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Abstract: In Finland, old apartments (1980s) contribute toward emissions. The objective is to reduce
CO; emissions to reach Europe’s targets of 2050. Three different centralized solar-based district heating
systems integrated either with non-renovated or renovated old buildings in the community were
simulated and compared against the reference city-level district heating system. The three proposed
centralized systems were: Case 1: photovoltaic (PV) with a ground source heat pump (GSHP);
Case 2: PV with an air-water heat pump (A2WHP); and Case 3: PV with A2WHPs, seasonal storage,
and GSHPs. TRNSYS simulation software was used for dynamic simulation of the systems. Life cycle
cost (LCC), CO, emissions and purchased electricity were calculated and compared. The results
show that the community-level district heating system (Case 3) outperformed Case 1, Case 2, and the
city-level district heating. With non-renovated buildings, the relative emissions reduction was 83%
when the reference energy system was replaced with Case 3 and the emissions reduction cost was
3.74 €/kg.COy/yr. The relative emissions reduction was 91% when the buildings were deep renovated
and integrated with Case 3 when compared to the reference system with non-renovated buildings
and the emission reduction cost was 11.9 €/kg.CO,/yr. Such district heating systems could help in
meeting Europe’s emissions target for 2050.

Keywords: PV and heat pump-based centralized district heating system; district heating CO,
emissions; seasonal storage; community scale solutions; old apartment buildings renovation;
Nordic conditions

1. Introduction

Climate change is the greatest challenge that the world is facing in the present times. The world
at large and European Union (EU) in particular have goals to reduce emissions and its effect on climate
change. The EU has set two targets to achieve emission reduction goals: the first target is to reduce
emissions by 40% compared to the 1990 level by 2030 [1], and the second target is to reduce emissions by
80% by 2050 [2]. Around 36% of the carbon dioxide (CO;) emissions in the EU are caused by buildings
due to their energy consumption [3]. Therefore, emissions caused by the consumption of energy in
buildings can be reduced in order to reach the EU emissions targets. According to the EU Commission’s
Energy Performance of Buildings Directive (EPBD) [4], all new buildings have to be nearly zero energy
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buildings by 2020. According to Article 2 of the EPBD [4], the nearly zero energy buildings are energy
efficient buildings that have nearly zero or low energy demand and most of the demand is provided
by renewable sources. However, a large portion of the building stock consists of old and low energy
efficient buildings. These buildings consume a large amount of energy, resulting in large emissions.
Therefore, the target of the EU could be toward zero emission buildings [5]. In Finland, a large part of
district heating is provided using fossil-based or emission-based fuels [6] and the Finnish national
target is to reduce the emissions from the district heating network by 80% by 2050 [7]. Therefore, the
challenge is to increase the integration of renewable sources in the district heating to reduce emissions
as well as reduce the dependence on fossil fuels, especially in the case of old buildings.

The reduction of emissions from the heating grid is an important target to reach the national and
EU goals. Therefore, to reduce the emissions from the heating grid, energy efficiency is one of the main
aims of clean energy for all Europeans [8]. Since different building types have different usage patterns,
this requires specific solutions depending on the type and age of the building. The current buildings in
Europe are old and aging and these buildings need to be renovated to improve the energy efficiency of
the building stock [9]. In Greece, 70% of the buildings were built before the EU directives [10], while in
Finland, around 43% of the buildings were built before the 1980s [11]. Moreover, old buildings in the
Mediterranean climatic area [12] require different solutions than buildings in the Nordic region and
such solutions cannot be imported from different climatic conditions. Each building is unique and each
building has to be renovated differently. Several studies have been carried out showing the importance
of treating each case separately, as each case study leads to different results, for instance, in day-care
centers [13], schools, and education facilities [14] and other old buildings like museums [15].

