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Executive summary
The SWS-HEATING project is a H2020 funded project that aims at developing innovative
seasonal thermal energy storage (STES) unit with a novel storage material and creative
configuration, i.e. a sorbent material embedded in a compact multi-modular sorption STES
unit.
In this deliverable, the selected boundary conditions for the numerical assessment of the
developed STES system performance within the context of the project are presented. Such
boundary conditions are defined in terms of (i) climate, (ii) residential building typologies
where to implement the system, and (iii) energy consumption uses, habits and buildingoccupant interaction. To this aim, firstly, a literature review of the boundary conditions in
these contexts within the European Union is carried out. Therefore, the most relevant
boundary conditions, according to the applicability of the innovative system and based on
the provisions in the Grant Agreement document, are considered and analyzed.
Altogether, the boundary conditions to be used for the numerical assessment of the
developed STES system within the project are selected by taking into account the features
and capabilities of the system and the context and timing of its release and applicability.
Accordingly, 3 scenarios are identified, i.e. a representative residential single-family Nearly
Zero-Energy Building (NZEB) according to the regulation requirements in 3 climate zones
representing south, central, and north Europe climates, hosting a low-consumer small family
household.
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1 Introduction
1.1 Aims and objectives
The present deliverable defines the boundary conditions for the performance assessment of
the proposed solar heating technology based on the novel Seasonal Thermal Energy Storage
(STES) system.
The first aim is to characterize the concerned climate zones, Cold or Temperate, that
correspond to South/Central/North Europe, with different uses, habits, and constraints as
concerns energy consumption. Also, Nearly Zero-Energy Building (NZEB) standards are
considered. All available data will be used for this purpose, such as other European projects
(e.g. ZERO-PLUS [1], TABULA [2], EPISCOPE [3]), international projects (e.g. IEA-EBC Annex
66), current European standards (e.g. EN12309:1-7; 2014 for gas-driven sorption heat
pump), policy papers, and EC Communications and Recommendations.
The second aim is to characterize and classify the typologies of residential buildings, with
specific focus to solar active houses, in the selected climate zones, in order to identify
potential adopters of the developed system. The classification will be carried out in terms of
construction age, energy efficiency, and country-related characteristics, including
architectural configuration, residential unit size and key geometry indicators, type of
management system, etc.

1.2 Relation with other activities in the project
The present deliverable defines the boundary conditions for numerical assessment of the
proposed system to be used in the following WP3 (Development of innovative sorbent
materials) and WP5 (Development of optimised control and simulation). In detail, the
selected climate zones for the system assessment will be considered in Task 3.1 of WP3 for
the assessment of the main operating conditions to which the innovative sorbent material
implemented for the thermal energy storage is subjected in different working conditions of
heat storage cycles and local climates. Therefore, the defined operating conditions will be
translated into requirements to the sorption properties of sorbents optimal for chosen
climatic zone of Europe. Additionally, the same climate boundary conditions, the energy
consumption uses, habits, and constraints, and the residential building typologies will be
considered in Tasks 5.3 and 5.4 of WP5 for the thermal-energy dynamic simulation of the
system performance when implemented in different buildings, climate, and occupancy
conditions.
Moreover, the boundaries defined in this deliverable will be useful for decisions to be taken
in the additional technical WP4 (Development of new and optimized components and
innovative configuration) and WP6 (System testing and technology validation), for the
proposed system configuration design and prototype development and in-field testing,
respectively.

1.3 Report structure
The report begins by outlining its purposes, role within the project, and layout. Section 2
reports the main literature review in terms of European climatic zones, building typologies in
selected countries, and occupant behaviour modelling in buildings. Therefore, all the
considered boundary conditions for the proposed STES system performance assessment, in
terms of climate, building typologies, and occupant behaviour, are presented in detail in
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section 3. Finally, section Errore. L'origine riferimento non è stata trovata. reports the
selected scenarios for the performance analysis of the proposed system, through dynamic
simulation, within the context of the project.

1.4 Contribution of partners
The main contributing authors of this report are Cristina Piselli (UNIPG) and Anna Laura
Pisello (UNIPG). Additional contributing authors are Franco Cotana (UNIPG), Ilaria Pigliautile
(UNIPG), Matteo di Grazia (UNIPG), Benedetta Pioppi (UNIPG), Fabiana Landi (UNIPG), Luisa
F. Cabeza (UDL), Alexia Kokorelia (ARCHIT), Lida Kokorelia (ARCHIT), Björn Palm (KTH), Hatef
Madani Larijani (KTH), Belal Dawoud (OTH), Vincenza Brancato (ITAE), Andrea Frazzica
(ITAE), Sotirios Karellas (NTUA), Ioannis Mandilaras (NTUA), Aris Leontaritis (NTUA).

2 Literature review
2.1 Climate zones
Köppen-Geiger climate classification [4,5] considers average annual and monthly
temperatures and precipitation, and the seasonality of precipitation to map climate zones
worldwide. The classification scheme defines five main climate groups, i.e. A, B, C, D, E, each
having several types and subtypes. According to this climate classification, Europe is divided
into only four main climate types. By land area, the dominant climate type is Cold D (44.4%),
followed by Arid B (36.3%), Temperate C (17.0%), and Polar E (2.3%) [5]. Figure 1 shows the
Köppen-Geiger map of climate zones in Europe, based on 1209 precipitation and 684
temperature stations [5]. Among those, 496 have both precipitation and temperature data
for the same location for which the climate type is known. Table 1 explains Köppen-Geiger
climate classification symbols and criteria for the definition of the climate zones.

Figure 1: Köppen-Geiger climate type map of Europe [5].
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Among the European climate zones, countries suitable for the effective application of the
proposed solar heating technology, i.e. heating-dominated, are identified. Therefore,
Temperate (C) and Cold (D) are considered. Temperate climates are characterized by an
average monthly temperature above 10 ºC in the warmest months and a coldest month
average above -3 ºC but below 18 ºC. Central Europe countries, e.g. Italy, Spain, West
Germany, France, UK, etc., are located within these climate conditions. Cold Continental
climates have an average temperature above 10 ºC in the warmest months and a coldest
month average temperature below -3 ºC. North-eastern European countries, i.e. Norway,
Sweden Finland, East Germany, Baltic states, etc., are in this climate zone.
Table 1: Description of Köppen-Geiger climate symbols and defining criteria [5].

2.2 Building typologies
2.2.1 Architectural characterization by country
Building characteristics, its design, its look, and the related technical standards are
extremely dependent on the country, its socio-cultural characteristics and its climate-related
constraints. Among European building stock, residential buildings account for 75% of the
total stock and comprise a more homogeneous sector compared to the non-residential
sector, which accounts for 25% with more complex and heterogeneous buildings [6]. As
concerns residential buildings, in Europe, around 64% is represented by single-family houses,
while the remaining 36% by apartment blocks, or similar.
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The following sub-sections describe the residential single-family building typologies for some
representative countries in Europe.
2.2.1.1 Stockholm, Sweden
In Stockholm, traditionally single family houses in the form of villas were meant for the
upper class. More ordinary houses were built by local builders in the traditional style with
timber structure. At the beginning of the 20th century local building was refined as a result of
a popular movement to improve building culture. Since the housing construction boom, that
took place in the mid-1960s and 70s in Stockholm, most single-family houses are
constructed with off-site techniques. The walls and floor (panels) are pre-made in the
factory and set in construction place by crane, which minimizes significantly and simplifies
the construction process.
Lately, higher residential buildings have started to be constructed near the city centre, i.e.
multifamily houses. After 1994, when the ban on building wooden homes above two storeys
was removed, wood has been reintroduced in the construction of multifamily blocks [7,8].
2.2.1.1.1 Space availability
Single family dwellings near the centre of Stockholm are terraces (Figure 2a,b). Further away
from the centre in the rural suburbs the most common type is the detached house with big
garden (Figure 2c). Typically single family dwellings consist of 1 or 2 storeys, loft area and
usually basement, where systems can be lodged.
As for multifamily residential buildings in Stockholm, both in centre and suburbs, they do not
exceed the 9 storeys. They are normally detached houses and usually have balconies and
pitched roof (Figure 2d).

a)

c)

b)

d)

Figure 2: Single-family house examples in Stockholm: a) terraced houses of the 1970s, b)
contemporary terrace houses, and c) detached house in the rural suburbs; and d) detached
contemporary multifamily house.

