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ABSTRACT

Buildings consume significant amount of final energy and they emit large amount of CO, emissions. To
address this issue, nearly zero energy buildings is becoming a common in many countries, while research
is advancing towards the positive energy building (PEB) target by utilizing renewable energy that can
support reducing the emissions from the building stock. The aim of this study, is to design and model
a renewable-based energy system for a real demo apartment building in Nordics (Finland) in order to
be a PEB, by exceeding the building’s heating, cooling and plug load demands. The novelty of this study
is to assesses the fulfillment of the PEB level in cold climate, by simulating various technologies (such as
photovoltaic-thermal (PVT) system, heat pump (HP), wind turbines, seasonal thermal energy storage etc.)
their integration with the building, its controls strategies, types of load included in the energy balance
and definition of building boundaries across which the balance is calculated. TRNSYS simulation software
is mainly used for dynamic simulation of the energy system. The electricity import and export, the life
cycle cost (LCC), and the onsite energy matching factors are calculated to estimate the performance of
the proposed system. In addition, the challenges related to the building’s limited physical boundary
are discussed. The results of this study shows that, if all the demands are included, i.e. heating, cooling
and plug loads, then it is difficult to reach the PEB level. In this case, the investment cost in the energy
system is around 47-62% of the LCC and the rest is the operational cost. On the other hand, the PEB level
is relatively easier to achieve if the plug loads are excluded, then the investment cost is around 88-100%
of the LCC and there can be positive cash flow due to larger energy export than import. The PEB level is
possible to be achieved when all the demands are included if the building boundary is extended to a vir-
tual boundary outside its physical boundary that allows the addition of more renewable generations or
by changing the building’s shape that allows the more installations of renewables on the roof. In this sce-
nario, the investment cost on the energy system is around 62-91% of the LCC. Compared to the building
cost, the energy system cost is generally low, i.e. around 1.2-4.3% of the building cost.. It can be con-
cluded that in the Nordic conditions, it is difficult to reach the PEB level for the buildings in urban areas
if the all the building’s energy demands are included. Renewable energy generations, such as additional
PVT and wind turbines, are needed to be installed in an extended (virtual) boundary of the building if the
PEB criterion has to be met when considering all the energy demands. Investment cost of the renewable
energy system is low compared to the building’s cost, therefore, such renewable-based solutions can be
provided with small additional cost, along with the new building’s cost, so that PEB and carbon neutrality
targets can be achieved.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

efforts to reduce carbon dioxide (CO,) emissions from buildings
and the energy sector [1]. With the plans to increase the share of

The increase in the energy consumption, the intensification of
global warming and policies to reduce the need of fossil fuels have
created interest to shift towards sustainable energy sources. The
2015 Paris Agreement has put more emphasis on international
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the RES by 32% in the European Union (EU) by 2030 [2] and to fur-
ther reduce CO, emissions by 80% by 2050 [3], it is expected that
the share of RES will increase on a yearly basis. An important sector
that contributes significantly towards climate change and global
warming is the building sector. Buildings account for 30%-40% of
global final energy consumption [4] and nearly 40% of the global
CO, emissions. In the last decade, policies such as the Directive
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on Energy Performance of Buildings (EPBD) have been introduced
to address the issue, aiming to decarbonize the building stock by
2050 and to reach net zero energy building (Net ZEB) or nearly zero
energy buildings (NZEBs) [5]. With respect to the Net Zero Energy
Building (Net ZEB) concept, a comprehensive work was conducted
in the international collaboration joint project IEA SHC Task 40/EBC
Annex 52 Net Zero Energy Solar Buildings (2008-2013) [6], which
covered different aspects within its four subtasks: Definitions and
Large-Scale Implications, Design Process Tools, Advanced Building
Design and Case studies, and Dissemination. In accordance with
that work, it can be concluded that a net zero energy building
(Net ZEB) is an energy efficient grid-connected building that
reaches a net zero balance in defined credits exchanged with the
outside across the building’s boundary within a specified period
of time (typically one year). Depending on the target of the balance,
the credits can be site energy, primary energy, CO, emissions,
energy cost, etc., associated with the energy flow from or to the
building. The energy flow is normally energy import and export
from the building (or alternatively energy demand and generation
when self-consumption is considered), but can also include
imported fuel used in the building to generate energy, e.g. import-
ing oil to produce heat by a boiler, gas to a micro-CHP to produce
heat and electricity, etc. Various types of building loads can be
encountered in the balance depending on the national codes and
regulations or the project’s definition, which may include appli-
ances and plug load as well. This may also consider electric vehicle
as a load inside the building’s boundary depending on the defini-
tion. Publications produced by the above mentioned joint IEA
SHC Task 40/EBC Annex 52 cover various details related to Net
ZEB. In this concept, first it is to define a boundary of the building
so that energy flow across it will be counted for the net energy bal-
ance. Depending on how it is defined, the physical boundary can be
confined to the building’s footprint or can otherwise extend to
include the whole property, e.g. a detached parking lot where PV
panels can be installed. In addition, investments in renewable
energy installations that are not on the building site may be
included in the balance if financed by the building’s owner. Addi-
tionally, a building can purchase off-site renewable energy [7,8],
which can make the balance explicitly based on covering the short-
age by imported renewable energy. Depending on the agreement
between different household owners in a community, mixed own-
ership of the renewable energy is possible, e.g. PV panels installed
on other building’s roof but is co-owned by more than one owner.
Scognamiglio and Garde [9] discussed different options for PV pan-
els’ installation in a Net ZEB building, including onsite PV installa-
tion outside the footprint of the building or offsite detached or
within another building footprint. Sartori et al. 2012 [8] indicated
that the Net ZEB balance can be equal to or larger than zero, mean-
ing that the Net ZEB can expand from zero to the positive side of
the energy balance as a Positive Energy Building (PEB). The energy
demand in the Net ZEB building is calculated according to the
requirements for the indoor environment quality (IEQ). The indoor
climate inside a Net ZEB building should be preserved at the
required level and the indoor comfort is always taken as a first pri-
ority so that any comprise in the IEQ is not allowed [7,8]. Evalua-
tion of the Net ZEB can be based on building performance
simulations, where reference data are used for the weather, energy
conversion factors, user behavior profiles [10], indoor air quality
requirements, etc. Additionally, for real buildings, proper measure-
ment and verification protocol [11] was set to check the compli-
ance of the actual performance of a building with the Net ZEB
requirements, where the energy import/export balance should be
measured [8]. Moreover, there was extensive development in Load
Matching and Grid Interaction (LMGI) indicators in the joint IEA
SHC Task 40/EBC Annex 52 [12]. Related to this, and despite that
the aim is to reach an annual energy balance in Net ZEB, the anal-
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ysis can also include the energy matching between the building’s
generated energy and demand, as well as interactions with the
energy networks, which is important to avoid stressing the grid
if significant daily or seasonal mismatch between the availability
of the renewable energy and energy demand exists. The role of
the electrical and thermal energy storages in the building is vital
in reducing the energy mismatching.

To reach Net Zero energy building levels and to reduce the
emissions, the buildings has to use renewable energy sources
and energy storage based on the local climatic conditions. For
instance in the Mediterranean climate, Mazzeo et al. 2020 [13]
studied and optimized PV-wind-battery system for the residential
building. The study found that solar source is better in terms of
environment and economics, while wind source can provide longer
operating time. Better incentives for wind and battery can make
such hybrid system economically feasible. In regard to Finland,
the students’ hostel in Kuopio (floor gross area 2120 m?) and the
elderly house in Jarvenpaii (floor gross area 2550 m?) are examples
of the first Net Zero Buildings in Finland. The Kuopio building was
built in 2010 and the Jdrvenpdd in 2011. The two buildings have
advanced energy conservation measures in the envelope insula-
tion, tightness, glazing, shading etc. that minimize the heating
and cooling energy demands. However, electric energy for appli-
ances and lighting constitutes a major part of the energy demand.
PV and solar-thermal panels are the sources of energy generation
in the Kuopio building, while integrated wind is also an option in
the Jarvenpaa building. Other features of the buildings are: ground
source ventilation preheating that increases the ventilation heat
recovery efficiency to 80%, PV integrated shading on the south fac-
ing wall, and using high-energy class appliances, lighting and
HVAC devices. Both buildings are connected to the district heating
and the electricity grid. It is found that achieving the Net ZEB bal-
ance is a challenging task in the Finnish climate. For example, the
available area for the PV and solar-thermal panels in the Kuopio
building was insufficient to cover the demand. Therefore, the
authors had to exclude the electric load for appliances and lighting
in order to get to the net energy balance [14].

From the above, an important observation that can be made is
the importance of providing enough top roof area to install PV
and solar-thermal panels, in relation to the height in apartment
buildings. This can be represented by the ratio of the roof area to
the number of floors of the building. In the early design phase of
the building, the shape of the building can be investigated to better
manage the energy load. In this respect, Hasan et al. [15] used
simulation-based optimization to minimize the heating energy
and cooling energy demands of a cross-shaped office building by
optimizing the number of floors and re-distributing the building’s
office rooms in four orientations while keeping the total floor area
of the building constant.