The emissions from old buildings can be reduced by energy renovations. The technical, societal,
and environmental issues of such renovations in different countries are presented in [11]. In the last
ten years, only 0.4-1.2% [16] of old buildings have been renovated and this rate has to be increased by
2-3% [17] to reach the 2050 EU goals. It is argued that energy renovations can be costly even if they
also improve the life of the building, the indoor living conditions, and property value [11]. Apartment
buildings and single-family houses are a large segment of the building sector in Finland. Studies have
been made on different methods and ways to improve the energy efficiency of such buildings [18].
Earlier studies have found that old buildings have the largest potential to increase the energy efficiency
and reduce emissions [19] in Finnish conditions. In Estonia, a neighboring country, it was found
that energy renovations of buildings could be carried out to the current standards in a cost efficient
manner [20]. In Russia, it was found that the energy demand of apartments in Moscow could be
reduced by 68% through renovation [21]. The present study focuses on old residential buildings in
Finland that were built before the 1980s and cover almost 62% of the total gross floor area of Finland
up to 2018 [22]. Reduction in the emissions and decarbonization of energy systems are one of the
goals in the EU [2]. Therefore, the EU is driving efforts to further reduce the consumption of such
fuels and utilize cleaner and renewable energy sources. Germany has planned to increase renewable
utilization by more than 90% to meet its energy demand [23]. In Finland, most of the electricity is
provided via carbon free sources such as hydro, nuclear, and imported energy sources [24]. However,
the challenge is to decarbonize the district heating systems of Finland, which account for 44% of the
total CO, emissions caused by energy consumption [25]. Moreover, 46% of heating in residential
buildings are provided via a district heating system [26]. In 2018, around 37 TWh of the district heat
was provided, out of which 20% was from coal, 13% from gas, and 16% from peat [27]. Due to the
high utilization of fossil-based fuels, the average CO, emissions of district heating production in
Finland is 176 g CO,/kWh [28]. The national policy of Finland is to reduce the country’s emissions by
80% compared to the level in the 1990s [7]. In order to reduce the emissions at the national level in
Finland, the district heating systems in Finland have to be renovated and modified in a way that can
support the emissions reduction decision. Therefore, the focus in the present study was to reduce the
emissions from the district heating systems, especially in the context of old buildings in the community
instead of new buildings that are rather energy efficient. Moreover, the impact of the old building’s
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energy renovations on the emissions were also analyzed, along with the integration of renewable-based
centralized community-level heating systems.

Solar energy utilization can provide a much-needed pathway to reduce the CO, emissions from
district heating systems in general and in Finland [29]. There are also various other energy generation
technologies that could be used to provide clean energy such as wind turbines [30], biomass [31], waste
to energy [32], hydro [33] or gas [34,35]. However, solar energy has a large potential and market in the
European Union [36]. In addition to this [37,38], southern Finland receives around 900-1170 kWh/m?
solar radiation per year; therefore, this solar energy can be used to provide energy to the buildings and
communities. In contrast, the challenges in the utilization of solar energy in Finland are: (1) the annual
mismatch between the demand and supply, and (2) the economic performance [3].

The issue of the seasonal mismatch and economic performance of solar energy can be addressed
by the utilization of solar energy at a community or district level and by the utilization of storage in
the community. Research shows that renewable and storage integration with a single building has less
benefit compared to a community-sized solution. Storage integration with a community-sized solution
can provide a cost effective [39] solution for renewable energy utilization and mismatch issues [40],
in contrast to a single building solution [39]. Moreover, in a community-sized solution, the demand
profile has lower variations compared to a single building heating system, therefore community-based
solutions are needed. This would allow lowering the costs [41] and the payback periods [42].

Several solar-based district heating systems for a community at a pilot and experimental scale have
been built in Germany [43], Sweden [44], Denmark [45], Australia [46], and Canada [47]. The study
found that a solar-based district heating system could provide energy with better efficiency and with
reduced costs compared to electric heaters and boilers. Another study showed that the solar energy
used with district heating could provide 80-90% of the heat energy demand in summer and 50%
during winter [48]. In cold climatic conditions of China, 60% of the heat demand can be met via solar
energy [49] for multiple buildings. Pilot projects in Central Europe have demonstrated that 30-60% of
the heat demand can be covered by solar thermal energy and storage integration [40]. Another pilot
project in Canada showed that 98% of the space heating demand could be provided by the utilization
of solar energy and seasonal storage. In southern Finland, experimental-based solar district heating
projects were built in Kerava [50] during the 1980s and Eko-Viikki [51] in the 2000s. However, the two
projects were not able to meet the expectations due to technical issues. Another study showed that a
solar heating district network integrated with a heat pump could perform better when compared to a
heating network without solar energy [52]. Therefore, a holistic approach is needed where community-
or district-sized solutions are studied instead of a single building to make the solar energy application
cost effective, and at the same time, high performing.