2.2.1.1.2 Regulatory parameters to be considered
The Swedish building code is Boverket's Building Regulations (BBR) [9], which regulates the
essential design and construction requirements in buildings. The Planning and Building Act
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(PBA) and the Planning and Building Ordinance (PBO) contain provisions on the planning of
land and water areas, and on construction [9]. It regulates the planning system and the
essential requirements. Building codes in Sweden are more deeply discussed in deliverable
D2.2.
According to the above-mentioned regulations, regulatory parameters depend on the area
and whether it is a historic building or conservation area. Overall, usually a planning
permission is not required for the installation of solar panels on the roof, following the roof
slope. However, for the installation of solar panels on stands on the ground, a building
permission is necessary. For larger panels or panels in culture/historical/listed buildings a
planning permission is also required.
2.2.1.2 Regensburg, Germany
In Regensburg, the historic centre consists mainly of listed buildings from Roman to modern
times, tower houses and medieval patrician houses with monolithic load bearing stone walls.
Traditional houses outside the historic centre are normally masonry structures or timbered
with masonry infill with beamed ceilings. After 1960s reinforced concrete is introduced in
construction, while in the 70s prefabricated single family houses start to be constructed.
Similarly, after the 70s, multifamily houses started to be prefabricated. On the contrary, in
the historical centre, they are more traditional stone and timber constructions [10].
2.2.1.2.1 Space availability
Single family dwellings are normally found outside the city centre. Although there are also
terraced houses (Figure 3c), this building typology is usually detached (Figure 3a,b). They
consist of 2 storeys, loft area and basement, where systems can be lodged.
As concerns multifamily residential buildings in Regensburg, both pitched and flat roof are
equally common. They are usually detached and most of them are between 4 and 6 stories
high (Figure 3d).
2.2.1.2.2 Regulatory parameters to be considered
The responsibility for public construction law in Germany is divided between federal and
state governments [11]. The Zoning law (Bauplanungsrecht) is the federal law. It determines
the purpose for which a property may be used and whether a building project fits into its
surroundings. The Building regulations law (Bauordnungsrecht) is the federal states law. It
determines the parameters of design and construction of buildings in order to meet planning
law requirements. Each state issues its own building regulation. However, most of the states
have adopted a specimen building regulation issued by the state ministries, which also
makes provision for certain standardization within this field. Building codes in Germany are
more deeply discussed in deliverable D2.2.
According to the above-mentioned regulations, regulatory parameters depend on the area
and whether it is a historic building or conservation area. Overall, as a general principle, a
building permit is not required for façade or roof photovoltaic installations but ground
mounted installations are subject to detailed planning regulations. Generally, the installation
of solar panels is encouraged with clear and simple procedures.
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a)

b)

c)

d)

Figure 3: Single-family house examples in Regensburg: a, b) detached contemporary houses and c)
terraced contemporary house; and d) detached contemporary multifamily house.

2.2.1.3 London, UK
In London, the city centre consists mainly of Victorian/Edwardian houses. They are
characterized by masonry exterior walls with timber framed floors, internal walls, and roof.
Typically, they are 2-storey buildings with pitched roof with tiles. It is common to see
terraced houses in the centre of London (Figure 4a) and detached more in the outskirts
(Figure 4b,c).
2.2.1.3.1 Space availability
Such building typologies have limited availability of a cellar/basement space. Moreover,
terraced houses do not have side elevations. Although reduced, space to lodge systems is
available in the loft, below the staircase, and in gardens. Rear additions is a common
characteristic in London terraced houses, which would give more space for solar panel, if
needed.
2.2.1.3.2 Regulatory parameters to be considered
The UK Building regulations [12] are statutory instruments that ensure the minimum
standards for design, construction and alterations to virtually every building. The regulations
are developed by the UK government and approved by Parliament. They are detailed in 16
separate documents covering all aspects of construction. In London, building work is judged
according to three frameworks which set out the guidance and regulations. The National
Planning Policy Framework (NPPF) sets out the government’s planning policies for England
and how these are expected to be applied. The London Plan is also a statutory plan, which
sets out the parameters for planning applications. Finally, the Local Plan provides
supplementary standards and guides which relate to the local character of where buildings
are located.
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According to the above-mentioned regulations, central London has strict planning
restrictions that would make it very difficult to alter (i.e. include solar panels) to the front
elevation. Rear elevations would be easier to customize and regulations are being updated
to make it easier to include solar panels in the rear. For terraced houses, one can assume
that the likelihood is that the rear roof is the only available viable roof space for solar panels.
This would include rear additions. For detached houses, although planning permission would
be required, one could assess the viability of using the side elevation as well. However, this
is not an easy option within current planning guidelines. Due to the limited availability of
space in London and the high demand, planning regulations have changed to allow the easy
conversion of the loft to habitable space.

a)

b)

c)
Figure 4: Single-family house examples in London: a) terraced house, b) semi-detached Victorian
house, and c) detached house.

2.2.1.4 Madrid, Spain
In Madrid, houses, before 1940, were built with stone load-bearing walls and timber frame
pitched roof with ceramic tiles or ventilated flat roof on honey comb bond walls with metal
or timber structure. After 1940, reinforced concrete frame structure started to be the most
common type of structure with single brick walls facade and render finish. After 1970 and
until today the buildings raised in height. Thermal insulation is introduced in the walls and
roof. The common type of roof is ventilated either pitched or flat with tiles.
Multifamily houses that are built in the suburbs of Madrid are more contemporary, much
higher, and they accommodate a large number of apartments, compared to multifamily
dwellings in the centre and the areas around it [13].
2.2.1.4.1 Space availability
Terraced houses are generally the most common type of single-family dwellings in Madrid
(Figure 5a,b,c). In the last few years, vast suburbs around the centre of Madrid have been
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created with large number of new built townhouses usually set around communal gardens.
They usually have up to 3 or 4 floors, including a basement used as a garage and for storage,
available to lodge the systems, and a roof area with a roof terrace. Townhouses generally
have little outside space or garden at the front and rear.
In Madrid, terraced houses are also the most common type of multifamily dwellings,
especially in the city centre and the areas around it (Figure 5d). They normally have 4 to 6
floors and the flats are arranges around a big internal patio which provides ventilation to the
rooms with no access to the street.
2.2.1.4.2 Regulatory parameters to be considered
The Building Regulation Act of Spain (Ley de Ordenación de la Edificación de España LOE) is
the building legislation in force in Spain since 1999 [14]. It emerged to define basic
requirements in the building, which were subsequently developed by the Technical Building
Code (Código Técnico de la Edificación) [15]. The Technical Building Code is the building code
in force in the country. It regulates the basic standards and parameters of construction,
defined by the LOE. Their requirements intervene in the phases of design, construction,
maintenance, and conservation. Building codes in Spain are more deeply discussed in
deliverable D2.2.
According to the above-mentioned regulations, regulatory parameters depend on the area
and whether it is a historic building or conservation area. Generally, a planning license is
needed for the installation of solar panels.

a)

b)

c)

d)

Figure 5: Single-family house examples in Madrid: a) terraced houses of the 1920s-1930s and b, c)
terraced contemporary houses; and d) terraced multifamily house.
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2.2.1.5 Athens, Greece
In Athens, traditional houses (built before 1940) were built with stone load-bearing structure
and timber frame. After 1940, most constructions have a concrete main load-bearing
structure with brick walls and render finish or stone cladding. Neoclassical houses are 2 or 3
storeys with pitched roof with tiles (Figure 6a). New single-family constructions vary with
either pitched roof or flat (Figure 6b,c). Their structure can be stone walls with timber frame
and they often have balconies.
2.2.1.5.1 Space availability
New single-family houses (built after 1950) often have flat roofs, which can be used for solar
panel installations. Moreover, there is good availability of basements which have included
boiler room. Traditional houses have pitched roofs, which can accommodate solar panels.

a)

b)

c)
Figure 6: Single-family house examples in Athens: a) Neoclassical house, b) new built semi-detached
house, and c) new built detached house.

2.2.1.5.1 Regulatory parameters to be considered
The NOK - New Building Code (Law 4067/12 ΦΕΚ - 79 Α/12) [16] comprises the building
regulations and general rules for planning at a national level. The Building Regulations
(Κτιριοδομικός Κανονισμός ΦΕΚ 59/Δ/3-02-89) [17] is the Greek building code which sets out
the parameters and standards of construction. Moreover, the Decrees published in the
National Newspaper of the Government (ΦΕΚ) are supplementary guides and standards to
the Building Law and Building regulations, which are case and location specific. The KENAK Greek Regulation for the Energy Efficiency of Buildings (Ministerial Decision
Δ6/Β/οικ.5825/30-03-2010 ΦΕΚ Β΄ 407) [18] sets out the methodology for the calculations. A
number of “Technical Guidelines” were issued from the Technical Chamber setting out in
detail the methodology, national parameters, climatic data, etc.
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According to the above-mentioned regulations, regulatory parameters depend on the area.
Overall there is allowance to have solar panels on all sides of building in terms of planning
(unless it is a protected building or area). Traditionally, there are also semi-detached houses
but due to latest years planning regulations most contemporary construction is usually
detached.

2.2.2 Energy-based characterization by period of construction
In each country, residential building typologies can be classified also by period of
construction, which affects, therefore, building energy performance. The IEE Project TABULA
(2009 - 2012) "Typology Approach for Building Stock Energy Assessment" [2] classifies
residential building typologies in 13 European countries mainly according to their size and
age, to define building types representing the residential building stock of their countries.
Therefore, it provides a classification schemes for national building stocks, indicating
building types construction, system, and energy characteristics differentiated per size and
construction age. In addition, the "TABULA WebTool" provides a calculation tool of the
building types from all considered countries, displaying their energy related features and the
possible energy savings by implementing refurbishment measures. Furthermore, the
following IEE Project EPISCOPE (2013 - 2016) “Energy Performance Indicator Tracking
Schemes for the Continuous Optimisation of Refurbishment Processes in European Housing
Stocks” [3] extends this classification to further countries and updates the WebTool with the
national interpretations of Nearly Zero-Energy Buildings (NZEB).
In SWS-HEATING project, the case study residential buildings will be defined and
characterized according to the indications of the above-mentioned projects.