From the regulations point of view, and according to the Euro-
pean Union’s Energy Performance of Buildings Directive (EPBD
2010) [16], Nearly Zero Energy Building (NZEB) means a building
that has a very high energy performance, where 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. The
EPBD required all new buildings to be nearly zero energy buildings
by the end of 2020. As noted for the Net ZEB, the required net
annual energy balance can be difficult to achieve as it depends
on the availability of sufficient renewable energy and the level of
investments in onsite and offsite energy sources. On the other
hand, the NZEB combines both the energetic and economic perfor-
mance and does not specifically require reaching the net zero bal-
ance, but rather depends on the cost optimality method, which can
approach and not necessarily reach the balance. In addition, it is a
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general framework of NZEB evaluation with milestones that can be
implemented by each EU member state.

A more ambitious level than Net ZEB and NZEB is the positive
energy building (PEB) target, which is the focus in this article.
Technically a PEB is a Net ZEB with an increased capacity of the
renewable energy generation inside the boundary of the building
in order to surpass the annual equality of the net energy balance.
In this respect, the EU EXCESS project definition [17] and Ala-
Juusela et al. 2021 [18] states “a positive energy building (PEB) is
an energy efficient building that produces more energy than it uses
via renewable sources, with high self-consumption rate and high
energy flexibility, over a time span of one year. A high-quality indoor
environment is an essential element in the PEB, maintaining the com-
fort and well-being of the building occupants. The PEB is also able to
integrate the future technologies, such as electric vehicles with the
motivation to maximize the onsite consumption and also share the
surplus renewable energy”. As it can be noted, most of the elements
of this definition are considered in the Net ZEB studies above. Addi-
tionally, other than exceeding the net annual energy balance, the
other features indicated in the above definition “high self-
consumption rate and high energy flexibility” are subjective since
it is not specifying the required level of those.

On a larger scale of buildings, the definition of a Positive Energy
District (PED) is under development. According to the Joint Pro-
gramming Initiative-Urban Europe (JPI-UE) [19] “Positive Energy
Districts are energy-efficient and energy-flexible urban areas or
groups of connected buildings which produce net zero greenhouse
gas emissions and actively manage an annual local or regional sur-
plus production of renewable energy. They require integration of
different systems and infrastructures and interaction between
buildings, the users and the regional energy, mobility and ICT sys-
tems, while securing the energy supply and a good life for all in line
with social, economic and environmental sustainability”. In gen-
eral, the focus of PED is on energy and emission reduction and sus-
tainability, which can be effectively enabled in a smart city [20].
However, in the present study the scope is limited to the building
level, rather than district level.

It is found in the recent study [21] that it is relatively easier to
meet the PEB criterion by using technologies such as PV or PVT in
Southern regions of Europe compared to the Nordics. This is due to
the seasonal mismatch between the energy (heating) demand and
availability of solar energy during the winters in the Nordics.
Therefore, in the present scenario no PEB exist in the cold climatic
conditions of Finland, as it is a challenge to reach the PEB level in
the demanding environment [22]. The novelty in the current study
lies in the technical design of apartment building’s energy system
that aim to achieve the PEB level in Finland as an example of the
Nordic climate by including or excluding various renewable energy
technologies, such as heat pumps, PVT, deep boreholes seasonal
storage, short term buffer storages and wind turbines, in the phys-
ical or extended virtual boundary of the building as well as consid-
ering or excluding some energy demands. Moreover, additional
novelty comes from the proposed controls strategies to integrate
these renewable energy technologies and energy storage, with
PEB in the physical or extended boundary for the demo building,
as these technologies are rarely used jointly on the buildings in real
Finnish conditions. The purpose of the article is to provide the anal-
ysis for a demo site [23] that is planned to be constructed in Fin-
land by 2023 as a PEB as no such site exists in Finland before.
The article studies the energy efficiency of the building and differ-
ent technologies that is planned to be used in the demo building
with the aim to reach the PEB level, also learn about the limitations
that can be faced and suggest proper solutions. The study on the
PVT and deep boreholes integration with the building in the Nordic
climate has not been carried out earlier. The aim is to study the
emerging building technologies that can mitigate climate change
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and exploit the use of renewable energy, building’s energy effi-
ciency, energy storage and grid interaction at building scale. Para-
metric changes are made for close comparison of various technical
and economical parameters and to evaluate the techno-economic
perspective on the PEB level. Imported and exported electricity, life
cycle cost (LCC) onsite energy fraction and matching factors are
calculated for each scenario. Moreover physical and virtual bound-
aries of the building are proposed to address the challenges of
reaching PEB in a cold climate.

The paper structure is as follows: a description about the
method used in the article is defined in Section 2-5 that includes
firstly the building design parameters, secondly the energy system
design, components description and controls and finally the design
variables for parametric study and costs data. The results, discus-
sions and new ways to reach PEB level are mentioned in section
6, and finally the conclusion in section 7.

2. Methodology

To organize the methodology section, it is arranged in the fol-
lowing way. Section 3 discusses the building design and its param-
eters that are used in order to determine the energy demands for
the demo building. Section 4 describes the renewable energy sys-
tem design, controls and its technical parameters. Section 5
describes the energy system design variables that are used to per-
form the parametric analysis, the technical calculation and the
costs data used in TRNSYS simulation software.

3. The building design

It is planned to construct an apartment building in the Kalasa-
tama district [23] in Helsinki (60.19 N, 24.94 E) that has seven
floors and includes 51 apartments with a total heated area of
4000 m?. The total roof area is 400 m? and the building volume
is 12800 m°.

3.1. The building design parameters

The building is an example of a new apartment building in Fin-
land. It is designed to meet but also exceed the requirements of the
national building regulations (Ministry of the Environment, Fin-
land [24]) by reducing the energy demand and to make it a positive
energy building. Since district heating highly contributes in the
emissions in Finland [25], therefore, renewable energy generation
can be instead used to cover the demand. Table 1 shows the design
parameters of the simulated buildings in the study. The building’s
load is consisted of heating and cooling demands (space heating
and cooling, domestic hot water) and appliance and lighting loads.

The IDA-ICE software [26] is used to generate the building’s
demand profiles, which is then integrated with the TRNSYS simu-
lation model as an external text file.

Table 1
The design parameters of the demo building
under study [23].

Parameters Value

Floor area 4000 m?
Walls (U value) 0.15 W/m? K
Roof (U value) 0.09 W/m? K
Floor (U value) 0.16 W/m? K
Windows (U value) 0.6 W/m? K

Heat recovery efficiency 75%
Ventilation air flow 0.5 dm?/sm?
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4. The energy system design

This section presents the details of the energy system compo-
nents in section 4.1, the controls of the energy system in section
4.2 and the TRNSYS simulation model in section 4.3.

4.1. Energy system components

The proposed energy system is consisted of the following main
components and as shown in Fig. 1:

e A roof mounted photovoltaic-thermal hybrid collector (PVT)
(400 m?).

e A buffer tank charged by the PVT (with a volume of 20 m?
depending on the space available).

e A deep borehole thermal energy storage (BTES) (800 m deep)
within the building boundary. It is charged via the buffer tank
if excess energy is available in the tank.

e A central heat pump (HP) (60 kW). is used to charge a hot water
storage tank by taking heat energy from the buffer tank or BTES
during periods

e Domestic hot water (DHW) and space heating (SH) is provided
by the hot water storage tank (2 m?®).

e Another heat pump (HP) is used to provide cooling

e Cold water storage tank (2 m?) to the building. This is also used
to charge the BTES by collecting the waste heat from the
exhaust ventilation air of the building.

Realistic commercial component data of PVT [27], heat pumps
[28], short term buffer (water) storage tanks [29,30], boreholes
thermal energy storage [31,30] and wind turbines [32] from the
companies are used, the way it is built for the real conditions. It
is used in order to use the realistic performance and efficiency val-
ues of these components in the simulations.