The issue in Nordic conditions is the seasonal mismatch (i.e., solar energy is available in large
quantity during summer, when the demand is low and vice versa). This issue makes the utilization of
solar energy at high latitude quite uncompetitive compared to fossil-based energy. Another challenge
in the district heating system is high losses due to the high operating temperature of the district heating
network during an extreme winter season [53]. Both of these issues can be resolved by the utilization of
seasonal storage and a low temperature district heating system coupled with heat pumps [54]. Usually,
heat pumps are used as ground source heat pumps integrated with the buildings [55]. These heat
pumps can be integrated with solar charged seasonal storage and connected with low temperature
district heating networks so that they can provide high temperatures to the buildings to meet the
heating demands [39]. This would improve the coefficient of performance (COP) of the heat pump and
reduce the losses from the district heating network. A study carried out showed that a heat pump
integrated with a solar thermal collector could have a solar fraction of up to 67.5% [56]. In addition,
the solar energy could be utilized throughout the year by storing excess heat energy in the seasonal
storage to be used during winters, when no solar energy is available in Nordic countries. Different
novel ways and methods to integrate the heat pumps are studied and proposed in the present study to
evaluate the performance of the district heating networks in the community of old buildings.
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Seasonal storage is an important component of a solar-based district heating system. There are
different types of storage that can be used to store solar energy for longer, or for a seasonal time [57,58].
Sensible-based thermal energy storage is cheap compared to other types of storage like electrochemical
or phase change materials [3]. There are different storage technologies that can be used for sensible
heat storage, for instance, hot water tanks, pit thermal energy storage, aquifer thermal energy storage,
and borehole thermal energy storage [3]. The study showed that solar energy could provide up to
91% of heat energy to the community in USA (Virginia) when integrated with seasonal storage [59].
Another study found that seasonal storage integrated with solar energy could provide 68% of the
energy to the district in China, compared to the present state-of-the-art solution. Drake Landing Solar
Community, Canada has borehole thermal energy storage integrated with a solar thermal collector that
provides around 98% of the space heating demand via solar energy [60]. This pilot project in Canada
showed the benefits of utilizing seasonal storage in cold climatic conditions. A simulation-based study
showed that 90% of the space heating and domestic hot water could be provided via solar energy,
if seasonal storage was integrated in a cold climate [61]. Similarly, other studies have shown the
benefits of borehole thermal energy storage in solar based district heating systems, which can provide
seasonal flexibility to the district heating systems [62—-64]. Borehole thermal energy storage (BTES)
was studied in the present study due to its flexibility, simple design, and good ground conditions in
Finland [3].

In solar technology, the most common technologies used to utilize solar energy are photovoltaic
(PV) panels and solar thermal (ST) collectors [65]. ST collectors are used to provide heating to the
building and PV panels are widely used to provide electricity [66]. However, PVs can be used to
provide heating to a building along with electricity. PVs can be integrated with heat pumps to generate
heat energy for the building [67]. Several studies have shown that such integrated energy systems
can provide low cost solutions to meet the heating demand of the building and can assist in lowering
the emissions from heating systems [68,69]. Another study showed that the utilization of PVs could
provide a cheaper solution for the district heating systems compared to the ST-based district heating
systems in Nordic countries [54]. An initial study showed that PVs could be used to generate heat
using heat pumps, the generated heat could be used to meet the heating demand of the community,
and excess energy could be stored in the seasonal storage. There is a lack of studies on such concepts,
where PVs are used to produce heat energy and is integrated with seasonal storage in cold climatic
conditions. In addition, there is a lack of studies and evaluations of such concepts for community
scale applications with old buildings in Nordic conditions [70] and its benefits in terms of emissions
reduction. The concept where PVs and heat pumps are integrated with the seasonal storage at the
community-level that contains old buildings was studied in the present study in the Finnish conditions.
Therefore, PV and heat pump-based district heating systems were designed and analyzed from the
perspectives of technical, economical, and emissions reduction.