2.2.3 Nearly Zero-Energy Buildings (NZEB)
A Nearly Zero-Energy Building is a building that has a very high energy performance, as
determined based on the actual annual energy that is consumed to meet the different needs
associated with its typical use. Such energy consumption shall reflect the heating and cooling
energy needs to maintain the proper indoor environmental conditions in the building and
the domestic hot water needs. Moreover, the nearly zero amount of energy required should
be covered to a significant extent by energy from renewable sources, including energy from
renewable sources produced on-site or nearby [19]. A recent definition by Voss et al. [20]
describes Nearly Zero-Energy Buildings as the "synergy of energy efficient building and
renewable energy utilization to reach a balanced energy budget over a yearly cycle."
The Energy Performance of Buildings Directive (EPBD) 2010/31/EU [19] requires all new
buildings to be nearly zero-energy by the end of 2020, while the limit is set by the end of
2018 for new public buildings. This target is part of the Europe 2020 strategy adopted by the
European Commission, which sets three targets to be met by the year 2020 (relative to
1990): a reduction in GHG emissions of 20%, an increase in energy efficiency of 20%, and an
increase in the contribution of renewable energy sources equivalent to 20% of final energy
consumption.
The EPBD 2010/31/EU [19] and previous 2002/91/CE [21] set a common European general
framework methodology for the calculation of the energy performance of buildings.
Therefore, the EU Member States have set the necessary measures to ensure that minimum
energy performance requirements for buildings or building units, by distinguishing between
new and existing buildings. Moreover, such minimum energy performance requirements
must be cost-effective over the estimated economic lifecycle. The general methodology for
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calculating the energy performance of buildings takes into account the thermal
characteristics of the building, the heating, air-conditioning, ventilation, and hot water
systems, the design, positioning, and orientation of the building, including outdoor climate,
passive solar systems and solar protection, indoor conditions, including the designed indoor
climate and internal loads. Furthermore, the positive influence of the following aspects,
where relevant, is considered: local solar exposure conditions, active solar systems and
other heating and electricity systems based on energy from renewable sources, electricity
produced by cogeneration, district or block heating and cooling systems, and natural
lighting. Therefore, the following general principles and benchmarks in terms of energy
performance of a new single-family NZE house are set for different climate contexts [22]:








Mediterranean (e.g. Palermo, Athens, Seville, etc.): 0-15 kWh/m2y of net primary
energy with, typically, 50-65 kWh/m2y of primary energy use covered by 50
kWh/m2y of on-site renewable sources.
Continental (e.g. Budapest, Milan, Vienna, etc.): 20-40 kWh/m2y of net primary
energy with, typically, 50-70 kWh/m2y of primary energy use covered by 30
kWh/m2y of on-site renewable sources.
Oceanic (e.g. Paris, Brussels, Regensburg, London, etc.): 15-30 kWh/m2y of net
primary energy with, typically, 50-65 kWh/m2y of primary energy use covered by 35
kWh/m2y of on-site renewable sources.
Nordic: (e.g. Stockholm, Helsinki, Riga, etc.): 40-65 kWh/m2y of net primary energy
with, typically, 65-90 kWh/m2y of primary energy use covered by 25 kWh/m2y of onsite renewable sources.

2.3 Occupant behaviour models in buildings
Occupant behavior is a key variable affecting buildings energy efficiency and, therefore, to
be considered when predicting building systems performance [23]. Consistent occupant
behaviour models need to be considered for building performance evaluation, energy
simulation, and design optimization due to their significant impact on real energy use and
indoor environmental quality in buildings, as demonstrated within the context of Annex 66
[24]. When incorrect evaluations concern low-energy buildings, additional issues are
generated. Near Zero and Zero Energy Buildings should satisfy precise requirements in terms
of energy demand and indoor comfort conditions and, as a consequence, users’ expectation
is very high. Moreover, in this case, the percentage incidence of occupant behaviour in
building energy performance variation is significantly increased [25]. In fact, the final energy
use highly depends on the correct operation of passive systems and active technologies by
the user [26].
Users’ goal in buildings is to achieve and maintain acceptable indoor comfort conditions, i.e.
thermal, visual, acoustic, and indoor air quality. Triggered by multi-physical and non-physical
stimuli, occupants interact with building systems to modify the surrounding and to restore
comfortable conditions [27]. Accordingly, occupant behaviour affects the real building
energy use directly and indirectly by regulating the heating and cooling set-point, the
ventilation rate, the window blind position, turning on/off or dimming lights, turning on/off
equipment, and setting the requested indoor thermal, acoustic, and visual comfort criteria.
Such adaptations have immediate and tangible consequences on the indoor environment
and on users’ comfort but their effects on building energy consumptions are not of a
secondary relevance [28].
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In this panorama, Wei et al. [29] identified 27 factors influencing space heating and
demonstrated the relevance of the factors related to the users, i.e. occupant age, occupant
gender, household size, and others. Martinaitis et al. [30] investigated the importance of
occupancy correct definition in dynamic energy simulation, by varying occupancy profiles
(standard profile, family with children, retired couple, and young couple). Results in terms of
primary energy demand revealed differences below 5% for the occupancy profile of more
than 2 persons compared with the standard profile, while for the other two profiles it varied
from 14% to 21%. Instead, the influence of dwelling and occupant characteristics on
domestic electricity consumption patterns were analyzed by statistical approaches in [31].
Household composition was found to be one of the variables most influencing the total
domestic electricity consumption. Furthermore, Chen et al. [32] determined that occupant
age is a more significant factor than income and revealed that the household socioeconomic and behaviour variables can explain 28.8% of the variation in heating and cooling
energy consumption.
Some studies have been specifically developed on the effect of occupant behaviour in Near
Zero Energy Buildings (NZEBs). Barthelmes et al. [33] investigated a residential NZEB located
in Northern Italy by means of dynamic simulation. The authors took into consideration
different occupant behaviour lifestyles (low consumer, standard consumer, and high
consumer) and household compositions (family of 4 persons, elderly couple, and young
couple) to evaluate their effect on energy performance and thermal comfort conditions. The
high impact of occupant-related variables was demonstrated. Brahme et al. [34] compared
the impact of occupant behaviour in a traditional and a high efficiency residential building.
Three user profiles, i.e. conservation behaviour, design point, and wasteful behaviour, were
considered and results demonstrated that conservation oriented behaviour could reduce
energy consumption by nearly half in a high efficiency building. Further examples are
available in literature, which demonstrate that a building designed to be Near Zero or Zero
Energy Building might generate higher consumption than expected if the assumptions made
in the simulation process are not respected during the effective use [24].

3 Definition of boundary conditions for the system
performance assessment
3.1 Climate zones
The climate zones considered for the assessment of the performance of the proposed
seasonal TES system are selected according to the following criteria:




large solar energy availability to be stored along the year;
significant heating degree days (HDD), i.e. energy demand for heating;
space availability to lodge the STES system, according to the characteristics of typical
single-family houses in each climatic context.

Furthermore, the climate zones where the prototype system will be experimentally tested
in-field (within the context of WP6) are considered.
Therefore, the cities selected as climate boundary conditions to represent Cold or
Temperate European climate zones are as follows:
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Stockholm, Sweden;
Regensburg, Germany;
Madrid, Spain.

It has to be taken into account that these locations do not represent the climate conditions
of the entire country, but are an example for the conditions in the climate zone they are
located in. For each selected location, Meteonorm weather database is used to generate the
Typical Meteorological Year (TMY) weather file [35]. Meteonorm is a comprehensive
meteorological reference software, incorporating a catalogue of meteorological data from
8725 weather stations and calculation procedures for solar applications and system design
at any desired location in the world. Among the available experimental weather data only
1217 contain data on global solar radiation (385 for Europe). The weather data for a site that
is not available in the software database are interpolated on the data from the nearest
stations through a spatial interpolation tool with stochastic weather generator. For any site
and for a typical year, hour, or minute time resolution, among other parameters, the
precipitation rate, wind speed, and radiation parameters, i.e. diffuse and direct normal
irradiance, can be calculated. By comparing Meteonorm data with other meteorological data
sources, it is proved that this software gives values lower than the average, meaning that its
simulations are conservative for the final yield of the system.
Meteonorm input for solar radiation is the Global Energy Balance Archive [36]. All other
meteorological parameters are taken from databases of WMO and NCDC (periods 1961-90
and 1996-2005, respectively) [37]. Data can be used in building dynamic simulation software
for complex designs and behavior prediction in the whole year.

3.1.1 Stockholm, Sweden
3.1.1.1 Description of the climate
According to the Köppen-Geiger climate classification [4,5], the climate conditions in Sweden
can be divided among three regions, i.e. North and central, South, and mountainous region,
as it can be seen in Figure 7. The climates that dominate in Sweden are Temperate (South
Sweden), Cold (North and central Sweden), and Polar (mountainous region).
The city of Stockholm is located in the Warm Summer Cold Continental climate zone (Dfb)
[4,5], with cold, cloudy winter and cool, partially cloudy summer. The average annual
temperature is 7.8 °C with average 1821 hours of sunshine annually. About 539 mm of
precipitation falls annually during 248 days. On average, the warmest month is July with an
average temperature of 17.2 °C, while the coolest month is February with an average
temperature of -3.3 °C.
Coordinates: 59°33′N and 18°06′E
Elevation: 21 m a.s.l.
HDD (base temperature 18 °C): 3843
CDD (base temperature 25 °C): 5
Annual global solar radiation on horizontal surface: 973 kWh/m2
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Figure 7: Köppen climate classification in Sweden [4].