Photovoltaic
thermal hybrid
(PVT)

>’ Onsite electrical grid
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4.2. Energy system operation

In this demo case there are two main systems, one is the build-
ings energy system for the whole building serving all apartments
and the second one is the energy system inside each apartments.
As both of these systems are interconnected, there is a controller
that can aim to maximize the performance of the energy system.
The main layout and components of the energy systems are shown
in Fig. 1. The control scheme of the energy system is designed so
that the PVT is cooled down by providing cold water from the buf-
fer tank in order to maximize the electrical and thermal production
from the PVT. When the buffer tank is charged at a certain level,
the excess heat energy is dumped in the BTES. The HP takes the
energy from the buffer tank or from the BTES to provide space
heating and domestic hot water to the building at higher temper-
ature. Cooling is provided to the building using the HP, cold tank
and ventilation unit. The PVT is used to charge the buffer tank
mainly if the buffer tank temperature is lower than 55 °C, where
itis heated to 60 °C. The PVT pump is used when the solar radiation
is above 700 kj/hr.m? and the PVT flow is recirculated so that the
buffer tank inlet temperature is higher than 20 °C to avoid cooling
of the tank and to heat the working fluid (glycol mixture of 40%)
before sending it to the buffer tank. The hot tank is used to provide
the space heating (SH) and domestic hot water (DHW) to the build-
ing. If the hot tank temperature is lower than 60 °C, it is heated to
65 °C by the heat pump. The heat pump takes energy from the buf-
fer tank or BTES at maximum 25 °C due to the technical limitations.
If the buffer tank temperature drops below 15 °C during the period
when solar energy is not available, the heat pump takes energy
from the BTES directly. Any excess energy present in the buffer
tank is transferred to the BTES when the buffer tank temperature
is higher than 35 °C until the buffer tank temperature drops to
30 °C. The working fluid here considered is a glycol mixture of
20%. Space heating is provided by passing the water through a heat
exchanger that is connected to the hot tank. The space heating to
the building is provided at a temperature that varies between
20 °C and 45 °C, depending on the outdoor temperature. It is

National Electrical grid

Pl

Apartment and common space appliances,
lighting and equipment

25=30/°C V 40 - 45 °C
M PVT buffer
7< tank

CF

Water-water heat pump A
(GSHP)

60 - 65 °C | tank

Water-water Heat pump
(GSHP)

Hot storage

10- 15 °C Cold storage

»
7

Domestic hot water T

T (DHW)
Heat Cold v‘;\a'f‘er

Exchanger 10 °C
235/30 °C

Space heating
(SPH)

60 °C

Heat
Exchanger

Space cooling

<«——Building and

2 Controlled temperature, based on outdoor temperature and control curve

' tank
S

its energy system ——>

Fig. 1. The energy system layout.
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slightly higher than the designed temperature in order to include
the losses. The domestic hot water (DHW) is provided by passing
the incoming cold city water through the hot tank via a heat
exchanger [33]. The water is heated up to 58 °C before being sup-
plied to the tap and this water is recirculated, within the system to
keep the DHW warm for the consumers. There is also backup heat-
ing provided by a direct electric heater in case the system is not
able to supply the water at the above mentioned temperature.
The space cooling is provided by the separate cooling tank, in a
way that the space cooling tank temperature is kept at 10 °C; if
the tank temperature increases to 16 °C the heat pump is used to
cool the tank. The heat from the building is exchanged with the
cooling tank to provide cooling to the building during summer.
The heat collected from the building ventilation exhaust air is used
to charge the BTES through the heat pump to recirculate the waste
heat in the system. The extended boundary and the renewable
energy generation in the extended virtual boundary is also consid-
ered for PEBs, which is further discussed in section 6.3.

4.3. Simulation of the energy system

The dynamic simulation software (TRNSYS) [34] is used for the
simulations of the proposed energy system described above. This
simulation software has been used and validated by Drake Landing
Community, Canada for similar applications [35]. The main input
files to the energy system simulation model are the building’s
heating and cooling demand profiles produced by the IDA-ICE soft-
ware and the weather data. In the future the climate change may
impact the indoor comforts in the buildings depending on the geo-
graphical locations [36,37]. However for the ease of calculations
and construction practice used in Finland the simulations were
carried out using test reference year [34] weather file for Helsinki,
which is the weather data used in the national building perfor-
mance regulations and the energy label calculations.

5. Parametric analysis

To provide the behavior and complete analysis of the system
under various condition, the performance of the system is evalu-
ated by varying the design variables of the energy system. The
imported, exported electricity and energy matching are calculated
for each scenario to estimate the technical performance. In addi-
tion, the economic (life cycle cost) of the energy system is also cal-
culated. The aim is to demonstrate the techno-economic
performance of PEBs and its feasibility. The components that are
used in the parametric study of the energy system simulations
are shown in the following section 5.1. The technical calculations
and the economic values used to calculate the life cycle costs are
shown in the section 5.2 and 5.3, respectively.

5.1. Energy system design variables

The design variables are shown in Table 2, which are selected to
show the behavior of the energy system and possible ways to meet
the PEB level. These generation and storage components can
impact the performance of the system [38,39]. The investment cost

Table 2
The variables used for the parametric study in the TRNSYS.

Parametric values

100, 200, 300, 400
10, 20, 30, 40, 50
1,3,5

0.05, 0.10, 0.15

Component

Photovoltaic-thermal collector (m?)

PVT Buffer tank (m?)

Deep borehole height ratio

Deep borehole density (BH(s)/m? BH area)
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for the building and the main components of the system are dis-
cussed in section 5.3. The main results of the building and energy
system simulations are discussed in section 6.

5.2. Energy calculation

The heat and electricity energy flow are balanced for every time
step of 1 h. All heating demand has to be met by the local system
by either the onsite produced energy or by imported energy. How-
ever, excess electricity generated via the PVT is exported to the
gird. Any shortfall is balanced by imported electricity from the grid
[40]. The mathematical expression for the energy balance at each
time step of the simulation is shown in equation (1):

E=GN+ST—(A + B) (1)

Where E is the imported electricity when it is negative and
exported electricity when it is positive, GN is the electricity gener-
ated by the renewable energy sources, ST is the stored energy, A is
the energy consumed by all the heat pumps, back up electric heat-
ing and auxiliaries of the heating and cooling and B is the electric-
ity demand of the building and property lighting and appliances.

5.2.1. Energy matching analysis

The on-site energy fraction (OEF) and onsite energy fraction
(OEM) of electricity [41] are also calculated to analyze the match-
ing factors and onsite consumption of the renewable energy gener-
ation. OEF calculates the amount of the demand that is met by the
onsite produced electricity. OEM calculates the amount of the
locally generated electricity that is used onsite to meet the building
demand [41].

5.3. Life cycle cost calculation

For cost estimation, the simple life cycle cost (LCC) is considered
that includes the investment cost of the energy system and the
energy operational cost. The building cost is also included to esti-
mate the cost ratio of the energy system and the LCC. The assumed
average cost of the main components are given in the Table 3.The
average import electricity price is 80 €/ MWh and the export elec-
tricity price is 35 €/MWh [42], including the distribution cost and
taxes. The interest rate is assumed as 3% and 25 years are consid-
ered for the operational life of the system [22]. The maintenance
and disposal costs are not included in the study, a similar approach
was carried out in the earlier study [43].

6. Results and discussion

The results and discussion section is arranged in the following
way. Section 6.1 shows the building demand profiles for heating,

Table 3
Design variables and components average investment costs.
Design variables Investment Cost Reference
Photovoltaic- 323 €/m? [44]
thermal panels
(m?)
Wind turbine (kW) 3000 €/kW [45]
Tank (m?) 800 €/m> [30]
Water-water heat 325 €/kW [46]
pump
(KWihermal)
BTES aspect ratio 33.5€¢/m(drilling) + 3€/m>(excavation for
BTES density insulation) + 88€/m?® (1.5 m insulation [46]
(boreholes/m?)  thickness)
BTES volume (m?)
Building 4000 €/m? [47]
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cooling and plug loads. Section 6.2 shows the techno-economic
performance of the energy system integrated with the building
based on PVT sizing, buffer tanks sizing and deep boreholes design.
Section 6.3 shows the shows the techno-economic performance of
the energy system integrated with the building when the physical
boundary is extended virtually and geometry of the building is
changed or wind turbines are installed in order to reach PEB level.

6.1. Heating, cooling and plug loads

The heating system is a low temperature for the floor heating
and the ventilation heating coil (35 °C at design conditions). The
load profile for the heating of the studied apartment building is
shown in Fig. 2 based on the hourly simulation results. The heating
demand includes the space heating and the ventilation air heating.
It is observed in Fig. 2 that the maximum space heating load occurs
during the months of January, February and December. The
monthly cooling load of the supply air of the air-handling unit
(AHU) is presented in Fig. 2. According to the simulations, a small
space cooling system is required in summer. The passive cooling
design of the windows, which has g-value = 0.38 (transmittance
value), reduces the cooling load. However, to meet the small cool-
ing load to prevent the indoor air temperature to exceed 27 °C,
which is the critical limit for the cooling in the Finnish regulations
[24] cooling energy is supplied through the cold tank. The excess
heat that is removed from the building is also utilized to regener-
ate the boreholes as mentioned in section 4.1. It is observed in
Fig. 2 that higher space cooling demand occurs during the months
of June, July and August. The heating and cooling load profiles
(Fig. 2) are used as input to the energy system model.

According to these results, the heating load is 15.4 kWh/m?/yr,
which is low due to the better insulation and windows The domes-
tic hot water load is 42.1 kWh/m?/yr, which is high due to its high
supply temperature (around 60 °C) and the recirculation losses.
The user profile is considered in calculating the DHW energy
demand [48].The cooling load for the building is 2.36 kWh/m?/yr,
which is quite low as in general summer is short and the average
summer temperature is around 15-20 °C in Finland [49]. The load
for lighting and appliances of the building is 36.9 kWh/m?/yr,
where around 73 % of it is used for appliances and the remaining
27% for the lighting. Here onwards the lighting and appliances load
together are referred as plug load to simplify the term.

