 met and clothing
0.75 ± 0.25 clo

Lighting 8.0 W/m2

Household equipment 3.0 W/m2

Hourly internal heat gains from household equipment and persons are calculated
by multiplying the specific powers (W/m2) shown in Table B3 by the constant us-
age rate 0.6 and hourly internal heat gain from lighting by the constant usage rate
of 0.1, according to the Finnish building code part D3.
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Appendix C: Detailed energy calculation data for
the new apartment building

Structures

Table C1. Structures and their main features.

Structure Description / Value Notifications
External wall U = 0.13 W/m2K US1: 100 mm concrete, 200 mm

insulation + 80 mm concrete
Roof U = 0.09 W/m2K YP1: 50 catwalk mm, 400 mm

blowing wool, 100 mm mineral
wool, vapor barrier, + 265 mm
hollow core concrete slab (Ac-

cording to the sectional drawing
B-B)

Base floor (con-
nected to the

ground)

U = 0.27 W/m2K AP1: 120 mm concrete, 120 mm
EPS insulation + 1000 mm

ground layer
Internal walls

between staircas-
es and apart-

ments

U = 0.6 W/m2K VS10: tiling, waterproofing, 200
mm concrete + surface material
(According to the sectional draw-

ing B-B)

Internal walls
between apart-

ments

U = 2.09 W/m2K VS3 (200 mm concrete, no info
on finishing layers)

Intermediate floor U = 1.73 W/m2K VP1, concrete 370 mm + screed-
ing 20 mm + parquet 15 mm

External door 1.0 W/m2K Aluminum profile entrance doors
with at least 3-glazing windows
(g=0,37), balcony doors wood-
aluminum with triple glazings

including Argon
(According to the building speci-
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The thermal bridges between the structure joints and their conductances used in
the energy simulation are shown in Table C2.

Table C2. Thermal bridges of the structure joints and their conductances (accord-
ing to Heikkinen, 2011).

Structure joint Conductance Notifications
External wall / external wall, outer corner 0.06

External windows perimeter 0.04
External doors perimeter 0.04

Roof / external walls 0.08
Base floor / external walls 0.23

A more detailed description of the structure materials and their main features are
shown in the tables below.

fication)

Windows 0.8 W/m2K (in the
apartments)

g-value at least 0.37
ST-value 0.31

Orientation of the win-
dows:

Northeast: 15.0 m2

Southeast: 113.7 m2

Southwest: 28.5 m2

Norhwest: 146.9 m2

wooden-aluminium MSE, total U-
value including glazings and

frames (According to the building
specification)

Integrated window
shading

Blinds between the outer
panes

Multiplier for g-value: 0.33
Multiplier for ST-value: 0.12

Air-tightness of
the building

n50 = 0.4
q50 = 1.43

typical for Finnish low-energy
apartment buildings (Vainio et

al., 2012) not measured
q50 = n50×air volume (13233

m3)/envelope area (3708,12 m)
including base floor and roof

(m3/h/m2)
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External wall (US1)

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W

  Thermal resistance (inner) 0.13

1 Concrete 100 2 2400 1000 0.050

2 Polyurethane 200 0.026 35 1450 7.692

3 Concrete 80 2 2400 1000 0.040

  Thermal resistance (exterior) 0.04

U-value 0.13 W/m2K

Roof

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W

  Thermal resistance (exterior) 0.04

1 Blowing wool 400 0.045 30 1030 8.889

2 Mineral wool 100 0.041 20 750 2.439

3 Vapor barrier 5 0.040 1100 1000 0.125

4 Hollow core slab 265 2 1400 1000 0.133

  Thermal resistance (inner) 0.1

U-value 0.09 W/m2K

Base floor (connected to the ground)

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W

  Thermal resistance (inner) 0.17

1 Concrete 120 2 2400 1000 0.060

2 EPS-insulation 120 0,040 20 750 3.000

3 Ground layer 1000 2 2000 1000 0.500

U-value 0.27 W/m2K

Internal walls between apartments

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W

  Thermal resistance (inner) 0.13

1 Plaster 10 0.9 1700 1000 0.011

2 Concrete 200 2.000 2400 1000 0.100

3 Plaster 10 0.9 1700 1000 0.011
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  Thermal resistance (inner) 0.13

U-value 2.62 W/m2K

Internal wall (VS10 between apartments and staircases)