3.1.1.2 Weather file
The weather file for the city of Stockholm, Sweden, obtained from Meteonorm [38], is based
on air temperature data from the period 2000-2009 and solar radiation data from the period
1991-2010. According to the weather file, the following Figure 8 and Figure 9 depict the
trend of average daily air temperature for each month and total monthly diffuse and global
solar radiation, respectively.

Figure 8: Average daily air temperature for each month in Stockholm.

17

Figure 9: Total monthly diffuse and global solar radiation in Stockholm.

3.1.1.3 Climate-related attitudes
Due to the fact that outdoor temperatures in Stockholm reach above 25 °C only few days per
year, it is not customary to install air conditioning in single family houses or apartment
houses. However, in offices and public buildings, cooling is usually installed, particularly if
there are high internal heat loads or if the building is oriented to the south without
shadowing buildings or natural environment.
On the other hand, heating is always installed, in all types of buildings. In urban areas,
district heating is almost always available in areas with multifamily houses and/or
offices/public buildings. In the larger cities, also district cooling is used. There is no national
law that prohibits the installation of other types of heating, e.g. heat pumps, in areas with
district heating, but in some cases local authorities have made the use of district heating
mandatory, referring to environmental concerns. In areas with single family houses, in the
outskirts of cities, district heating is only installed to a limited degree. In these areas, as in
rural areas, electrically driven heat pumps are most common. In total, more than 1,1 million
heat pumps are installed in Sweden, with a total of about 3,2 million buildings. Most of these
heat pumps are installed in the about 2 million single family houses and are for heating only.
Close to 500 000 are geothermal heat pumps or heat pumps using lake or river water as heat
source. Apartment buildings and public buildings may be supplied with exhaust air heat
pumps or just heat transfer between incoming and outgoing air. There is almost no natural
gas use for heating purpose in Sweden. In fact, even the auxiliary heaters for heat pumps,
almost all, are electrical heaters.
Window shadings are used sparsely and only in locations where the sun load is disturbing
during summer. Air tightness is considered of utmost importance, and all windows are
double glazed, or in new buildings triple glazed. During summer, it is common to ventilate
excess heat by opening the windows partly. Other parts of the year, ventilation by opening
windows is not encouraged and not frequently used.
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The indoor temperature is set by thermostats. One thermostat sets the temperature of the
water to the radiators/ convectors/ floor heating, depending on the outdoor temperature
according to a more or less linear heating curve. Each radiator is then supplied with a
thermostat opening or closing the water flow through the radiator. The typical indoor
temperature setting is 21 °C, and this temperature is maintained 24 hours per day
throughout the heating season.

3.1.2 Regensburg, Germany
3.1.2.1 Description of the climate
According to the Köppen-Geiger climate classification [4,5], the climate conditions in
Germany are generally moderate, as it can be seen in Figure 10. The climate that dominates
in Germany is Continental (inland), with milder conditions in the North-western and Costal
areas due to maritime influence.
The city of Regensburg is located in the Marine West Coast Temperate climate zone (Cfb)
[4,5], with cold winter and cool summer. The average annual temperature is 9.1 °C with
average 1668 hours of sunshine annually. About 643 mm of precipitation falls annually
during 166 days. On average, the warmest month is July with an average temperature of
17.8 °C, while the coolest month is February with an average temperature of -1.7 °C.
Coordinates: 49°02′N and 12°12′E
Elevation: 338 m a.s.l.
HDD (base temperature 18 °C): 3517
CDD (base temperature 25 °C): 40
Annual global solar radiation on horizontal surface: 1096 kWh/m2

Figure 10: Köppen climate classification in Germany [4].

3.1.2.2 Weather file
The weather file for the city of Regensburg, Germany, obtained from Meteonorm [38], is
based on air temperature data from the period 2000-2009 and solar radiation data from the
period 1991-2010. According to the weather file, the following Figure 11 and Figure 12
depict the trend of average daily air temperature for each month and total monthly diffuse
and global solar radiation, respectively.
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Figure 11: Average daily air temperature for each month in Regensburg.

Figure 12: Total monthly diffuse and global solar radiation in Regensburg.

3.1.2.3 Climate-related attitudes
Similar to Stockholm, in Regensburg, the focus of the design in residential buildings is mainly
on the winter conditions. Heating is always installed, in all types of buildings. The most
widespread energy carriers are gas, oil, and also district heating is common. The minimum
indoor comfort temperature in winter is 19 °C, but it can increase up to 21 °C. Therefore, an
average temperature equal to 20 °C is commonly considered. In summer, it depends on the
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outside temperature, but it is normally around 26°C. Moreover, differentiated temperature
zones and intermittent heating are commonly applied.
Currently, the use of cooling in single family houses or apartment houses is not common, but
it is in office buildings. Only 1-2% of the residential buildings are cooled in summer [39].
However, increasingly more options for ventilation and cooling are being implemented. The
reasons are different, i.e. increased user requirements for the comfort, awareness about
climate change and its consequences, and the subjective feeling of very hot summer in the
recent past. Anyway, typical solutions are use of heating system in cooling mode, e.g. heat
pumps, but also passive cooling (including ground heat exchangers or fan assisted night
ventilation). District cooling is not usual, like in Stockholm. There are very few examples, like
the Stacchung-Bauwerk in Munich, which are using this type of cooling since 2011 [40].
Window shadings are used during summer, when it is also used to ventilate excess heat by
opening the windows mainly at night. Typical windows shadings are roller shutters, curtains
and window shutters. As concerns windows opening, it is used to open the window every
day for at least ten minutes to get fresh air during the whole year. For health, better comfort
and fresh air it is recommended to ventilate three times a day for at least 3-5 minutes [41].
Windows are typically standardized and have four different positions, i.e. completely closed,
leaning slightly forward and opened at the top, hardly open at all, but it allows for a small
amount of air to come in (used mainly only in winter), and fully opened.

3.1.3 Madrid, Spain
3.1.3.1 Description of the climate
According to the Köppen-Geiger climate classification [4,5], the climate conditions in Spain
can be divided between North and South region, as it can be seen in Figure 13. The climates
that dominate in Spain are Oceanic (North Spain) and Hot-summer Mediterranean (South
Spain).
The city of Madrid is located in the Mediterranean Temperate climate zone (Csa) [4,5],
mainly dry with cold winter and hot summer. The average annual temperature is 16.3 °C
with average 2691 hours of sunshine annually. About 452 mm of precipitation falls annually
during 58 days. On average, the warmest month is July with an average temperature of 24.5
°C, while the coolest month is February with an average temperature of 5.4 °C.
Coordinates: 40.41759°33′N and -3.70418°06′E
Elevation: 662 m a.s.l.
HDD (base temperature 18 °C): 1916
CDD (base temperature 25 °C): 342
Annual global solar radiation on horizontal surface: 1653 kWh/m2
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Figure 13: Köppen climate classification in Spain [4].

3.1.3.2 Weather file
The weather file for the city of Madrid, Spain, obtained from Meteonorm [38], is based on
air temperature data from the period 2000-2009 and solar radiation data from the period
1991-2010. According to the weather file, the following Figure 14 and Figure 15 depict the
trend of average daily air temperature for each month and total monthly diffuse and global
solar radiation, respectively.

Figure 14: Average daily air temperature for each month in Madrid.
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Figure 15: Total monthly diffuse and global solar radiation in Madrid.

3.1.3.3 Climate-related attitudes
General Spanish habits: on any given day, the beginning of the working day, the closing of
the traditional shops during the midday (it is not the case of big shops like franchises, or
supermarket chains, etc.) or the bigger occupation of the homes in the final hours of the
day, explain why the electricity demand is not identical in the different hours of the day, as it
can be seen in Figure 16.
In winter time the peak hours are between 11:00 a.m. and 12:00 p.m. and between 7:00 and
8:00 p.m. due to higher activity in SME/services and residential buildings. In summer time
the peak hours concentrate between 12:00 and 2:00 p.m. due to higher cooling demand.

Figure 16: Typical daily electricity consumption in Spain in function of the final user.

The energy-related behaviours in Spain can be divided between North and South region,
according to the above-mentioned climate classification. For each of the two main climates
in Spain, the energy-related behaviours are described as follows.
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North Spain (Oceanic climate):







High heating needs. It is common to use individual natural gas boilers. There is a
fashion to use air-cooled heat pumps in new construction.
Heating typical set-point temperatures: around 21-23 ºC. If the heating system is
shared with the community, i.e. central heating, there are problems of awareness of
the users: set-points higher than 25 ºC.
No need of cooling. Less than 5% of houses have air conditioning systems (Table 2).
Presence and common type of windows shading (blinds and others).
Windows opening attitudes during summer, especially during evening.

South Spain (hot-summer Mediterranean):








Also heating needs. It is common to use individual natural gas boilers.
Heating typical set-point temperatures: around 21-23 ºC. If the heating system is
shared with the community, there are problems of awareness of the users: setpoints higher than 25 ºC.
High need of cooling. The most common cooling system is traditional air
conditioning systems and nowadays heat pumps. However, solely 30-45% of houses
have air conditioning systems in such region (Table 2).
Presence and common type of windows shading (blinds and others).
Windows opening attitudes during summer: during the day closed, during the
evening open.

Table 2: Percentage use of air conditioning systems in residential buildings in Spain by region.