6.2. Energy system performance analysis

This section presents and compares the technical and economic
performance of the energy system that is integrated within the
physical boundary of the demo building in order to meet the PEB
criterion. The import and export of electricity, OEF and OEM and
LCC are calculated that varies due to the variations in parameters
and design variables.
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6.2.1. PVT sizing

6.2.1.1. The case including the plug loads. The energy performance of
the energy system is shown in the Fig. 3 with respect to the various
PVT sizing, when all loads, i.e. heating, cooling and plug loads
(lighting and appliances), are considered in estimating the PEB
level of the building. As expected, it can be observed in Fig. 3 that
when the PVT area starts to increase the electricity import starts to
decrease and vice versa. Overall, when the PVT area increases from
100 m? to 400 m?, the electricity import decreases from 160 MWh
to 139 MWh and the electricity export increases from 0 to 16
MWh. Fig. 3 shows that even though the PVT area reaches
400 m?, the building is still not able to meet the PEB level, i.e.
the electricity import is still significantly higher than the electricity
export, which is even very far from reaching the Net ZEB level. This
shows that when all the demands of the building (heating, cooling
and the plug loads) are included, it is not possible for the apart-
ment building to reach the PEB level in the studied case. More
PVT cannot be installed due to the limited roof and also not in close
vicinity to the footprint of the building due to the highly dense
urban area.

Fig. 4 shows the cost breakdown of the life cycle cost of the
investment cost of the different energy system components and
the operating energy cost when including the plug loads for differ-
ent PVT areas as well as the building cost. Each single configuration
on the x-axis of Fig. 4 corresponds to the same solution shown in
Fig. 3. Generally, the solutions on the left side are low performing
and, therefore, the cost is lower while on the right side, they are
high performing with higher cost. The investment cost of the
energy system is around 47-62% of the LCC. The ratio of the energy
system investment cost to the building investment cost is around
1.2-1.9%. This shows that the building cost is significantly much
higher compared to the energy system cost. When the PVT area
is 100 m?, the largest investment cost is in the boreholes. As the
PVT area increases to 400 m?, the largest investment is in the
PVT. The costs of the tanks and heat pump are rather small portion
of the LCC. It is also observed that the energy cost is around 56 €/
m? when the PVT area is 100 m?, and it is 46 €/m? when the PVT
area is 400 m2. This shows that as the PVT area increases, the
energy cost reduces. However due to the high energy demand,
the energy cost is still significantly large.

In the case when including the plug loads, the onsite energy
fraction (OEF) reaches around 63% with 400 m? PVT area. This
means that 63% of the total demand of the building is coved by
the onsite generation onsite and the rest is covered by the
imported electricity. In this case the onsite energy matching
(OEM) is around 66%, which means that 66% of the onsite genera-
tion is used onsite and the rest is exported.

6.2.1.2. The case excluding the plug loads. As indicated in the intro-
duction, the two apartment buildings that were constructed in Fin-
land in 2010 and 2011 were designed to be Net ZEB when the
electric loads for the appliances and lighting were excluded in

B Space heating+ventilation demand (kWh/m2)
m Space cooling demand (kWh/m2

)
i III
X

(2] Q X o Y (V)
& 323’6 B RN
Months ¥

Fig. 2. Energy system demand during one year, red bars: monthly heating, blue bars: monthly cooling demand. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 3. The import and export of electricity for different PVT areas-case when including the plug loads.
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Fig. 4. The life cycle cost breakdown and the building cost for different PVT areas-case when including the plug loads.

the energy balance. Similarly, the apartment building under con-
sideration is also studied without the appliances and lighting loads
(i.e. plug loads). The energy performance of the building and its
energy system in terms of electricity import and export is shown
in Fig. 5 with various PVT areas, when excluding the plug loads.
Overall, the electricity import decreases from 22.6 MWh to 16
MWh and the electricity export increases from 8.8 MWh to 40
MWh when the PVT area increases from 100 m? to 400 m>. Fig. 5
shows that when the PVT area is higher than 200 m? the building
is able to meet the PEB criterion, i.e. the electricity export starts to
be higher than the electricity import. Therefore, it appears that
with the existing limitation in the availability of roof area, the solu-
tion to reach the PEB level is to include only the heating and cool-
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ing demand in the energy balance and exclude the electricity
demand of the plug loads. However, this is not in accordance with
the Finnish building code, which takes all types of energy in
account.

In Fig. 6, the investment cost on the energy system is around
88-100% of the LCC for the case excluding the plug loads. It is also
observed that the energy cost is around 6.5 €/m? when the PVT
area is 100 m2. On the other hand, the energy cost is —0.3 €/m?
when the PVT area is 400 m2 This shows that as the PVT area
increases, the building or the energy system owners will not only
reduce the electricity import annually but they can have positive
cash flow by selling excess renewable energy to the gird. When
comparing Fig. 5 and Fig. 6 it is observed that even though the

M Electricity export

100 20

PVT area (m?) 30

400

0

Fig. 5. The import and export of electricity for different PVT areas-case when excluding the plug loads.
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Fig. 6. The life cycle cost breakdown and the building cost for different PVT areas-case when excluding the plug loads.

building is able to reach PEB level when the PVT area is slightly
higher than 200 m? , the operational energy cost is still around
3.92 €/m?, rather than negative cost. This is due to higher cost of
the imported electricity compared to the exported electricity.

In the case excluding the plug loads the onsite energy fraction
(OEF) reaches around 95% when the PVT area is 400 m?. In this case
the onsite energy matching (OEM) is around 16%, which means
that most of the produced electricity is exported.

6.2.2. PVT buffer tank size-case excluding the plug loads

The electricity import and export is shown in Fig. 7 with various
PVT buffer tank sizes when excluding the plug loads. The PVT area
is assumed to be 400 m? in this calculation. Overall, the electricity
import decreases from 18.4 MWh to 16 MWh and the electricity
export increases from 40 MWh to 42 MWh when the PVT buffer
tank volume increases from 10 m> to 50 m>. This shows better per-
formance of the energy system due to the large amount of instant
cold water available in the storage tank to extract heat from the
PVT. Fig. 7 shows that when the volume of the tank increases,
the heat generation by the PVT increases from 69 MWh to 84
MWh, resulting in decrease in import and increase in export of
the electricity. However, the buffer storage tank needs space for
installation, which is a critical point to be considered in buildings
that are constructed in densely populated urban areas.

In Fig. 8, it is shown that the investment cost in the energy sys-
tem is around 99-100% of the LCC. Compared to the building cost,

the ratio of the energy system cost is around 1.7-1.87%. The energy
cost is 0.23 €/m? when the tank volume is 10 m* and is —0.50 €/m?
when the tank volume is 50 m>. This shows that, as the volume of
the tank increases, the building or the energy system owners will
not only reduce the electricity import annually, but they can have
positive cash flow by selling excess emission free energy to the
gird.

Boreholes thermal energy storage (BTES) design - Case exclud-
ing the plug loads

To estimate the effect of the BTES design on the overall perfor-
mance of the energy system, a parametric study is carried out
based on the boreholes height ratio and boreholes density indi-
cated in Table 2. Borehole height ratio refers to the height to the
width ratio of the boreholes field. The energy performance of the
building and its energy system in terms of electricity import and
export is shown in Fig. 9 with various BTES height ratio. It is
assumed that the PVT area is 400 m? in this case, the volume of
the boreholes is 1000 m® and boreholes density is 0.15 bore-
holes/m> when excluding the plug loads. Boreholes density refers
to the number of boreholes per cross section area of the boreholes
field. Overall, the electricity import decreases from 46.8 MWh to
18.5 MWh and the electricity export increases from 27 MWh to
39 MWh when the BTES height ratio increases from 1 to 5. It is
observed that when the ratio is 1, the building may not reach the
PEB level. This is due to less storage capacity that is available to
store heat energy during summer. As a result the heat pump source
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230 -— 0 =
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5 20 0 B
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mm Electricity import
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Fig. 7. The import and export of electricity for different PVT’s buffer tank size (with 400 m? PVT area) - case when excluding the plug loads.
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Fig. 8. The life cycle cost breakdown and the building cost for different PVT buffer tank capacity-case when excluding the plug loads.
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Fig. 9. The import and export of electricity for different BTES height ratio-case when excluding the plug loads.

side has less energy available from BTES during winters causing
low COP and higher import of electricity to meet the heating
demand. On the other hand, when the boreholes ratio increases
to 3 and 5 the building is able to reach PEB level. With larger
height, the boreholes have larger storage capacity available that
can be charged during summer and discharged during winter.
Longer height is therefore better for the buildings to reach the
PEB level in the studied climate conditions.

In Fig. 10 the investment cost on the energy system is around
93-98% of the LCC. Compared to the building cost, the ratio of
the energy system cost is around 1.4-1.51%. It is observed that

when the height ratio of the boreholes increases, the cost of the
boreholes reduces. The boreholes cost reduces from 5.5 €/m? when
the height ratio is 1 to 2.7 €/m? when the height ratio increases to
5. This is because as the height ratio increases, the number of bore-
holes reduced and the cross section area of the storage also
decreases, resulting in lower excavation and drilling cost of the
boreholes. The energy cost also reduced from 12.1 €/m? when
the height ratio is 1 to 0.46 €/m? when the height ratio is 5. This
shows that the boreholes height ratio can impact the energy cost
and the LCC of the energy system. As the boreholes height ratio
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Fig. 10. The life cycle cost breakdown and the building cost for different BTES height ratio-case when excluding the plug loads.
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increases the LCC reduces along with the investment cost on the
boreholes.