In many studies [19,71,72], focus has been separately made either on the building efficiency
or on the energy system design and modeling. Moreover, most studies have been undertaken to
estimate the impact in terms of economics and technical performance. The novelty in the present study
is a multi-dimensional approach where old buildings in the community are integrated with novel
centralized community-level energy systems in cold climatic conditions. Centralized community-level
energy systems consist of PV and heat pump-based district heating with or without seasonal storage.
The objective of the study was to analyze the potential of CO, emissions reduction and energy savings
from the district heating network at the community-level for old buildings with or without renovation
and identify its effect on the life cycle costs, purchased electricity, and renewable energy fraction.
In this study, detailed building renovation methodology was included and the focus was at the
community-level instead of single building solutions. This was done because the carbon reduction
measure is needed at a larger scale instead at a single building level to meet the EU and national
CO; emissions reduction targets. A reference city-level district heating system for the old buildings
was compared against the three developed off-site centralized community-level energy systems.
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The research was carried out by designing and simulating the reference and proposed renewable-based
district heating systems for the old building community.

2. Methodology

2.1. Simulation Method and Framework

The framework of the present study was designed in a way where different parameters such as
CO; emissions, economic, and technical performance were compared to evaluate different centralized
community-level energy systems for old buildings. The CO, emissions for each case and scenario
were compared against the reference case to identify the benefits of renovating the old buildings and
integrating old buildings with novel solar-based district heating systems. The scope was limited to the
simulation study and to solar energy harvesting; no other technologies were considered for producing
energy such as by using waste to energy plants, biomass, wind turbines, etc. This is done because
solar PV is relatively cheaper [73] compared to other technologies such as wind turbines [74]. The old
buildings and renovation measures in the buildings were simulated in an earlier study [19] using
IDA Indoor Climate and Energy (IDA-ICE) simulation software [75] and are explained in Section 2.2;
the energy system modeling and simulation for the buildings are described in Sections 2.3 and 2.4,
and finally, the parameters, input data, and calculations criteria are described in Sections 2.5-2.7.

2.2. Building Description

The study was carried out in the Southern Finland area of Louhela, Vantaa [76]. As shown in
Figure 1, the four buildings considered in the study were built during the 1970s. The heated floor area
of each building is around 4000 m?.

Figure 1. Louhela area showing the four buildings built during the 1970s in Vantaa, Finland [76].

The buildings were modeled, described, and simulated in an earlier study [19]. The present study
assumed that all four buildings in the chosen district were similar and that their renovation levels
complied with the following options. The four buildings built during the 1970s were either original
non-renovated reference buildings (OR), original buildings that had been light renovated (LR), or deep
renovated (DR). The building design parameters of the OR building are provided in Table 1 [19].
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Table 1. The design parameters of the original-reference (OR) building constructed in the 1970s [19,77-80].

Design Parameter Value
External wall insulation (U-value) 0.81 W/m2 K
Floor insulation (U-value) 0.47 W/m2 K
Roof insulation (U-value) 0.47 W/m2 K
Doors (U-value) 22 W/m2 K
Windows 1.7 W/m? K
Total solar heat transmittance (g) 0.71
Direct solar transmittance (ST) 0.64
Air leakage rate n50 3.21/h
Air leakage rate q50 9.7 m3/h m?
Ventilation Mechanical exhaust
Heat recovery efficiency 0%
Air exchange rate 0.51/h
SFP 1.5 kW/m3/s
Heated floor area/building 4000 m?
Window area 464 m?

The building above-mentioned is an original-reference (OR) old building in the community.
This building was then light renovated and later deep renovated at the building level (onsite) in
the IDA-ICE software (as discussed in detail in [19]) with no changes in the offsite production plant.
The buildings were renovated at the onsite building level to reduce the emissions from the reference
city-level district heating network for old buildings. The old buildings are less energy efficient when
compared to new buildings. Hence, these buildings have been renovated and changes made onsite to
improve the energy efficiency of these buildings. Moreover, as discussed earlier, the district heating
network contributes to large emissions in Finland. Therefore, the largest potential to reduce these
emissions also exist in the district heating networks.

The renovation of the building onsite or at the building level would increase the life cycle cost
(LCC) of the buildings due to investments in the material or technical systems that are needed to
improve the energy efficiency. It is important to identify the emissions reduction potential relative to
the increase in the LCC of the building. Table 2 shows the design variables and heating demand of
the three types of simulated buildings (reference, light renovated, and deep renovated) considered in
the study. It was assumed that the domestic hot water (DHW) demand was 35 kWh/mz/yr [81]. Itis
important to note that the components in Table 2 were installed on the buildings or onsite and the
costs were regarded as building level costs. This is separate from the centralized community-level
district heating energy system.

Table 2. Original non-renovated reference, light renovated, and deep renovated buildings studied in
the community and the building level components [19].