3.2 Building typologies
According to the project proposal, the main focus will be on the development of the STES
system for application in residential buildings and, in particular, single-family houses in the
selected climate contexts. However, with the goal of future market uptake of the developed
system, it is worth considering additional widespread residential building typologies, not to
focus on a single application. To this aim, among residential building typologies, the low-rise
multifamily houses are suitable for the implementation of the proposed STES system.
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Accordingly, the considered building typologies for the performance assessment of the STES
system are the following:



single-family house;
multifamily house.

The two considered residential building typologies will be classified, in terms of construction
characteristics, by (i) country, i.e. Sweden, Germany, and Spain, and by (ii) construction age,
in accordance with the database developed within the context of previous IEE Project
TABULA [2] and IEE Project EPISCOPE [3]. According to the database classification, different
construction age classes are considered for each country, characterized by diverse
construction periods and number of age bands [42]. Such construction age classes depend
on the construction regulations and techniques specific of each country. Anyway,
construction ages are considered starting from 1970, when requirements on thermal
insulation became more relevant in European countries. Accordingly, five construction age
classes are considered for Germany, while three for Sweden and Spain. Moreover, the
Nearly Zero-Energy Building (NZEB) actual typology is considered in each country.
The technical characteristics of the two case study buildings in each country and for each
construction age are reported in the following sub-sections.

3.2.1 Single-family house
A single-family house is a stand-alone residential building. Therefore, the structure is
maintained and used as a one dwelling unit. Generally, this type of building has open space
on all four sides and is not attached to any other structure (single-family detached house).
However, it could also share one or more walls with another dwelling unit (single-family
attached house). Anyway, it is considered a single-family residence if it has direct access to a
street and it does not share heating, cooling, or hot water facilities, nor any other essential
service with any other dwelling unit [43].
3.2.1.1 Sweden
3.2.1.1.1 Description
The standard single-family house in Sweden can be terraced or detached, depending on
whether it is located in the city centre or in a rural suburb. Anyway, they consist typically of
at least 2 storeys aboveground, a basement, and a loft. Figure 17 depicts a standard singlefamily terraced house plan.
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Figure 17: Standard single-family terraced house in Stockholm, Sweden: (from left to right) ground
floor plan, first floor plan, and loft plan.

3.2.1.1.2 Classification by construction age
3.2.1.1.2.1 1976-1985
The single-family building type in this construction age has reference floor area equal to 106
m2. The heating system fuel is oil, with non-condensing boiler for domestic hot water, and
no ventilation system is installed. The following Table 3 reports the building construction
characteristics.
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Table 3: Characteristics of the main building envelope components in Sweden for the age band 19761985.

Description

U-value [W/m2K]

Horizontal wind

0.15

External wall

-

0.21

Ground floor

Concrete slab

0.27

Window

-

2.01

Door

-

2.80

Component

Roof

3.2.1.1.2.2 1986-1995
The single-family building type in this construction age has reference floor area equal to 106
m2. The heating system fuel is oil, with non-condensing boiler for domestic hot water, and
no ventilation system is installed. The following Table 4 reports the building construction
characteristics.
Table 4: Characteristics of the main building envelope components in Sweden for the age band 19861995.

Description

U-value [W/m2K]

Horizontal wind

0.12

External wall

-

0.17

Ground floor

Concrete slab

0.24

Window

-

1.94

Door

-

2.80

Component

Roof

3.2.1.1.2.3 1996-2005
The single-family building type in this construction age has reference floor area equal to 106
m2. The heating system fuel is oil, with non-condensing boiler for domestic hot water, and
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no ventilation system is installed. The following Table 5 reports the building construction
characteristics.
Table 5: Characteristics of the main building envelope components in Sweden for the age band 19962005.

Description

U-value [W/m2K]

Horizontal wind

0.12

External wall

-

0.20

Ground floor

Concrete slab

0.18

Window

-

1.87

Door

-

1.50

Component

Roof

3.2.1.2 Germany
3.2.1.2.1 Description
The most common single-family house in Germany is detached. It consists typically of at
least 2 storeys aboveground, a basement, and a loft. Figure 18 depicts a standard singlefamily detached house plan.
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Figure 18: Standard single-family detached house in Regensburg, Germany: (from left to right and top
to bottom) basement plan, ground floor plan, first floor plan, and loft plan.

3.2.1.2.2 Classification by construction age
3.2.1.2.2.1 1969-1978
The single-family building type in this construction age has reference floor area equal to 173
m2. The heating system is gas central heating (single-unit housing) characterized by poor
efficiency with low temperature non-condensing boiler. The following Table 6 reports the
building construction characteristics.
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Table 6: Characteristics of the main building envelope components in Germany for the age band 19691978.

Description

U-value [W/m2K]

Flat roof with 6 cm insulation

0.50

External wall

Masonry

1.00

Ground floor

Concrete ceiling with 2 cm insulation

0.77

Wooden window with dual-pane glazing

2.80

Wooden door

3.00

Component

Roof

Window
Door

3.2.1.2.2.2 1979-1983
The single-family building type in this construction age has reference floor area equal to 216
m2. The heating system is gas central heating (single-unit housing) characterized by poor
efficiency with low temperature non-condensing boiler. The following Table 7 reports the
building construction characteristics.
Table 7: Characteristics of the main building envelope components in Germany for the age band 19791983.

Description

U-value [W/m2K]

Tilted roof with 8 cm insulation

0.50

External wall

Masonry of light bricks/light mortar

0.80

Ground floor

Concrete ceiling with 4 cm insulation

0.65

Window

Metal window with dual-pane glazing

4.30

Wooden door

3.00

Component

Roof

Door

3.2.1.2.2.3 1984-1994
The single-family building type in this construction age has reference floor area equal to 150
m2. The heating system is gas central heating (single-unit housing) characterized by poor
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efficiency with low temperature non-condensing boiler. The following Table 8 reports the
building construction characteristics.
Table 8: Characteristics of the main building envelope components in Sweden for the age band 19841994.

Description

U-value [W/m2K]

Tilted roof with 12 cm insulation

0.40

External wall

Masonry of porous concrete/light mortar

0.50

Ground floor

Concrete ceiling with 6 cm insulation

0.51

Aluminium window with thermal disjunction
and dual-pane glazing

3.20

Wooden door

3.00

Component

Roof

Window

Door

3.2.1.2.2.4 1995-2001
The single-family building type in this construction age has reference floor area equal to 122
m2. The heating system is gas central heating (single-unit housing) characterized by medium
efficiency with condensing boiler. The following Table 9 reports the building construction
characteristics.
Table 9: Characteristics of the main building envelope components in Sweden for the age band 19952001.

Description

U-value [W/m2K]

Tilted roof with 14 cm insulation

0.35

External wall

Two layers of brickwork with 10 cm insulation

0.30

Ground floor

Concrete ceiling with 8 cm insulation

0.40

Aluminium window with dual-pane low-e
glazing

1.90

Thermally improved door

2.00

Component

Roof

Window

Door
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3.2.1.2.2.5 2002-2009
The single-family building type in this construction age has reference floor area equal to 147
m2. The heating system is gas central heating (single-unit housing) characterized by medium
efficiency with condensing boiler. The following Table 10 reports the building construction
characteristics.

Table 10: Characteristics of the main building envelope components in Sweden for the age band 20022009.

Description

U-value [W/m2K]

Tiled roof with 16 cm insulation

0.25

External wall

Two layers of brickwork with 10 cm insulation

0.30

Ground floor

Concrete ceiling with 10 cm insulation

0.28

Aluminium window with dual-pane low-e
glazing

1.40

Thermally improved door

2.00

Component

Roof

Window

Door

3.2.1.2.2.6 2010-2015
The single-family building type in this construction age has reference floor area equal to 187
m2. The heating system is gas central heating (single-unit housing) characterized by rather
high efficiency with condensing boiler, DHW circulation loop, solar system, and exhaust
ventilation system. The following Table 11 reports the building construction characteristics.
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Table 11: Characteristics of the main building envelope components in Sweden for the age band 20102015.

Description

U-value [W/m2K]

Insulate cavity between rafters and additional
insulation layer for total insulation thickness
of 21 cm

0.20

External wall

External insulated render system with 12 cm
insulation

0.28

Ground floor

Slab with 10 cm external insulation

0.35

Window with double glazing, argon filled,
low-e

1.30

Door with insulation layer

1.80

Component

Roof

Window

Door

3.2.1.3 Spain
3.2.1.3.1 Description
The most common single-family house in Spain is terraced. It consists typically of at least 2
storeys aboveground and a basement. Figure 19 depicts a standard single-family terraced
house plan.
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Figure 19: Standard single-family detached house in Madrid, Spain: (from left to right and top to
bottom) basement plan, ground floor plan, and first floor plan.

3.2.1.3.2 Classification by construction age
3.2.1.3.2.1 1960-1979
The single-family building type in this construction age has reference floor area equal to 251
m2. The heating system is gas central heating characterized by poor efficiency with noncondensing boiler. The following Table 12 reports the building construction characteristics.
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Table 12: Characteristics of the main building envelope components in Sweden for the age band 19601979.

Description

U-value [W/m2K]

Roof

Ventilated pitched roof with concrete
horizontal framework

1.67

External wall

Cavity wall with bricks and air cavity

1.33

Ground floor

-

0.85

Metal frame single glazed without thermal
break

5.70

-

-

Component

Window

Door

3.2.1.3.2.2 1980-2006
The single-family building type in this construction age has reference floor area equal to 162
m2. The heating system is gas central heating characterized by poor efficiency with noncondensing boiler. The following Table 13 reports the building construction characteristics.
Table 13: Characteristics of the main building envelope components in Sweden for the age band 19802006.