The energy performance of the building and its energy system is
shown in Fig. 11 with various boreholes density. It is assumed that
the PVT area is 400 m? for all the cases and the volume of the bore-
holes is 1000 m® when excluding the plug loads. The numbers of
boreholes are 2, 3 and 5 for the 0.05, 0.1 and 0.15 boreholes density
respectively. Overall, the electricity import increases from 16 MWh
to 18.5 MWh and the electricity export decreases from 41 MWh to
39 MWh when the boreholes density increases from 0.05 to 0.15,
i.e. higher number of boreholes per m? cross section area. It is
observed that the import of electricity increases when the bore-
holes density increases. This is because due to the higher boreholes
density, the ground cools down quickly when energy is taken out
from a smaller area.

In Fig. 12 the investment cost on the energy system is around
99-100% of the LCC. Compared to the building cost, the ratio of
the energy system cost is around 1.4%. It is observed that when
the boreholes density of the boreholes increases the cost of the
boreholes increases. The boreholes cost increased from 1.9 €/m?
when the boreholes density is 0.05 to 2.7 €/m? when the boreholes
density increased to 0.15. This is because as the boreholes ratio
increases, the number of boreholes increased, resulting in higher
drilling cost of the boreholes. The energy cost also increased from
—0.6 €/m? when the boreholes density is 0.05, to 0.46 €/m? when
the density is 0.15. This shows that the boreholes density can
impact the energy cost and the LCC of the energy system. One
important observation made is that the borehole efficiency is
low, in the range of 30-50 % depending on the boreholes geometry.
Therefore, instead of storing heat via the boreholes in the ground, it
will more efficient to export heat to a neighboring building when
the temperature level of the PVT is high enough, that can make bet-
ter use of the excess heat and could improve the energy perfor-
mance of the building.

Reaching PEB

It is found in the above section 6.2 that reaching PEB criterion is
a challenge in the Nordic climatic conditions, if the all the demands
(such as heating, cooling and plug loads) are included in the energy
balance calculations and renewable energy components are inte-
grated within the physical boundary of the building. Therefore,
there can be different types of PEBs according to the boundary of
the building similar to that proposed by the European Energy
Research Alliance (EERA) for Positive Energy Districts (PED) [50]
and as discussed in the study by Lindholm et al. [51]. It can be
assumed that the boundary of the demo building can extend out-
side its physical limits to a virtual boundary, where it includes
all the components of the energy system that are invested in.
The conceptual picture of the PEB with virtual and extended
boundary is shown in Fig. 13. The renewable energy sources, stor-
age and any other loads such as electric vehicles, can be located
outside the physical building boundary as shown in Fig. 13. To
reach the PEB level, the onsite renewable energy and the virtual
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generation sources present in the extended boundary of the build-
ing should together have higher combined supply than the energy
demand of the building.

Table 4 shows the parameters used to study the performance of
the demo building when considering the virtual boundary with
variable design parameters of the energy system. Two components
considered in the virtual boundary are the shape of the building
(varying the height and roof area) and the wind turbines as shown
in Table 4. These variables are selected to provide a wide range of
possible solutions to meet the PEB level. The investment cost for
the LCC calculations of the design variables are shown in Table 4.
In this section the calculations are carried out when all the loads
of the building are included.

6.2.3. The building’s geometry variation - case including the plug loads

The energy performance of the building is shown in Fig. 14 with
respect to various building volume to height ratios when all loads,
i.e. heating, cooling and plug loads, are considered to estimate the
PEB level of the building. It is assumed that the height of the build-
ing is reduced from 32 m to 24 m, 16 m and 8 m and instead the
building’s footprint is increased while keeping the total floor area
of the building constant. These correspond to a roof area of
400 m?, 530 m?, 800 m? and 1600 m?, respectively. It is assumed
that whole roof area is covered by the PVT. Larger roof (or PVT)
areas are selected because as was shown in Fig. 3, the demo build-
ing cannot reach the PEB level even though all the roof was covered
by PVT when including the plug loads. Therefore the building’s
height is decreased to increase the available roof area. It can be
observed in Fig. 14 that when the roof (PVT) area increases, the
electricity import decreases and vice versa. When the PVT area
reaches 1600 m?, the building is able to reach the PEB level as
the electricity import (118 MWHh) is lower than the electricity
export (130 MWh). In order to reach the PEB criterion, it is impor-
tant to design the building with larger roof area. However, this
could be a big challenge in a dense urban areas due to the expen-
sive land space. Another option is to identify additional space out-
side the building in a nearby lot to install more PVT, which could be
expensive as well.

Fig. 15 shows that the investment cost of the energy system is
around 62-88% of the LCC. The ratio of the energy system cost to
the building cost is around 1.9-4.2%. This shows that compared
to the cost ratios in section 6.2 the energy system cost is slightly
higher, this is due to large PVT capacities considered in this sce-
nario. When the PVT area is around 400 m? the largest cost is
the energy cost i.e. around 46.3 €/m2. As the PVT area increases
to 1600 m?, the largest investment is in the PVT and as a result
the energy cost reduced to 21 €/m?. This shows that as the PVT area
increases, the energy cost reduces, however the investment cost
increases in such a case due to the larger PVT area.

Fig. 16 shows the onsite energy fraction (OEF) and the onsite
energy matching (OEM) of the electricity of the PEB and its energy
system. It can be observed in Fig. 16 that as the PVT area increases

Electricity export

0.1 0.15

Boreholes density

Fig. 11. The import and export of electricity for different BTES density - case when excluding the plug loads.
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Table 4
The variables used for the parametric study for the virtual boundary condition for the
building to reach PEB level.

Component Parametric values Investment  Reference
cost
Roof area corresponding PVT area: 400, PVT 323 €/ [44]
530, 800, 1600 m?
Wind turbine 0, 30, 45, 60, 75 3000 €/kW  [45]

power (kW)

due to the increase in the roof area in to the virtual boundary, the
OEF increases. This shows that with large PVT area the OEF reaches
around 70%, which means that 70% of the total demand of the
building is coved by the generation done onsite and in the virtual
boundary, while the rest is covered by the imported electricity.
Similarly Fig. 16 shows that the onsite energy matching (OEM)

11

decreases as the size of the PVT increases. The OEM varies between
66% and 31% depending on the PVT area. When the PVT area is
large the OEM is around 31%. This means that when the PVT area
is large, it produces larger amount of energy, however only 31%
is used onsite by the building before being exported. When com-
paring the OEM and OEF it can be understood that when the PVT
area is large, the OEF is large around 70%, on the other hand the
OEM is 31%. This means that when the PVT area is large, the onsite
utilization of the generated electricity is 31%, however 70% of the
onsite building demand is met by the large PVT area. This is oppo-
site when the PVT area is small, the OEF decreases, while the OEM
increases as the PVT.

6.2.4. Wind turbines - case including the plug loads

Wind turbines are important energy generation components. It
is used to generate electricity locally to the system and to reduce
the grid dependency. TRNSYS Type 90 is used to model the wind
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Fig. 16. The onsite energy fraction and matching for different building shape and larger PVT capacity-case when including the plug loads.

turbines. The turbines performance with respect to the wind veloc-
ity is from the commercial data [32]. The number of wind turbines
power are assumed to be variable as shown in Table 4. In this case,
the building roof area is fixed and is covered by PVT (400 m?), and
no excess space is available to install any other energy source such
as wind turbine, therefore the boundary is extended outside the
building lot in the virtual boundary away from the building. The
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energy performance of the building is shown in Fig. 17 with vari-
ous wind turbine power when all loads, i.e. heating, cooling and
plug loads, are considered. This is done to find the minimum wind
turbine power needed to reach the PEB level along with the
(400 m?) PVT area. Obviously when the wind turbine capacity
increases, the electricity import decreases and the export
increases. It is observed in Fig. 17 that when there is only the
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Fig. 17. The import and export of electricity for 400 m? PVT and different wind turbine capacities-case when including the plug loads.

PVT (400 m?), the building is not able to reach the PEB level, but
when a wind power of 75 kW is added, the building is able to reach
the PEB level. In this case, the electricity import is around 79 MWh
and the electricity export is 100 MWh, which is due to the increase
in the electricity generation from the wind turbine (yellow dotted
line) as shown in the Fig. 17. Therefore, it is important to identify
the available land space outside the building boundary in a virtual
boundary where all the smaller units of wind turbines can be
installed or a single large wind turbine is enough. With smaller
capacities of multiple wind turbines, the reliability of the system
would improve, while with a single large turbine, the reliability
issue can arise.