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W

  Thermal resistance (inner) 0.13

1 Ceramic tiles 5 0.9 1700 1000 0.006

2 Concrete 200 0.145 2400 1000 1.379

3 Plaster 10 0.9 1700 1000 0.011

  Thermal resistance (inner) 0.13

U-value 0.60 W/m2K

Intermediate floor (VP1)

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W

  Thermal resistance (inner) 0.1

1 Parquet 15 0.14 460 2300 0.107

2 Levelling 20 1.2 2000 1000 0.017

3 Concrete slab 370 2.000 2400 1000 0.185

  Thermal resistance (inner) 0.17

U-value 1.73 W/m2K

External door

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W

  Thermal resistance (inner) 0.13

1 Aluminum panel 13 220 2700 900 0.0001

2 EPS-insulation 34 0.041 20 750 0.829

3 Aluminum panel 13 220 2700 900 0.0001

  Thermal resistance (exterior) 0.04

U-value 1.00 W/m2K
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HVAC systems

The building will be heated with a ground source heat pump (According to building
services work specification). The HVAC systems, their main features, operational
functions and set points are shown below.

Description / Value Notifications
Ventilation system

Mechanical supply and
exhaust ventilation system

Apartment specific
systems in the 5th floor,

centralized in other
floors.

According to building
services work specifica-

tion

Operation schedule Monday-Sunday 00:00-
24:00

Same operation schedule
throughout the year

Supply and exhaust air
flow rate

0,5 dm3/(s,m2)

Supply air temperature in
rooms

18.0 C

Constant temperature
control in simulation cas-
es, 18,0 C throughout
the year (cooling is ap-

plied from 1.6. to 31.8.), in
the real building there is
only supply air cooling in
the top floor apartments
that is controlled accord-
ing to the outdoor tem-

perature, in this study the
supply air cooling was

applied to all apartments
of the building

Temperature increase in
the supply air fan

1.0 ºC

Heat recovery unit > 75% (defined) temperature
efficiency of the supply air

Defined according to
Standard BS EN 13141-7:

2010
The SFP-value of the

ventilation system
max 2.0 kW/m³/s

Heat distribution and heating system
Type of the heat distribu-

tion system
low-temperature radia-

tor and floor heating
system

Floor heating system in
bathrooms and saunas,

radiator heating system in
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other spaces
Dimensioning tempera-
tures of the main heat

distribution system

45/35 ºC Supply water temperature
control according to the

outdoor temperature
Room temperature set

point for heating
21.0 ºC / 17.0 ºC 21.0 ºC (living spaces)

17.0 ºC (cellar and stair
case)

17.0 ºC (parking hall)
Supply water temperature

of the heating system
According to the figure

8

Cool distribution and cooling system
Type of the cool distribu-

tion system
Water-based cooling
system for supply air

cooling

There is a cooling coil in
the supply air duct for

supply air cooling

Dimensioning tempera-
tures of the cool distribu-

tion system

10/15 C
Constant supply water

temperature control when
the cooling system is

operating (from 1.6. to
31.8.)

Room temperature set
point for cooling

27.0 C
Room temperature

doesn´t exceed 27.0 C
for more than 150 degree
hours between 1.6.–31.8.
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Figure C1. Supply water temperature control of radiators according to the outdoor
temperature.

Description / Value Notifications
Domestic hot water system

Domestic hot water consump-
tion

0.500 m3/(m2, year)
Area-based consump-

tion (based on on-
going FInZEB-project)

Domestic hot water circulation
system

yes

DHW circulation system tem-
peratures

58/55 ºC

DHW circulation system water
flow

0.13 dm3/s Assuming well insula-
ted pipes

The usage profile of the domestic hot water consumption is presented in Appendix
A.
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Internal heat gains from lighting, persons and household equipment

The usage of the building, including usage profiles and specific internal gain power
outputs, is assumed to be according to the Finnish building code part D3. The
internal gains from lighting, persons and household equipment are shown in Table
C3. The heat gains presented are used in every room of the building.