Description

U-value [W/m2K]

Flat roof with prestressed joint

1.92

External wall

Cavity wall with insulation

0.72

Ground floor

One-way framework with prestressed joint

1.31

PVC frame double glazed

3.09

-

-

Component

Roof

Window
Door

3.2.1.3.2.3 2007-2016
The single-family building type in this construction age has reference floor area equal to 143
m2. The heating system is gas central heating characterized by poor efficiency with non-
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condensing boiler and decentral thermal solar. The following Table 14 reports the building
construction characteristics.
Table 14: Characteristics of the main building envelope components in Sweden for the age band 20072016.

Description

U-value [W/m2K]

Flat roof with prestressed joint

0.42

External wall

Cavity wall with insulation

0.48

Ground floor

One-way framework with prestressed joint
with insulation

0.44

Metal frame single glazed with thermal break

2.92

-

-

Component

Roof

Window
Door

3.2.2 Multiuser house
In multifamily or multi-family houses, multiple separate housing units for residential use are
contained within one building or several buildings within one complex [44]. The most
common form is apartment building. However, other typologies exist, such as duplex, semidetached house, apartment community, etc.
3.2.2.1 Sweden
3.2.2.1.1 Description
The most common multifamily house in Sweden is detached house with pitched roof.
Anyway, it consists typically of maximum 9 storeys aboveground. Figure 20 depicts a
standard multifamily house plan.

Figure 20: Standard multifamily house in Stockholm, Sweden: example floor plan.
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3.2.2.1.2 Classification by construction age
3.2.2.1.2.1 1976-1985
The multifamily building type in this construction age has reference floor area equal to 1207
m2. The heating system fuel is oil, with non-condensing boiler for domestic hot water, and
exhaust air ventilation system is installed. The following Table 15 reports the building
construction characteristics.
Table 15: Characteristics of the main building envelope components in Sweden for the age band 19761985.

Description

U-value [W/m2K]

Horizontal wind

0.17

External wall

-

0.33

Ground floor

Concrete slab

0.27

Window

-

2.04

Door

-

2.80

Component

Roof

3.2.2.1.2.2 1986-1995
The multifamily building type in this construction age has reference floor area equal to 1207
m2. The heating system fuel is oil, with non-condensing boiler for domestic hot water, and
exhaust air ventilation system is installed. The following Table 16 reports the building
construction characteristics.
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Table 16: Characteristics of the main building envelope components in Sweden for the age band 19861995.

Description

U-value [W/m2K]

Horizontal wind

0.15

External wall

-

0.22

Ground floor

Concrete slab

0.24

Window

-

1.80

Door

-

2.80

Component

Roof

3.2.2.1.2.3 1996-2005
The multifamily building type in this construction age has reference floor area equal to 1207
m2. The heating system fuel is oil, with non-condensing boiler for domestic hot water, and
exhaust air ventilation system is installed. The following Table 17 reports the building
construction characteristics.
Table 17: Characteristics of the main building envelope components in Sweden for the age band 19962005.

Description

U-value [W/m2K]

Horizontal wind

0.13

External wall

-

0.20

Ground floor

Concrete slab

0.21

Window

-

1.97

Door

-

1.50

Component

Roof
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3.2.2.2 Germany
3.2.2.2.1 Description
The standard multifamily house in Germany is detached and it is typically between 4 and 6
stories high. Both pitched and flat roof are equally common. Figure 21 depicts a standard
multifamily house plan.

Figure 21: Standard multifamily house in Regensburg, Germany: example floor plan.

3.2.2.2.2 Classification by construction age
3.2.2.2.2.1 1969-1978
The multifamily building type in this construction age has reference floor area equal to 469
m2. The heating system is gas central heating (multi-unit housing) characterized by poor
efficiency with low temperature non-condensing boiler. The following Table 18 reports the
building construction characteristics.
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Table 18: Characteristics of the main building envelope components in Germany for the age band
1969-1978.

Description

U-value [W/m2K]

Concrete ceiling with 5 cm insulation

0.51

External wall

Masonry

1.00

Ground floor

Concrete ceiling with 2 cm insulation

0.77

Plastic frame window with dual-pane glazing

3.00

Metal door

4.00

Component

Roof

Window
Door

3.2.2.2.2.2 1979-1983
The multifamily building type in this construction age has reference floor area equal to 654
m2. The heating system is gas central heating (multi-unit housing) characterized by poor
efficiency with low temperature non-condensing boiler. The following Table 19 reports the
building construction characteristics.
Table 19: Characteristics of the main building envelope components in Germany for the age band
1979-1983.

Description

U-value [W/m2K]

Roof

Concrete ceiling with 6 cm insulation

0.43

External wall

Masonry of light bricks/light mortar

0.80

Ground floor

Concrete ceiling with 4 cm insulation

0.65

Plastic frame window with dual-pane glazing

3.00

Metal door

4.00

Component

Window
Door

3.2.2.2.2.3 1984-1994
The multifamily building type in this construction age has reference floor area equal to 778
m2. The heating system is gas central heating (multi-unit housing) characterized by poor
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efficiency with low temperature non-condensing boiler. The following Table 20 reports the
building construction characteristics.
Table 20: Characteristics of the main building envelope components in Sweden for the age band 19841994.

Description

U-value [W/m2K]

Concrete ceiling with 10 cm insulation

0.36

External wall

Masonry of light bricks/light mortar

0.60

Ground floor

Concrete ceiling with 6 cm insulation

0.51

Plastic frame window with dual-pane glazing

3.00

Metal door

4.00

Component

Roof

Window
Door

3.2.2.2.2.4 1995-2001
The multifamily building type in this construction age has reference floor area equal to 835
m2. The heating system is gas central heating (multi-unit housing) characterized by medium
efficiency with condensing boiler. The following Table 21 reports the building construction
characteristics.
Table 21: Characteristics of the main building envelope components in Sweden for the age band 19952001.

Description

U-value [W/m2K]

Roof

Concrete ceiling with 10 cm insulation

0.32

External wall

Masonry with 8 cm render insulation

0.40

Ground floor

Concrete ceiling with 8 cm insulation

0.40

Plastic frame window with dual-pane low-e
glazing

1.90

Thermally improved door

2.00

Component

Window

Door
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3.2.2.2.2.5 2002-2009
The multifamily building type in this construction age has reference floor area equal to 2190
m2. The heating system is gas central heating (multi-unit housing) characterized by medium
efficiency with condensing boiler. The following Table 22 reports the building construction
characteristics.

Table 22: Characteristics of the main building envelope components in Sweden for the age band 20022009.

Description

U-value [W/m2K]

Tilted roof with 18 cm insulation

0.20

External wall

Masonry with 14 cm render insulation

0.25

Ground floor

Concrete ceiling with 10 cm insulation

0.32

Component

Roof

Plastic frame window with dual-pane
Window

1.40
low-e glazing

Door

Metal door with thermal break

3.00

3.2.2.2.2.6 2010-2015
The multifamily building type in this construction age has reference floor area equal to 1305
m2. The heating system is gas central heating (multi-unit housing) characterized by high
efficiency with condensing boiler, thermal solar system, and exhaust air ventilation system.
The following Table 23 reports the building construction characteristics.
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Table 23: Characteristics of the main building envelope components in Sweden for the age band 20102015.

Description

U-value [W/m2K]

Roofing with 18 cm insulation on ceiling

0.20

External wall

External insulated render system with 12 cm
insulation

0.28

Ground floor

Slab with 10 cm external insulation

0.35

Window with double glazing, argon filled,
low-e

1.30

Door with insulation layer

1.80

Component

Roof

Window

Door

3.2.2.3 Spain
3.2.2.3.1 Description
The most common multifamily house in Spain is terraced house. Typically, it consists of 4 to
6 floors and the flats are arranges around a big internal patio. Figure 22 depicts a standard
multifamily house plan.

Figure 22: Standard multifamily house in Madrid, Spain: example floor plan.

3.2.2.3.2 Classification by construction age
3.2.2.3.2.1 1960-1979
The multifamily building type in this construction age has reference floor area equal to 1267
m2. The heating system is gas central heating characterized by poor efficiency with noncondensing boiler. The following Table 24 reports the building construction characteristics.
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Table 24: Characteristics of the main building envelope components in Sweden for the age band 19601979.

Description

U-value [W/m2K]

Ventilated flat roof with concrete horizontal
framework

1.61

External wall

Cavity wall with bricks and air cavity

1.64

Ground floor

One-way framework with prestressed joint

0.71

Window

Metal frame single glazed without thermal
break

5.70

-

-

Component

Roof

Door

3.2.2.3.2.2 1980-2006
The multifamily building type in this construction age has reference floor area equal to 748
m2. The heating system is gas central heating characterized by poor efficiency with noncondensing boiler. The following Table 25 reports the building construction characteristics.
Table 25: Characteristics of the main building envelope components in Sweden for the age band 19802006.

Description

U-value [W/m2K]

Ventilated flat roof with concrete horizontal
framework

0.56

External wall

Cavity wall with insulation

0.60

Ground floor

One-way framework with wooden joints

1.39

Metal frame single glazed without thermal
break

3.37

-

-

Component

Roof

Window

Door
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3.2.2.3.2.3 2007-2016
The multifamily building type in this construction age has reference floor area equal to 1419
m2. The heating system is gas central heating characterized by poor efficiency with noncondensing boiler and decentral thermal solar. The following Table 26 reports the building
construction characteristics.
Table 26: Characteristics of the main building envelope components in Sweden for the age band 20072016.