Buildin Space Heating Walls Roof Windows Solar Photovoltaic
Confirumb Demand (SPH)  U-Value  U-Value  U-Value  Thermal )
& (kWh/m%yr)  (W/m2K) (W/m?2K) (W/m2K) (m?)
Original reference (OR) 129 0.81 0.47 1.7 0 0
Light renovated (LR) 113 0.81 0.08 0.7 55 30
Deep renovated (DR) 53 0.36 0.08 0.8 55 30

2.3. Energy System Description and Simulation Method

2.3.1. Reference Case: City-Level District Heating

The reference case consisted of four buildings with a heated floor area of 4000 m? each. The covered
ground area of each building was around 500 m?. The system is a reference case scenario as shown in
Figure 2.
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Figure 2. The schematic diagram of the reference old buildings integrated with city-level district
heating (Case 0).

In this case, the buildings were integrated with a city-level district heating system. There were
no localized or offsite renewable energy generation and storage systems available that could provide
heating to the buildings. All the demand was met via the city-level district heating grid. Figure 2
shows the schematic diagram of the reference case. In this case, only the buildings were changed
based on Table 2. This was done to observe the change in the energy demand due to changes in
the building efficiency and its effect on the CO, emissions and the life cycle cost. The changes were
made in the building envelope and in addition, building integrated energy generation systems were
added to further reduce the emissions from the grid, as shown in Table 2. In the scenarios where the
buildings were light renovated (LR) or deep renovated (DR), the heat demand of the buildings was
reduced due to the improvement in the building envelope, as shown in Table 2. Moreover, in the
two building renovation scenarios (i.e., in LR and DR there were onsite decentralized and building
integrated renewable energy generation components integrated within the buildings). This was carried
out in order to meet the part of the heat demand via the onsite building integrated energy generation
system and the remaining part via the district heating grid. The DHW is provided at 60 °C and the
inlet water temperature of radiator network varies between 27 °C and 40 °C, depending on the outside
ambient temperature [81]. The same temperature levels for DHW and SPH were used in all of the case
studies mentioned further in Sections 2.3.2-2.3.4 in this paper.

This method would allow for a reduction in the CO, emissions of the buildings by producing
energy onsite via renewable energy sources, rather than importing energy from the city-level district
heating grid, which has a large carbon footprint and CO, emissions. In Finland, most of the CO,
emissions are caused by the heating of the buildings, which is provided through the district heating
network [27]. In contrast, the electrical grid of Finland has low emissions as most of the energy is
produced by hydro and nuclear and a large amount of electricity is imported via Sweden, who produces
electricity through hydro and nuclear sources [82].

2.3.2. Centralized PV and GSHP-Based District Heating System

This system was designed with off-site centralized solar photovoltaic (PV) panels installed close to
the buildings to provide heat energy to the localized community-level district system [39]. This concept
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was motivated by the previous study carried out, where solar thermal was used as the main generation
source of heat energy [54]. The difference in this study was the utilization of a PV-based district heating
system as the main source of energy generation. Moreover, in this study, the proposed energy system
was integrated with multiple old residential buildings in the community, instead of new buildings or
single building solution. A schematic representation of the centralized photovoltaic-ground source
heat pump-based community-level energy system for the old buildings is shown in Figure 3.

Photovoltaic
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Shart-term storage

tank 60 °C
- 2 < v Domestic hot water
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? Controlled temperature, based on outdoor temperature and control curve

Figure 3. The schematic diagram of the centralized photovoltaic (PV) and ground source heat pump
(GSHP)-based community-level district heating system integrated with old residential buildings in the
district (Case 1, PV + GSHP).

In the energy system, the PVs are used to generate heat by using GSHP. This is one of the most
popular solutions in Finland (i.e., to use GSHP to produce heat energy for a house by using cheap grid
electricity [83]). However, the PV system can be used to run the heat pump, instead of grid electricity,
which is a common solution [83]. In the present study, a PV, heat pump, and storage tank were used to
provide heat energy to the district.

The heat pump is used to charge the tank to 62 °C if the short-term storage tank is lower than 58
°C. The heat pump takes energy from the borehole heat exchanger (BHE) from the evaporator side and
charge the short-term storage tank. This centralized tank is used to provide space heating (SPH) and
domestic hot water (DHW) to the buildings. The PVs were used to meet the electricity demand of the
centralized energy system. Any short fall in the electricity is imported from the grid, while any excess
electricity from the PV is exported to the grid after meeting the centralized energy system demand.
The principle of using the PV is similar in all the case studies mentioned further in Sections 2.3.3
and 2.3.4 in this paper.