Table C3. The internal gains from lighting, persons and household equipment in
the new apartment building.

Internal heat gain Specific power / Notifications

Persons
3.0 W/m2, which equals to 1 person per

28 m2 with activity level of 1.2 met and clothing
0.75 ± 0.25 clo

Lighting 11.0 W/m2

Household equipment 4.0 W/m2

Hourly internal heat gains from household equipment and persons are calculated
by multiplying the specific powers (W/m2) shown in Table C3 by the constant us-
age rate 0.6 and hourly internal heat gain from lighting by the constant usage rate
of 0.1, according to the Finnish building code part D3.
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Appendix D: Detailed energy calculation data for
1960s apartment building

Structures

Table D1. Structures and their main features.

Structure Description / Value Notifications

External wall U-value: 0.60 W/m2K

Plaster 10 mm
Burnt tile 120 mm

Thermal insulation 75 mm
Burnt tile 60 mm
Plaster 10 mm

Roof U-value: 0.34 W/m2K
Burnt tile 20 mm

Foamed plastic insulation 107
mm

Concrete slab 150 mm
Plaster 10 mm

Base floor (con-
nected to the

ground)
U-value: 0.40 W/m2K

Plastic carpet 5 mm
Lightweight concrete block 20

mm
Concrete slab 200 mm

Polystyrene insulation 72 mm
Ground layer 500 mm

Internal wall U-value: 1.78 W/m2K
Gypsum board 13 mm

Wooden frame (at 600 mm) + air
gap 70 mm

Gypsum board 13 mm

Intermediate floor U-value: 1.78 W/m2K
Plastic carpet 5 mm

Lightweight concrete block 20
mm

Concrete slab 250 mm
External door U-value: 1.41 W/m2K Wood 70 mm

Windows

U-value: 2.50 W/m2K
Orientation of the win-

dows:
North: 202.1 m2

East: 19.8 m2

South: 222.6 m2

West: 19.8 m2

Window type: MS-170 (two-
frame and two-glazing structure,

opened inwards)
Glazing U-value: 2.50 W/m2K

g-value: 0.76
ST-value: 0.69

Internal/external emissivity: 0.90
Frame depth: 170 mm

Frame fraction of the total win-
dow area: 0.10 (10%)
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Integrated window
shading

Blinds between panes Multiplier for g-value: 0.39
Multiplier for ST-value: 0.12

Air-tightness of
the building

q50-value = 6.00 m3/(m2

h)

The thermal bridges between the structure joints and their conductances used in
the energy simulation are shown in Table D2.

Table D2. Thermal bridges of the structure joints and their conductances.

Structure joint Conductance Notifications
External wall /
external wall,
outer corner

0.06 W/mK

External windows
perimeter

0.04 W/mK

External doors
perimeter

0.04 W/mK

Roof / external
walls

0.08 W/mK

Base floor / exter-
nal walls

0.24 W/mK

A more detailed description of the structure materials and their main features are
shown on the tables below.

External wall

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W

1 Thermal resistance (inner) 0.13

2 Plaster 10 1 1800 1000 0.010

3 Burnt tile 120 0.650 1500 1000 0.185

4 Thermal insulation 75 0.063 25 1030 1.190

5 Burnt tile 60 0.650 1500 1000 0.092

6 Plaster 10 1 1800 1000 0.010

7 Thermal resistance (exterior) 0.04

Total U-value 0.60 W/m²K
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Roof

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W

1 Thermal resistance (exterior) 0.04

2 Burnt tile 20 0.650 1500 1000 0.031

3 Foamed plastic insulation 107 0.040 20 1450 2.675

4 Concrete 150 2.000 2400 1000 0.075

5 Plaster 10 0.9 1700 1000 0.011

6 Thermal resistance (inner) 0.10

Total U-value 0.34 W/m²K

Base floor (connected to the ground)