Description

U-value [W/m2K]

Flat roof with prestressed joint

0.45

External wall

Brick wall with insulation

0.52

Ground floor

One-way framework with prestressed joint
with insulation

0.56

Window

Metal frame single glazed without thermal
break

3.37

-

-

Component

Roof

Door

3.2.3 NZEB
In the Energy Performance of Buildings Directive 2010/31/EU [19], the European
Commission defines the minimum requirements of energy performance for Nearly zeroenergy buildings (NZEBs). Therefore, EU Member States are advised to draw up national
plans and set national definitions of NZEB by taking the required measures to ensure the
application of this performance requirements not below the projected cost-optimal level of
minimum requirements.
The specific NZEB requirements for residential buildings in the considered case study
countries are reported in the following sub-sections.
3.2.3.1 Sweden
In Sweden, the Energy Performance of Buildings Directive has been transposed by the
Planning and Building Act called PBA, the Planning and Building Ordinance called PBO, and
by Building regulation called BBR provided by Boverket [9]. According to Chapter 3, section
14 of PBO, a building should:




have a very high energy performance (to be called Nearly Zero Energy Building)
expressed as primary energy which should be calculated by considering both final
energy consumption and primary energy factor;
have particularly good properties regarding management of the household
electricity;

45



be equipped with building components consisting of one or more layers that insulate
the interior of the building from the surrounding environment, so that only a small
amount of heat can pass through it.

After a long legal process consisting of referrals and discussions among different
stakeholders, the Swedish Nearly-Zero Energy regulations have been introduced in Chapter 9
of BBR since July 2017. The new regulations are coming into force in two stages: (i) the first
stage is already enforced (since July 2017) and (ii) higher requirement will be enforced by
2021. Those new regulations in BBR that came into force since July 2017 [45] means:



NZEB is defined by fulfilling the requirements of European Performance of Building
Directive (EPBD);
the public buildings that will be completed by 2019 and later and the other types of
buildings which will be completed by 2021 and later will follow the definition of
NZEB.

The definition of NZEB is mainly focused on two KPIs: (i) maximum permitted primary energy
use and (ii) maximum permitted mean thermal-transmission coefficient.
Concerning the first KPI for energy use, one of the major changes in the new enforced
regulation regards the system boundary in calculation: the specific energy use in the building
was replaced by primary energy use. The largest system boundary is shown in Figure 23,
while the maximum permitted primary energy use [kWh/m2·year] for different types of
buildings is given in Table 27.

Figure 23: Three different boundaries for calculation of energy use in buildings: the largest boundary
level, i.e. primary energy use, must be considered in the calculations [46].
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Table 27: Limit value in function of the useful area [45].

Primary energy use
[kWh/m2·year]

Category

Single Family house

90

Multifamily house

85

Non-residential buildings

80

Primary energy use per m2·year for the buildings can be calculated from equation (1):
(1)
Where the numerator is the total energy supplied to the building and used for heating,
cooling, domestic hot water, and energy for individual properties at the annual basis. The
denominator is the building area in m2. The primary energy factor (PE) for different energy
carriers is given in Table 28.
Table 28: Primary energy factor for different energy carriers [45].

Primary Energy Factor (PE)

Year 2017

Electricity

1.6

District heating and cooling,
biofuel, oil and gas

1

Due to the large variety in climatic condition from south to north in Sweden (see sub-section
3.1.1), an adjustment factor for geographical location (
) is introduced to make a fair
criterion all over the country. The adjustment factor varies from 0.8 to 1.9, from south to
north of the country (Figure 24).
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Figure 24: Geographical adjustment factors (
) corresponding to the three different climatic zones
in Sweden [46].

As previously mentioned, the second important KPI in definition of NZEB in Sweden is
maximum permitted mean thermal-transmission coefficient (U-value). The idea behind
imposing requirements on thermal transmission coefficient, even though there is a
requirement for the energy performance of the building, is to ensure that the building
envelope achieves an acceptable level of quality, irrespective of any supply technology [47].
The maximum permitted mean U-value in the regulation enforced in 2018 is 0.4 W/ m2·K for
residential buildings and 0.6 W/ m2·K for non-residential buildings.
3.2.3.2 Germany
In Germany the requirements of residential NZEB are defined in the Energy Conservation
Legislation or in German the Energieeinsparverordnung (EnEV) which was changed 2015
according to the requirements of the European Commission. In some federal states there
exist specific laws but only in one state, namely Schleswig-Holstein, the “standard” is more
strict than what EnEV specifies. The primary energy demand must be less than 30% and the
transmission heat loss less than 20% of the EnEV-requirements for a NZEB [48].
The EnEV applies mainly to residential buildings and differentiates between new and old
buildings. For heating a new building, is not allowed to expend more than 70 kWh/m2·year,
which corresponds to 7 litre heating oil/(m2·year) or 7 m3 natural gas/(m2·year). For new
buildings, a simple verification procedure does exist only for houses with low expected
consumption, e.g. if the building has an internal temperature less than 19 °C or it has a floor
area less than 100 m2. In other cases, it has to be proved that the yearly primary energy
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consumption and the thermal transmission coefficient are met. For old existing buildings
either the thermal transmission coefficient or the primary energy consumption has to be
proved.
The demand for primary energy (Qp) for residential buildings in Germany is calculated by
summing up the heating (useful) demand (Qh) and the demand for domestic hot water (Qw)
and multiplying the result by the so called energy consumption ratio (eP), as in equation (2).
The latter is calculated according to equation (3), where fP the primary energy factor of the
applied end energy resource (e.g. natural gas, oil or electricity), HNW the efficiency of the
heat distribution network including storage and pipelines, and HD representing the
efficiency of the heating device.
(2)
(3)
For refurbishment of old buildings, the demand for primary energy has to be less than 100
kWh/m2·year. Table 29 illustrates the minimal requirements for residential NZEBs in
Germany according to annex 1 of the EnEV.
For old buildings, oil heating and gas heating older than 30 years must be exchanged.
Heating and warm water pipes must be isolated. The topmost floor slab connected to an
unheated attic has also to be insulated.
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Table 29: Characteristics of the reference NZE-Building.

Reference building (value)
Line

Component
Characteristics
(line 1 – 3)

1.1

External wall, floor slab against air

Thermal transmission
coefficient

U = 0.28 W/m2K

1.2

External wall against ground, floor
plate, walls and slabs to unheated
rooms

Thermal transmission
coefficient

U = 0.35 W/m2K

1.3

Roof topmost floor slab, walls to back

Thermal transmission
coefficient

U = 0.20 W/m2K

Thermal transmission
coefficient

Uw = 1.3 W/m2K

Solar factor

g = 0.6

Thermal transmission
coefficient

Uw= 1.4 W/m2K

Solar factor

g = 0.6

Thermal transmission
coefficient

Uw= 2.7 W/m2K

Solar factor

g = 0.64

1.4

1.5

1.6

Windows, French door

Roof area window

Saucer dome

1.7

External door

Thermal transmission
coefficient

U = 1.8 W/m2K

2

Components of line 1.1 – 1.7

Additional value of
thermal bridge

∆UWB = 0,05 W/m2K
Calculation with:

3

Airtightness of the building envelope

Rated value n50

- DIN V 4108-6: 200306: with leak test;
- DIN V 18599-2: 201112: with category I.

4

Solar protection

No requirement after no. 2.1.1 and 2.1.2
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Heat production with condensing
(improved), heating oil, list:
-

5

boiler

- buildings up to 500m² useful area within
thermal envelope;
- buildings with more than 500m² useful area
beyond thermal envelope.
Heating net 55/45 °C for low temperature
radiation heating surfaces and connection
tubing, standard tube length after DIN V 4701:
10: 2003-80 Table 5.3-2, demand regulated
pump (Δp constant), hydraulic adjusted piping
network.

Heating system

Heat delivery with free standing static heat
radiation surfaces, arranged to normal external
wall, thermostatic valve with a proportional
range of 1 K.
Central warm water generation.
Common water heating with heating system of
line 5.
If calculated after no. 2.1.1: Solar collector and
storage, dimensioned after DIN V 18599-8: 201112 Table 15.

6

If calculated after no. 2.1.2: Solar collector only
for warm water generation after DIN V 4701-10:
2003-08 Table 5.1-10a with warm water storage,
indirect heating (standing), same assembly as
the heat-generation system:

Water heating system

-

- small solar system with AN ≤ 500 m2 (bivalent
solar storage);
- big solar system with AN > 500 m2.
Distribution system within the heat exchanging
envelope surface, internal cables and connection
tubing, same installation wall, standard line
length after DIN V 4701-10: 2003-08 Table 5.1-2a
with circulation.