Fig. 18 shows that the investment cost of the energy system
consisted of the PVT and wind turbine is around 62-91% of the
LCC. The ratio of the energy system cost to the building cost is
around 1.9-3.2%. This shows that compared to the cost ratios in
section 6.2, the energy system cost is slightly higher. When the
wind turbine capacity is 0, the largest cost is the energy cost
46.3 €/m?. As the wind turbine capacity increases to 75 kW, the lar-
gest investment is in the wind turbines and as a result, the energy
cost is reduced to 12 €/m?. Comparing the increase in the wind tur-
bine capacity (in Fig. 18) to the addition of the PVT area in the vir-
tual boundary (in Fig. 15), the LCC of the wind turbine scenario is
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26% lower. This is because the electricity production of the wind
turbine is higher compared to the PVT as shown in Fig. 17.

The wind turbine offers higher matching with the demand
around the year, meaning that it reduces the amount of electricity
import, which is at higher price per kW than export price. While
the PVT generation is focused in summer when the demand is
low and the surplus is exported at a reduced price to the grid.
Fig. 19 shows the onsite energy fraction (OEF) and the onsite
energy matching (OEM) of the electricity. It can be observed that
as the wind turbine capacity increases, the OEF increases and the
OEM decreases. The OEF and OEM is higher in the case where
the wind turbines are used in the virtual boundary (in Fig. 19),
compared to the case where the PVT area is increased in the virtual
boundary (in Fig. 16). With largest wind turbine (75 kW), the OEF
reaches around 80%, which means that 80% of the total demand of
the building is coved by its own generation, while the rest is cov-
ered by the imported electricity. In this case the OEM is around
48%, this means that 48% of the generation is used onsite by the
building and the rest is exported.

7. Conclusions

This article discusses and analyze various technologies (such as
PVT, wind turbines, seasonal and short term buffer heat storage,
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Fig. 18. The life cycle cost breakdown and the building cost for 400 m? PVT and different wind turbine capacities-case when including the plug loads.
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heat pumps, district heating/cooling etc.), their integration with
the building, its controls strategies, types of load included in the
energy balance and definition of building boundaries across which
the balance is calculated, with the aim to support the demo build-
ing in reaching the challenging level of positive energy building
(PEB) in a Nordic climate. It also studies the limitations that can
be faced in achieving this target. A quantitative techno-economic
analysis of the PEB is carried out to estimate the performance that
includes analysis of energy matching and life cycle cost, using the
above mentioned technologies with different approaches. The
analysis includes assuming a physical boundary and an extended
virtual boundary of the building as well as including or excluding
electrical plug loads due to appliances and lighting loads. The fol-
lowing is a summary of the key findings:

e Generally for the building to reach PEB level in Nordic climate,
higher amount of renewable energy sources, planning of the
building boundary and energy storage is needed.

e PVT is able to assist buildings in meeting the onsite demand,

however wind turbine offers higher matching by reducing the

electricity import and increase the export.

It is important to identify the type of the building’s loads that

are included in the calculations as this effectively impacts the

overall energy balance and reaching the PEB level.

Specifically, the first step to reach PEB is to make the building

highly energy efficient building with low energy demand. For

the demo apartment building considered in this study, the
space heating load is around 15.4 kWh/m?/yr, which is very
low compared to the old 1970 s buildings (i.e. around

129 kWh/m?/yr [52]) due to better insulation, windows and

heat recovery system. The cooling load for the building is

2.36 kWh/m?/yr, which is quite low, as in general summers

are short and not very warm in the Nordic climate. On the other

hand, the domestic hot water load is around 42.1 kWh/m?/yr,
which is high due to its high supply temperature (around

60 °C) and its recirculation losses.

e The PEB level is very challenging to be achieved when the

energy system is consisted of limited PVT area due to roof area

limitations and all the loads of the building is considered
including the plug loads due to appliances and lighting. For
the studied case, the investment cost in the energy system is
around 47-62% of the LCC. The investment cost on the energy
system varied between 50 €/m? — 75 €/m?. The energy opera-
tional cost is relatively high and varied from 56 €/m? —46 €/m?.

Excluding the plug loads in the above mentioned system, the

building can reach the PEB level. For the studied case, the

investment cost in the energy system is high, around 88-100%
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of the LCC, and the operational cost of energy is low and there
could be a positive cash flow due to larger export of electricity
than import. The energy operational varied from 6.5 €/m? -
(0.3 €/m?). The investment cost on the energy system varied
between 50 €/m? — 75 €/m>.

The PEB status is achievable with plug load included in the cal-
culations when the building boundary is extended as a virtual
boundary outside the physical boundary of the building. In this
virtual boundary, wind turbines, extended shape of the build-
ing, and more PVT can be added to meet all the demands of
the building. In this case, a very large area of the PVT, around
1600 m?, or alternatively 75 kW of wind power together with
4002 PV area, are needed for the studied building. In this scenar-
io, the investment cost in the energy system is around 62-91%
of the LCC and the energy operational cost is low in this case.
The energy operational varied from 46.3 €/m? — 12.1 €/m?.
The investment cost on the energy system varied between 75
€/m? — 131.2 €/m>.

The borehole efficiency is low varying between 30 and 50 %
depending on the boreholes geometry. Instead, one alternative
can be to export the surplus heat to neighbouring buildings as
a solution when the temperature level is suitable as part of
energy sharing in a small community.

The energy matching analysis of the studied case showed that:
When the PVT area is 400 m?, including the plug loads and
keeping the physical boundary, the onsite energy fraction
(OEF) and the onsite energy matching (OEM) reach around
63% and 66%, respectively.

When the PVT area is 400 m?, excluding the plug loads and
keeping the physical boundary, the OEF and the OEM reach
around 95% and 16%, respectively.

When wind turbines (75 kW) with 400 m? PVT or PVT
(1600 m?) is added in the virtual boundary and the plug loads
are included, the OEF reaches around 69 or 80% and the OEM
reaches around 31% or 48%,depending on the type of renewable
energy source.,

Generally, adding wind generation to the building increases the
matching features due to higher availability of wind around the
year compared with solar-based generation, PVT in this case.
Therefore, it is important to optimize the system components’
types and capacities in order to maximize the onsite-energy
fraction and onsite-energy matching.

The energy system cost is generally low compared to the build-
ing cost, i.e. around 1.2-4.3% of the building cost depending on
the energy system design and the boundary. The building cost is
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averaged around 4000 €/m? in Urban areas of Finland and aver-
age energy system cost is around 74 €/m?-171 €/m?. Therefore,
with a small additional investment, the building can be a PEB.

This research reveals that it is challenging for single apartment
buildings to be PEB in the Nordic climate. It is even difficult to
reach the Net ZEB level for the apartment buildings when all the
demands are included in the energy balance calculations, however
when plug loads are excluded, the Net ZEB or PEB levels could be
reached depending on the boundary of the building. Possible way
to reach PEB level is to put together such buildings within a large
scale of a community of buildings connected in a local grid. This
will facilitate providing larger area to install various capacities of
energy generation and storage units and also share energy with
the other building in the community. These PEB communities
can support in creating a positive energy district (PED). Experimen-
tal validation is required in the future and this study would provide
basic calculations for the demo building. Moreover, with the
change in climate in the future the energy demands and indoor
comfort requirements for the buildings may change, and this sce-
nario can be studies in the future work.

This study also reveals that there should be a common agree-
ment on the definition, boundary and the type of the loads that
are considered in the calculations towards achieving a PEB. As dis-
cussed in section 6.2-6.3 it is important to identify the PEB bound-
ary and loads at the initial stage, as this can impact the calculations
for the generation and demand that has to be included in the cal-
culations. The identification of the building’s boundary can be
influenced by many factors such as the geography of the city, the
location of the building, local regulations, building type and con-
struction, the available energy infrastructure, market and financial
model, environmental conditions and cost, etc. For example, a PEB
could include PVT and wind turbines located in the virtual and
physical boundary of the building together in the extended bound-
ary. This space can also be used to install energy storages in the
form of heat, electricity or hydrogen. Solutions with energy storage
will reduce the imported energy, increase the matching factors and
support the building to reach PEB levels when large capacity of the
renewable energy sources are integrated. Land and space use by
the energy storage such as tank is also a significant issue in the
building. Some of the challenges related to the virtual boundary
can be the issues of extra land cost, ownership issues, rental cost,
regulations or any other policy issues. Another aspect that can be
considered is to buy shares in renewable energy generation plants
(such as wind farms, etc.), which can be considered as using onsite
renewable energy that can compensate the imported. However,
these issues have to be identified and discussed at the early stages
of the project to ensure best approach to reach the PEBs level.

CRediT authorship contribution statement

Hassam ur Rehman: Conceptualization, Data curation, Formal
analysis, Investigation, Methodology, Project administration,
Supervision, Validation, Visualization, Writing - original draft,
Writing - review & editing. Ala Hasan: Conceptualization, Formal
analysis, Investigation, Methodology, Validation, Visualization,
Writing - original draft, Writing - review & editing. Francesco
Reda: Conceptualization, Funding acquisition, Investigation,
Methodology, Project administration, Resources, Supervision, Visu-
alization, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

15

Energy & Buildings 262 (2022) 111991
Acknowledgement

This article under project ‘EXCESS (FleXible user-CEntric Energy
poSitive houseS)’ has received funding from the [European Union’s
Horizon 2020 research and innovation programme H2020-LC-EEB-
03-2019] [Euratom research and training programme 2014-2018]
under grant agreement No [870157]. The funders had no role in
the design of the study; in the collection, analyses, or interpreta-
tion of data; in the writing of the manuscript, or in the decision
to publish the results and it is not responsible for any use that
may be made of the information it contains. The authors would like
to acknowledge all the EXCESS project partners. The authors would
also acknowledge IEA EBC Annex 83 Positive Energy Districts.