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W

1 Thermal resistance (inner) 0.17

2 Plastic carpet 5 0.17 1200 1400 0.029

3 Lightweight concrete block 20 0.14 500 1000 0.148

4 Concrete 200 2.000 2400 1000 0.100

5 Polystyrene insulation 72 0.04 20 1450 1.800

6 Ground layer 500 2 2000 1000 0.250

Total U-value 0.40 W/m²K

Internal wall

Structure
D,m
m

,
W/mK

,
kg/m³

cp,
J/kgK

R,
m²K/W

1 Thermal resistance (inner) 0.13

2 Gypsum board 13 0.21 700 1000 0.062

3
Wooden frame (at 600 mm) + air

gap
70 0.390 1.2 1006 0.179

4 Gypsum board 13 0.21 700 1000 0.062

5 Thermal resistance (inner) 0.13

To-
tal U-value 1.78 W/m²K
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Intermediate floor

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W

1 Thermal resistance (inner) 0.13

2 Plastic carpet 5 0.17 1200 1400 0.029

3 Lightweight concrete block 20 0.14 500 1000 0.148

4 Concrete 250 2.000 2400 1000 0.125

5 Thermal resistance (inner) 0.13

Total U-value 1.78 W/m²K

External door

Structure D,mm , W/mK , kg/m³ cp, J/kgK R, m²K/W

1 Thermal resistance (inner) 0.13

2 Wood 70 0.13 500 1600 0.538

3 Thermal resistance (exterior) 0.04

Total U-value 1.41 W/m²K

HVAC systems

The HVAC systems, their main features, operational functions and set points are
shown below.

Description / Value Notifications
Ventilation system
Mechanical exhaust venti-

lation system
Without heat recovery

system
Operation schedule Monday-Sunday 00:00–

24:00
Same operation schedule

throughout the year
Supply and exhaust air

flow rate
0.4 dm3/(s, m2) CAV-ventilation system

Supply air temperature in
rooms

- According to the outdoor
temperature

Temperature increase in
the supply air fan

- No supply air fan

Heat recovery unit - No heat recovery unit
The SFP-value of the

ventilation system
1.50 kW/(m3/s)
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Heat distribution and heating system
Type of the heat distribu-

tion system
Water-based radiator

heating system
Dimensioning tempera-

tures of the heat distribu-
tion system

80/50 C (with the dis-
trict heating) / 45/35 °C
(with the heat pumps)

Supply water temperature
control according to the

outdoor temperature
Room temperature set

point for heating
21.0 ºC / 17.0 ºC 21.0 ºC (living spaces)

17.0 ºC (cellar and stair
cases)

Supply water temperature
of the heating system

According to the figures
D1 and D2

Figure D1. Supply water temperature control with the district heating according to
the outdoor temperature (original high-temperature radiator heating system).
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Figure D2. Supply water temperature control with the heat pumps according to the
outdoor temperature (low-temperature radiator heating system).

Description / Value Notifications
Domestic hot water system

Domestic hot water consump-
tion

0.500 m3/(m2, year)
Area-based consump-

tion (based on on-
going FInZEB-project)

Domestic hot water circulation
system

Yes No circulation system

DHW circulation system tem-
peratures

60/55 C Designing tempera-
tures

DHW circulation system water
flow

0.23 dm3/s Designing water flow

The usage profile of the domestic hot water consumption is presented in Appendix
A.
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Internal heat gains from lighting, persons and household equipment

The usage of the building, including usage profiles and specific internal gain power
outputs, is assumed to be according to the Finnish building code part D3. The
internal gains from lighting, persons and household equipment are shown in Table
D3. The heat gains presented are used in every room of the building.

Table D3. The internal gains from lighting, persons and household equipment in
the 1960s apartment building.

Internal heat gain Specific power / Notifications

Persons
3.0 W/m2, which equals to 1 person per

28 m2 with activity level of 1.2 met and clothing
0.75 ± 0.25 clo

Lighting 11.0 W/m2

Household equipment 4.0 W/m2

Hourly internal heat gains from household equipment and persons are calculated
by multiplying the specific powers (W/m2) shown in Table D3 by the constant us-
age rate 0.6 and hourly internal heat gain from lighting by the constant usage rate
of 0.1, according to the Finnish building code part D3.
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Appendix E: LCC Calculation output values