7

Cooling

No requirement

8

Ventilation

Central exhaust-air regulated after demand with
a DC-ventilator.
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3.2.3.3 Spain
The Spanish Government modified in 2017 part of the Royal Decree approving the energy
certificate of the buildings. One of the changes affects the definition of the term “almost net
zero energy building”, in order to make it coincide with the Community Directive. Thus, the
new meaning is that of a building with a very high level of energy efficiency and whose
almost zero amount of energy should be covered by energy from renewable sources.
Specifically, the second additional provision of Royal Decree 235/2013 of April 5 [49], which
approves the energy certification of buildings, was modified. The objective was to change
the definition of energy consumption building almost zero. Now it is considered the one
having a very high level of energy efficiency, which will be determined in accordance with
Annex I of the European Directive. The near zero or very low amount of energy required
should be covered, to a large extent, by energy from renewable sources, including energy
from renewable sources produced in situ or in the environment.
In addition, according to the fourth additional provision of Royal Decree 235/2013 [49], the
new buildings that are to be occupied and are public property, will be energy consumption
buildings almost zero after December 31, 2018. This Royal Decree also indicates that the
minimum requirements that these buildings must meet shall be those that are determined
at each time in the Technical Building Code.
For new residential buildings or extensions of existing residential buildings: the energy
consumption of the non-renewable primary energy of the building or the extended part,
where appropriate, must not exceed the limit value Cep,lim obtained by the following
equation (4):
(4)
where:
is the limit value of the energy consumption of non-renewable primary energy for
heating, cooling, and DHW services in kWh/m2·year, considering the useful surface of living
spaces;
is the base value of the energy consumption of non-renewable primary energy,
dependent on the winter climatic zone corresponding to the location of the building, which
takes the values from Table 30;
is the correction factor by surface of the non-renewable primary energy
consumption, which takes the values from Table 30; and
is the useful area of the living spaces of the building, or the extended part, in m2.
As an example, Madrid will be used to calculate the limit value of the energy consumption of
non-renewable primary energy for heating, cooling, and DHW services in function of the
useful area of the living space of the building. Table 31 shows the limit value of energy
consumption for different scenarios.
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Table 30: Base value and correction factor per area of energy consumption.

Winter climate zone

[kWh/m2·year]

α

A

B

C

D

E

40

40

45

50

60

70

1000

1000

1000

1500

3000

4000

Table 31: Limit value in function of the useful area.
S [m2]

50

100

150

200

50

100

[kWh/m2·year]

120

90

80

75

120

90

6000

9000

12000

15000

6000

9000

[kWh/year]

3.3 Energy consumption uses, habits, and constraints
As concerns energy consumption, the case study buildings are firstly differentiated in terms
of energy class. This classification is related to the building typologies classification by
construction age, and, therefore, already defined in the previous section.
Moreover, energy consumption uses, in terms of heating demand profiles, are differentiated
based on the type of user. In detail, users are classified by considering various types of
families, which have, therefore, different occupancy presence and heating demand
schedules during the day. These household compositions are defined by the authors based
on existing literature (sub-section 2.3) and to take into account diversified occupancy
scenarios. In particular, households are defined according to the population
representativeness in the European Union [50], by considering the socio-demographic
context and the analysis of statistical data. According to eurostat data [50], in 2016, the two
most common types of household in the EU were those composed of 1 or 2 persons, which
accounted for almost one third of the total number of households each, i.e. 32.5% single
persons and 31.2% two person households. On the other hand, the average size of private
households was 2.3 persons. In fact, among larger households the most common are those
composed of 3 persons, which account for almost one sixth (16.3%) of the total. Therefore,
for the purpose of this analysis, three types of families are considered:




family with a child, i.e. 3 persons (Scenario 1);
young couple, i.e. 2 persons (Scenario 2);
elderly couple, i.e. 2 persons (Scenario 3).
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In addition, a further classification for each of the selected family-types is based on buildingoccupant interaction models. In detail, three types of behaviours, i.e. degrees of energy
efficiency awareness and education, are defined by the authors for each type of user, based
on existing knowledge (sub-section 2.3):




low-consumer, i.e. aware about green actions towards energy efficiency and
attentive to energy consumption (Scenario LC);
standard-consumer (Scenario SC);
high-consumer, i.e. regardless of building energy efficiency and consumption issues
(Scenario HC).

The above-mentioned diversification is considered to assess the performance of the
proposed system under several occupancy boundary conditions. The considered
classification of energy uses and habits is reported in the following sub-sections by schedule
and occupant behaviour-related attitudes. More detailed information about occupantbuilding interaction models will be provided in the following WP5.

3.3.1 Classification by schedule
The three different types of family provide a classification in terms of occupancy presence
profile and, therefore, heating demand schedules. The considered occupancy profiles are
shown in Figure 25 for a typical week day with varying the type of user. Such profiles will be
used in the numerical analysis of the proposed solar heating system to define the schedules
for occupancy and heating system operation.

Figure 25: Schedules of occupancy during a typical week day for the three user scenarios: family with a
child (Scenario 1), young couple (Scenario 2), elderly couple (Scenario 3). Where: 1 means building fully
occupied by all family components and 0 means non-occupied.

3.3.2 Classification by energy consumption attitude
The three different occupant energy consumption attitudes provide a classification in terms
of occupant behaviours and interactions within the building that could affect the indoor
thermal behaviour and, therefore, building heating energy consumption. Such specific
occupant behaviours are selected as active and passive human-based parameters, i.e.
occupant interactions directly to heating system management and indirectly affecting the
heating system performance [51]. Therefore, three sets representing a low-consumer, a
standard-consumer, and a high-consumer attitude are developed by combining the abovementioned behaviours, as summarized in Table 32. These three energy consumption
attitude scenarios are defined for each type of family. Therefore, a total of nine models of
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building-occupant interaction are implemented for the performance assessment of the
proposed system.
Table 32: Users energy consumption attitude scenarios.

Occupant behavior

Temperature set-point

Temperature set-back

Mechanical ventilation

Equipment use

High-consumer

Standard-consumer

Low-consumer

(HC)

(SC)

(LC)

Heating 21 °C

Heating 20 °C

Heating 19°C

Cooling 25 °C

Cooling 26 °C

Cooling 27°C

Heating 19.5 °C

Heating 18 °C

Heating 16.5°C

Cooling 26.5 °C

Cooling 28 °C

Cooling 29.5°C

(1.5°C)

(2°C)

(2.5°C)

Always activated

Activated during the
hours when building is
occupied and one hour
before the occupants
come back home

Heat recovery and
economizer on

- Longer frequency of
use due to wrong
behaviour

- Standard operation
for equipment
(ASHRAE standard
[52,53])

- Standby power
consumption disabled

- Label: A; A+

Lighting use

Window shading

Natural ventilation

- Label: A; A+

- Longer switch-on
time due to wrong
behaviour

- Standard operation
for lighting (ASHRAE
standard [52,53])

- Label: A+; A++; A+++

- Shorter switch-on
time due to green
behaviour

- Compact fluorescent
lamps (CFL)

- LED lamps

- Optimized use
through daylight
control (Linear lighting
control)

Longer time closed due
to wrong behaviour

Dedicated schedule
based on occupancy
(ASHRAE standard
[52,53])

Optimized through
solar radiation control

Schedule of window
opening extremely
unaware of outdoor
climate conditions

Standard schedule of
window opening
unaware of outdoor
climate conditions
(ASHRAE standard
[52,53])

Windows almost
always closed
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3.4 Summary of considered boundary conditions for the system
performance assessment
According to the above presented analysis, the boundary conditions considered for the
performance analysis of the proposed system, in terms of (i) climate boundary conditions,
(ii) residential building typologies, and (iii) energy consumption uses, habits and buildingoccupant interaction, are summarized in Figure 26.

Figure 26: Summary of the considered boundary conditions scenarios.

Altogether, the defined combinations would be 216. Therefore, it was decided to focus the
system performance assessment, through dynamic simulation in future project activities, on
the boundary conditions mostly significant for the purposes of the project, as reported in the
following section.

4 Selected boundary conditions for the system performance
assessment
Based on analysis of all considered boundary conditions, the selected scenarios for the
preliminary performance analysis of the proposed solar heating technology based on the
novel Seasonal Thermal Energy Storage system, in terms of (i) climate boundary conditions,
(ii) residential building typologies, and (iii) energy consumption uses, habits and buildingoccupant interaction, are reported as follows and summarized in Figure 27:
(i) Climate zones: all the three considered climate boundary conditions have been
selected to represent south, central, and north Europe climates, as follows:


Stockholm, Sweden;
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Regensburg, Germany;
Madrid, Spain.

(ii) Building typologies: only the single-family residential building typology is selected
in each climate, due to the greater availability and adaptability to lodge the
proposed STES system. For the same reason, in addition to the will to reach new and
renovated existing buildings market which takes into account energy efficiency
requirements [19,22], only the NZEBs construction typologies are selected. In fact,
the proposed system is planned to be released by 2030, according to the project
purposes, when these building typologies will be required. Building floor area is
defined in each country based on the reference value in the most recent years (see
sub-section 3.2.1).
(iii) Occupant behaviour: in order to consider the more severe scenario for heating and
domestic hot water demand., the largest family typology among the most common
in EU [50], i.e. the 3 persons household, is selected. Moreover, only the lowconsumer occupant behaviour is selected since it is assumed that people living in
high performance NZEBs are aware about and attentive to building energy
consumption and efficiency.

Figure 27: Summary of the selected boundary conditions scenarios.

5 Conclusions
The aim of this deliverable is to define the input boundary conditions for the numerical
assessment of the performance of the proposed solar heating technology based on the
novel Seasonal Thermal Energy Storage system within the context of the project. Such input
boundary conditions were selected by taking into account the features and capabilities of
the system and the context and timing of its release and applicability.
Accordingly, the selected building scenarios for the assessment of the system performance
are 3, i.e. one in each considered climate zone, representing a residential single-family
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NZEB according to the regulation requirements in each related country and hosting a lowconsumer 3 persons household.
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