2.3.3. Centralized PV and Air-Water Heat Pump (A2WHP)-Based District Heating System

This system has similar concept as shown in Section 2.3.2; however, in this system the GSHP is
replaced by the A2ZWHP that is integrated with the centralized PV system. This off-site centralized
system is installed close to the buildings of the community to provide heat energy to the localized
district system [39]. The schematic diagram of the energy system is shown in Figure 4.
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Figure 4. The schematic diagram of the centralized PV and A2WHP-based community-level district
heating system integrated with old residential buildings in the district (Case 2, PV + A2WHP).

The A2WHP is used to charge the tank to 62 °C, if the temperature of the short-term storage tank
is lower than 58 °C. The heat pump takes energy from the ambient air from the evaporator side and
charges the short-term storage tank from the condenser side. This centralized tank is used to provide
space heating (SPH) and domestic hot water (DHW) to the buildings.

2.3.4. Centralized PV and Heat Pump (HP)-Based District Heating System with Seasonal Storage

Using a similar concept and taking inspiration from Cases 1 and 2, as shown in
Sections 2.3.2 and 2.3.3, this was further improved to propose a novel energy system and control
strategy. In Case 3, the PV was integrated with the A2WHP and GSHP to provide both heat and energy
to the building. In the proposed system, PV is used to provide energy first to the heat pumps, pump,
and backup heater to improve the onsite consumption, and finally, any excess is exported to the grid.
The modification in Case 3 was the integration of borehole thermal energy storage (BTES) as seasonal
storage. Seasonal storage is used to store the excess energy from the PV during summer periods to be
used during winter as heat. In addition, two short-term storages were used instead of one and one
tank was charged at a lower temperature, while the second tank was charged at a higher temperature.
The novelty is in the integration and control strategy of all the generation components, storage, and
seasonal storage with the old buildings in the community. The schematic presentation of the proposed
system is shown in Figure 5.

The control strategy is designed in a way that the centralized PV for the plant is used to produce
electricity. This electricity is used to run the heat pumps to charge the short-term storage tanks.
The priority is set in a way that the GSHP is used to charge the high temperature tank, and then extra
electricity is used to run the A2ZWHP to charge the low temperature tank. After using the electricity to
run these two heat pumps, excess electricity is sold to the grid. The A2WHP is used to charge the low
temperature tank to 40 °C and any excess heat energy is used to charge the BTES. If the warm tank
temperature is 5 °C higher than the BTES average temperature, the BTES is charged by the warm tank.
The WWHP is used to charge the hot tank to a higher temperature of 62 °C by capturing energy from
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the space heating return network. The hot tank is used to provide domestic hot water (DHW) and
space heating (SPH) after preheating the water in the warm tank.
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Figure 5. The schematic diagram of the centralized community-level district heating system for the old
residential buildings based on PV, A2ZWHP, GSHP, and seasonal storage. (Case 3, PV + AW + GSHP
+ STR.

2.4. Simulation of Energy Systems

Energy simulation software known as TRNSYS [84] was used to model and perform dynamic
simulation of the energy systems. This simulation software is widely used by the scientific community,
for instance, in [85,86] and validated by the Drake landing community, Canada [47]. In TRNSYS,
the modules used were as follows: photovoltaic (TYPE 194), heat pump (TYPE 668), tank (TYPE 543),
borehole thermal energy storage (TYPE 557a), control of set points (TYPE 2b), temperature control
(TYPE 11f), and weather data (TYPE 15). The input parameters for the above-mentioned components
are described in detail in [87]. In the present study, centralized community-level energy systems were
designed for the district and compared against each other by studying the overall emissions, LCC,
and technical feasibility of the energy systems.

In the present study, the hourly weather data measured at the weather station of Helsinki-Vantaa
airport was used [88]. The daily average ambient temperature and solar radiation are shown in Figure 6.
The A2WHP seasonal coefficient of performance (SCOP) was assumed to vary between two to five
depending on the ambient temperature [89].
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Figure 6. The daily average ambient temperature and solar radiation in the Southern Finland region.
2.5. Energy and Life Cycle Cost (LCC) Calculations

The main parameters analyzed were the CO, emissions, purchased/imported electricity, and LCC
for each case study. The techno-economic factors are of interest to the investors, building owners,
and project owners [72], while the emissions are of special interest to the policy makers, stakeholders,
and building owners.