New detached house GSHP
Investment cost of heating system [1] 13 000 €
Investment cost of solar electrical energy 4 € m2
Investment cost of solar heating energy 24 € m2
Annual maintenance cost (share of investment cost) 1 %
Maintenance costs of solar electrical energy 2 € m2
Maintenance costs of solar heating 14 € m2
Renewing cost and period (€) [3] 4 000 € 15y
Residual value after 25 years % of investment 50 %

New detached house AWHP
Investment cost of heating system 10 000 €
Electrical after-heating radiator (€) [3] 2 500 €
Ventilation investment (€) [4] 2 500 €
Annual maintenance cost (share of investment cost) 2 %
Renewing cost 3 000 € 15y
Residual value 10 %

New detached house EAHP
Investment cost of heating system [1] 10 000 €
Free-cooling (€) [1] 2 500 €
Annual maintenance cost (share of investment cost) [3] 1,50 %
Renewing cost 10 000 € 20y
Residual value after 25 years 75 %

New detached house AAHP
Investment cost of heating system [1] 10 000 €
Electrical after-heating radiator (€) [3] 800 €
Annual maintenance cost (share of investment cost) [3] 1,50 %
Renewing cost 3 000 € 15 y
Residual value after 25 % 10 %
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New apartment building GSHP
Investment cost of heating system [1] 90 000 €
Free cooling (€) [1]
Annual maintenance cost (share of investment cost) [3] 1 % /15y
Renewing cost and period (€) [3] 25 000 €
Residual value after 25 years   (% of investment cost) [3] 50 % /m2
Investment cost of solar electrical energy 4 €
New apartment building  AWHP
Investment cost of heating system [1] 70 000 €
Free cooling (€) [1] 2 500 €
Annual maintenance cost (share of investment cost) [3] 1,5 % /15y
Renewing cost (€) and period [3] 25 000 €
Residual value after 25 years   (% of investment cost) [3] 10 %
New apartment building  DH
Investment cost of heating system [1] 95 000 € inc. Connection
Free cooling (€) [1] 2 500 €
Annual maintenance cost (share of investment cost) [3] 0,5 % /15y
Renewing cost and period (€) [3] 1 000 €
Residual value after 25 years   (% of investment cost) [3]) 50 % /m2
Investment cost of solar electrical energy 4 € /m2
Investment cost of solar heating energy 20 € 25y
Annual maintenance costs of solar electrical energy (% of investment cost) 2 % 20y
Annual maintenance costs of solar heating  (% of investment cost) 2,5 %
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All information includes VAT 24%
All the prices of energy costs are based on Vantaa Energia 1.6.2014.
[1] Souce: KH-kortisto, FinZEB-project, projects of VTT.
[2] District heating as extra heating.
[3] SFS EN 15978. Rakennusten energiajärjestelmien taloudellisuuden arviointimenettelyt.

Apartment building (built in the 1960s) EAHP
Investment cost of heating system [1] 90 000 €
Renewing of radiators 135 000 €
Investment cost of solar electrical energy 4 € m2
Investment cost of solar heating energy 20 € m2
Annual maintenance cost (share of investment cost) [3] 1,50 %
Maintenance costs of solar electrical energy 2 € m2
Maintenance costs of solar heating 14 € m2
Renewing cost 15 000 € 20y
Residual value after 25 years 50 %

Apartment building (built in the 1960s) GSHP
Investment cost of heating system [1] 165 000 €
Renewing of radiators 135 000 €

1 %
Renewing cost and period (€) [3] 35 000 € 15y
Residual value after 25 years   (% of investment cost) [3] 50 %

Apartment building (built in the 1960s) AWHP
Investment cost of heating system [1] 103 000 €
Renewing of radiators 135 000 €
Annual maintenance cost (share of investment cost) [3] 1,5 %
Renewing cost (€) and period [3] 30 000 € 15y
Residual value after 25 years   (% of investment cost) [3] 10 %

Apartment building (built in the 1960s) DH
Investment cost of heating system [1] 55 000 €
Annual maintenance cost (share of investment cost) [3] 0,5 %
Renewing cost and period (€) [3] 1 000 € 15y
Residual value after 25 years   (% of investment cost) [3]) 50 %
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