References

[1] United Nations Framework Convention on Climate Change. The Paris
Agreement|UNFCCC. United Nations 2015. https://unfccc.int/process-and-
meetings/the-paris-agreement/the-paris-agreement (accessed May 19, 2020).

[2] European Commisssion. 2030 climate & energy framework | Climate Action
2018. https://ec.europa.eu/clima/policies/strategies/2030_en (accessed
November 4, 2019).

[3] European Commisssion. 2050 long-term strategy|Climate Action 2019. https://
ec.europa.eu/clima/policies/strategies/2050_en (accessed November 4, 2019).

[4] European Commission. Clean energy for all Europeans. Euroheat Power
(English Ed 2019;14:3. 10.2833/9937.

[5] The European Parliament and the Council of the European Union. Directive

(EU) 2018/844 of the European Parliament and of the Council of 30 May 2018

amending Directive 2010/31/EU on the energy performance of buildings and

Directive 2012/27/EU on energy efficiency. Off ] Eur Union 2018;L 156/75

Solar heating and Cooling programme. International Energy Agency-Solar

Heating and Cooling||Task 40 2010. https://task40.iea-shc.org/ (accessed May

26, 2020).

AJ. Marszal, P. Heiselberg, ].S. Bourrelle, E. Musall, K. Voss, 1. Sartori, A.

Napolitano, Zero Energy Building - A review of definitions and calculation

methodologies, Energy Build. 43 (4) (2011) 971-979, https://doi.org/10.1016/j.

enbuild.2010.12.022.

I. Sartori, A. Napolitano, K. Voss, Net zero energy buildings: A consistent

definition framework, Energy Build. 48 (2012) 220-232, https://doi.org/

10.1016/j.enbuild.2012.01.032.

Scognamiglio A, Garde F. Photovoltaics’ architectural and landscape design

options for Net Zero Energy Buildings, towards Net Zero Energy Communities:

spatial features and outdoor thermal comfort related considerations. Spec

Issue 29th EU PVSEC Amsterdam, Netherlands 2014 2014;24:477-95. 10.1002/

pip.2563

Lenoir A, Cory S, Donn M, Garde F. Users’ behavior and energy performances of

net zero energy buildings. Proc. Build. Simul. 2011 12th Conf. Int. Build.

Perform. Simul. Assoc. Sydney, 14-16 November. , Sydney: 2011.

F. Noris, A. Napolitano, R. Lollini, S. @stergard Jensen, D. Denmark Jose

Candanedo, M. Tardif, et al., Measurement and Verification protocol for Net

Zero Energy Buildings A report of Subtask A IEA Task 40/Annex 52, Towards

Net Zero Energy Solar Buildings 2013, September Measurement and

Verification protocol for Net Zero Energy Buildings, 2013.

[12] J. Salom, AJ. Marszal, J. Widén, J. Candanedo, K.B. Lindberg, Analysis of load
match and grid interaction indicators in net zero energy buildings with
simulated and monitored data, Appl. Energy 136 (2014) 119-131, https://doi.
org/10.1016/j.apenergy.2014.09.018.

[13] D. Mazzeo, C. Baglivo, N. Matera, P.M. Congedo, G. Oliveti, A novel energy-
economic-environmental multi-criteria decision-making in the optimization
of a hybrid renewable system, Sustain. Cities Soc. 52 (2020) 101780.

[14] Airaksinen M. Research highlights in energy and eco-efficient built
environment. Espoo; 2012.

[15] A. Hasan, T. Vesanen, N. Jung, R. Holopainen, Automated optimum geometry

generation of a building for the minimization of heating and cooling energy

demands, in: Proc. 3rd Ibpsa-engl. Conf. BSO 2016, Newcastle, United

Kingdom, Newcastle University, 2016, pp. 1124-1132.

European Commission. Directive 2010/31/EU of the European Parliament and

of the Council of 19 May 2010 on the energy performance of buildings 2010.

https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:

32010L0031&from=EN (accessed March 30, 2020).

M. Ala-Juusela, H.ur. Rehman, M. Hukkalainen, A. Tuerk, T. Trumbic, ]. Llorente,

et al., EXCESS|Deliverable 1.1: PEB as enabler for consumer centred clean

energy transition: shared definition and concept, Espoo (2020).

[18] Ala-Juusela M, Rehman H ur, Hukkalainen M, Reda F. Positive Energy Building
Definition with the Framework, Elements and Challenges of the Concept.
Energies 2021, Vol 14, Page 6260 2021;14:6260. 10.3390/EN14196260.

[19] Noll M. Proposal for the European Partnership Driving Urban Transitions. JPI
Urban  Eur  2020.  https://www.era-learn.eu/documents/final_report_
ms_partnerships.pdf (accessed March 15, 2021).

[20] D. Uspenskaia, K. Specht, H. Kondziella, T. Bruckner, Challenges and Barriers
for Net-Zero/Positive Energy Buildings and Districts—Empirical Evidence from

(6

[7]

8

[9

[10]

[11]

[16]

[17]


https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://ec.europa.eu/clima/policies/strategies/2030_en
https://ec.europa.eu/clima/policies/strategies/2050_en
https://ec.europa.eu/clima/policies/strategies/2050_en
https://task40.iea-shc.org/
https://doi.org/10.1016/j.enbuild.2010.12.022
https://doi.org/10.1016/j.enbuild.2010.12.022
https://doi.org/10.1016/j.enbuild.2012.01.032
https://doi.org/10.1016/j.enbuild.2012.01.032
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0055
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0055
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0055
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0055
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0055
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0055
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0055
https://doi.org/10.1016/j.apenergy.2014.09.018
https://doi.org/10.1016/j.apenergy.2014.09.018
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0065
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0065
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0065
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0075
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0075
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0075
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0075
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0075
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX%3a32010L0031%26from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX%3a32010L0031%26from=EN
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0085
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0085
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0085
https://www.era-learn.eu/documents/final_report_ms_partnerships.pdf
https://www.era-learn.eu/documents/final_report_ms_partnerships.pdf

Hassam ur Rehman, A. Hasan and F. Reda

the Smart City Project SPARCS, Buildings 11 (2021) 78, https://doi.org/

10.3390/buildings11020078.

Rehman HU, Garci VL, Yoldi JL, Cantalapiedra M, Allaerts K, Diriken ], et al.

Technical Implementation. In: Lavikka R, Rehman H ur, Reda F, Kazi AS,

editors. Posit. Energy Build., Springer, Cham; 2022, p. 97-144. 10.1007/978-3-

030-87702-6_5.

H.u. Rehman, J. Hirvonen, J. Jokisalo, R. Kosonen, K. Sirén, EU Emission Targets

of 2050: Costs and CO2 Emissions Comparison of Three Different Solar and

Heat Pump-Based Community-Level District Heating Systems in Nordic

Conditions, Energies 1313 (16) (2020) 4167, https://doi.org/10.3390/

en13164167.

[23] European Union Commission. EXCESS|Horizon 2020. Eur Comm 2019.
https://positive-energy-buildings.eu/ (accessed September 24, 2020).

[24] Ministry of the Environment. The national building code of Finland -
Ympdristoministerid 2017. https://ym.fi/en/the-national-building-code-of-
finland (accessed February 22, 2021).

[25] Jonna Pasi. Energy year 2018 - Electricity - Finnish Energy. Finnish Energy
2018. https://energia.fi/en/news_and_publications/publications/energy_year_
2018_-_electricity.html#material-view (accessed June 16, 2020).

[26] EQUA Simulation AB. IDA ICE - Simulation Software | EQUA 2018. https://
www.equa.se/en/ida-ice (accessed September 5, 2020).

[27] DualSun. DualSun Spring, the photovoltaic AND thermal solar panel 2020.
https://dualsun.com/en/product/hybrid-panel-spring/ (accessed February 22,
2021).

[28] Rehman H ur. Techno-economic performance of community sized solar
heating systems in Nordic conditions 2018. https://aaltodoc.aalto.fi/handle/
123456789/34808 (accessed November 4, 2019).

[29] Tata Steel. How to calculate the U-value of a construction 2017. https://

blog.tatasteelconstruction.com/how-to-calculate-the-u-value-of-a-

construction/ (accessed February 23, 2021).

Mauthner F, Herkel S. Technology and Demonstrators Technical Report

Subtask C-Part C1, C1: Classification and benchmarking of solar thermal

systems in urban environments. Sol Heat Cool Program 2018. https://task52.

iea-shc.org/Data/Sites/1/publications/I[EA-SHC-Task52-STC1-Classification-

and-Benchmarking_v02.pdf (accessed April 11, 2021).

[31] M. Honkonen, Thermal energy storage concepts and their feasibility, Espoo
(2016).

[32] Finnwind. Lataustuulivoimala, 1500W/48V, 12m masto - Finnwind 2021.
https://finnwind.fi/tuote/lataustuulivoimala-1500w-48v-12m-masto/
(accessed June 9, 2021).

[33] H.u. Rehman, J. Hirvonen, K. Sirén, A long-term performance analysis of three
different configurations for community-sized solar heating systems in high
latitudes, Renew. Energy 113 (2017) 479-493, https://doi.org/10.1016/j.
renene.2017.06.017.

[34] University of Wisconsin. TRNSYS A TRaNsient SYstems Simulation Program
2017. https://sel.me.wisc.edu/trnsys/ (accessed September 5, 2020).

[35] B. Sibbitt, D. McClenahan, R. Djebbar, J. Thornton, B. Wong, ]. Carriere, J. Kokko,
The Performance of a High Solar Fraction Seasonal Storage District Heating
System - Five Years of Operation, Energy Procedia 30 (2012) 856-865.

[36] P.M. Congedo, C. Baglivo, AK. Seyhan, R. Marchetti, Worldwide dynamic
predictive analysis of building performance under long-term climate change
conditions, J. Build Eng. 42 (2021) 103057.

[21]

[22]

[30]

16

Energy & Buildings 262 (2022) 111991

[37] F.Rubel, M. Kottek, Observed and projected climate shifts 1901-2100 depicted
by world maps of the Koppen-Geiger climate classification, Meteorol
Zeitschrift 19 (2) (2010) 135-141, https://doi.org/10.1127/0941-2948/2010/
0430.

H.u. Rehman, J. Hirvonen, K. Sirén, Performance comparison between

optimized design of a centralized and semi-decentralized community size

solar district heating system, Appl. Energy 229 (2018) 1072-1094, https://doi.
org/10.1016/j.apenergy.2018.08.064.

D. Bauer, R. Marx, J. NuSbicker-Lux, F. Ochs, W. Heidemann, H. Miiller-

Steinhagen, German central solar heating plants with seasonal heat storage,

Sol. Energy 84 (4) (2010) 612-623, https://doi.org/10.1016/

j-solener.2009.05.013.

H.u. Rehman, J. Hirvonen, R. Kosonen, K. Sirén, Computational comparison of a

novel decentralized photovoltaic district heating system against three

optimized solar district systems, Energy Convers Manage. 191 (2019) 39-54,

https://doi.org/10.1016/j.enconman.2019.04.017.

S. Cao, A. Hasan, K. Sirén, On-site energy matching indices for buildings with

energy conversion, storage and hybrid grid connections, Energy Build. 64

(2013) 423-438, https://doi.org/10.1016/j.enbuild.2013.05.030.

[42] Nord Pool As. Historical Market Data (Finland) 2016. https://www.
nordpoolgroup.com/historical-market-data/ (accessed November 22, 2020).

[43] H. Rehman ur, F. Reda, S. Paiho, A. Hasan, Towards positive energy
communities at high latitudes, Energy Convers Manage. 196 (2019) 175-
195, https://doi.org/10.1016/j.enconman.2019.06.005.

[44] De Keizer C, Bottse ], De Jong M, Folkerts W. An Overview of PVT modules on
the European Market and the Barriers and Opportunities for the Dutch Market.
EuroSun 2018 Conf. Proc., Rapperswil, Switzerland: 2018. 10.18086/
eurosun2018.02.09

[45] C. Kost, S. Shammugam, V. Jiilch, H.-T. Nguyen, T. Schlegl, Levelized cost of
electricity renewable energy technologies, Freiburg (2018).

[46] Yrjand Haahtela, Juhani Kiiras. Talonrakennuksen kustannustieto 2013.
Helsinki: 2013.

[47] Oikotie. Myytdvdt asunnot (in Finnish) 2020. https://asunnot.oikotie.fi/
myytavat-asunnot (accessed April 11, 2021).

[48] T. Niemeld, M. Manner, A. Laitinen, T.M. Sivula, J. Jokisalo, R. Kosonen,
Computational and experimental performance analysis of a novel method for
heating of domestic hot water with a ground source heat pump system, Energy
Build. 161 (2018) 22-40, https://doi.org/10.1016/j.enbuild.2017.12.017.

[49] Finnish Meteorological Institute (FMI). Download weather observations (open
data). Finnish Meteorol Institute’s Open Data Weather Obs 2020. https://en.
ilmatieteenlaitos.fi/

[50] European Energy Research Alliance. EERA Joint Programme Smart Cities — SET-
Plan Action 3.2 2018. https://www.eera-sc.eu/external-ccollaboration/set-
plan-action-3-2.html (accessed August 11, 2020).

[51] Lindholm O, Rehman H ur, Reda F. Positioning Positive Energy Districts in
European Cities. Buildings 2021;11:19. 10.3390/buildings11010019.

[52] Rehman H ur, Hirvonen J, Jokisalo ], Kosonen R, Sirén K. EU Emission Targets of
2050: Costs and CO2 Emissions Comparison of Three Different Solar and Heat
Pump-Based Community-Level District Heating Systems in Nordic Conditions.
Energies 2020, Vol 13, Page 4167 2020;13:4167. 10.3390/EN13164167.

[38]

[39]

[40]

[41]


https://doi.org/10.3390/buildings11020078
https://doi.org/10.3390/buildings11020078
https://doi.org/10.3390/en13164167
https://doi.org/10.3390/en13164167
https://positive-energy-buildings.eu/
https://ym.fi/en/the-national-building-code-of-finland
https://ym.fi/en/the-national-building-code-of-finland
https://energia.fi/en/news_and_publications/publications/energy_year_2018_-_electricity.html%23material-view
https://energia.fi/en/news_and_publications/publications/energy_year_2018_-_electricity.html%23material-view
https://www.equa.se/en/ida-ice
https://www.equa.se/en/ida-ice
https://dualsun.com/en/product/hybrid-panel-spring/
https://aaltodoc.aalto.fi/handle/123456789/34808
https://aaltodoc.aalto.fi/handle/123456789/34808
https://blog.tatasteelconstruction.com/how-to-calculate-the-u-value-of-a-construction/
https://blog.tatasteelconstruction.com/how-to-calculate-the-u-value-of-a-construction/
https://blog.tatasteelconstruction.com/how-to-calculate-the-u-value-of-a-construction/
https://task52.iea-shc.org/Data/Sites/1/publications/IEA-SHC-Task52-STC1-Classification-and-Benchmarking_v02.pdf
https://task52.iea-shc.org/Data/Sites/1/publications/IEA-SHC-Task52-STC1-Classification-and-Benchmarking_v02.pdf
https://task52.iea-shc.org/Data/Sites/1/publications/IEA-SHC-Task52-STC1-Classification-and-Benchmarking_v02.pdf
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0155
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0155
https://finnwind.fi/tuote/lataustuulivoimala-1500w-48v-12m-masto/
https://doi.org/10.1016/j.renene.2017.06.017
https://doi.org/10.1016/j.renene.2017.06.017
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0175
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0175
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0175
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0180
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0180
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0180
https://doi.org/10.1127/0941-2948/2010/0430
https://doi.org/10.1127/0941-2948/2010/0430
https://doi.org/10.1016/j.apenergy.2018.08.064
https://doi.org/10.1016/j.apenergy.2018.08.064
https://doi.org/10.1016/j.solener.2009.05.013
https://doi.org/10.1016/j.solener.2009.05.013
https://doi.org/10.1016/j.enconman.2019.04.017
https://doi.org/10.1016/j.enbuild.2013.05.030
https://www.nordpoolgroup.com/historical-market-data/
https://www.nordpoolgroup.com/historical-market-data/
https://doi.org/10.1016/j.enconman.2019.06.005
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0225
http://refhub.elsevier.com/S0378-7788(22)00162-1/h0225
https://asunnot.oikotie.fi/myytavat-asunnot
https://asunnot.oikotie.fi/myytavat-asunnot
https://doi.org/10.1016/j.enbuild.2017.12.017
https://en.ilmatieteenlaitos.fi/
https://en.ilmatieteenlaitos.fi/
https://www.eera-sc.eu/external-ccollaboration/set-plan-action-3-2.html
https://www.eera-sc.eu/external-ccollaboration/set-plan-action-3-2.html

	Challenges in reaching positive energy building level in apartment buildings in the Nordic climate: A techno-economic analysis
	1 Introduction
	2 Methodology
	3 The building design
	3.1 The building design parameters

	4 The energy system design
	4.1 Energy system components
	4.2 Energy system operation
	4.3 Simulation of the energy system

	5 Parametric analysis
	5.1 Energy system design variables
	5.2 Energy calculation
	5.2.1 Energy matching analysis

	5.3 Life cycle cost calculation

	6 Results and discussion
	6.1 Heating, cooling and plug loads
	6.2 Energy system performance analysis
	6.2.1 PVT sizing
	6.2.1.1 The case including the plug loads
	6.2.1.2 The case excluding the plug loads

	6.2.2 PVT buffer tank size-case excluding the plug loads
	6.2.3 The building’s geometry variation – case including the plug loads
	6.2.4 Wind turbines – case including the plug loads


	7 Conclusions
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgement
	References