The purchased electricity or imported electricity is calculated using Equation (1) [39]:

where ENg is the imported electricity (IMg) when it is negative, and exported electricity (EXg) when it
is positive; PV is the electricity produced by the photovoltaic. It was assumed that the PV had an
efficiency of 15.37% [90] and a degradation rate of 0.7% each year, which is higher than the average
degradation rate of 0.5% [91]. The degradation of the PV is included in the calculation because it
can affect the electricity production by the PV during the life cycle, the life cycle cost, and the CO,
emissions reduction potential, as discussed in [92]. HP is the electricity used by the heat pumps,
AUXg is the sum of the backup heater, and pump electricity demands.
The life cycle cost is calculated using Equation (2) [39]:

LCC = CPV + Cypa + CHPW +Cgr+Cr + CBL + Zn =2 es. Cr. IMg — ZH:ZS €. CE- EXg, (2)

where LCC is the life cycle cost of the centralized heating system. This is a simplified method of
calculating the LCC as the LCC includes the initial investments and operational costs for the 25 years.
The calculations in this study did not consider whole life cycle calculations (i.e., cradle to grave concept)
and only considered the economic life cycle of the system. In Equation (2), the Cpy is the cost of the PV,
Chpa is the A2WHP cost, Cypy is the GSHP, Cgr is the borehole heat exchanger or borehole seasonal
storage cost depending on the energy system type, Cr is the short-term storage tank cost, and Cgy, is
the building level cost based on Table 3 as explained in Section 2.5.1. The energy cost is also included
in the LCC [54]. The Cj is the imported electricity cost and Cy is the exported electricity price earned
while exporting electricity to the grid. The import electricity price used was 11.10 c/kWh (the price
included the taxes and distribution cost) and the export electricity price used was 4.04 ¢/kWh [93],
based on Nord Pool data of 2016. The discounting factor was defined as ef, which takes into account the
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electricity price escalation rate of 1% [93] and the interest rate of 3% [94]. No disposal and maintenance
costs were included in the calculation [54]. It is possible that the system is not disposed of and will
continue to operate after 25 years (after the maintenance). A similar method has also been used in
earlier publications such as in [54,95].

2.5.1. Design Variables and Costs

The design variables selected for the study were the generation components, storage, and demand
as they are the main parameters that can affect the performance of the energy system. The size of the
components and values of the design variables were included to study the impact of the variables.
The values of the design variables shown in Table 3 are based on the optimization results carried out in
the study in [54]. Moreover, the values of the design variables for each case were selected so that the
energy system was able to provide the space heating and domestic hot water at the desired temperature
level, as mentioned in the Section 2.3.1. The values were close to each other for each case study in
order to provide a close comparison between different cases. However, the values changed due to
the requirement for each case to meet the desired temperature level of the demand. In addition, the
investment cost for the design variables are also shown in Table 3. Most prices were variables based on
the size of the components while some prices were constant. The prices of the components are reduced
when the size of the components increased due to the economy of scale [3]. The building level costs
included the cost of the building insulation and other onsite installation for energy efficiency [19] and
the centralized community-level district heating energy system costs are shown separately. The energy
system components and buildings were used as the design variable and parameter in all of the energy
systems and the costs of the buildings were kept separate from the centralized energy system costs.

Table 3. Design variables used for the simulations and the corresponding investment costs of
the components.

References and

Case Number Valuation Year

Design Variables Range of the Values Investment Cost

0 Building level costs:
Original reference (OR) heat

- 2 77 €/m?
Building type heating demand if;ir;zngjjiz‘:\{%ﬁ é Zf R [19], 2018
demand = 113 kWh/m2/yr 156 €/m
Deep renovated (DR) heat
den[':and =53 kWh/mZ/yr 339 €/m?
1 Centralized level costs:
Monocrystalline PV capacity (m?) 1000 230 €/PV m? [96], 2016
Short-term storage tank volume (m?) 60 892 €/m?> [97], 2016
Wi . 12-20 (based on building
ater-water heat pump (60 kW perma1/unit) type) 325 €/kWthermal [98], 2013
BTES aspect ratio 15 33.5 €/m (drilling) [54,98,99], 2016
BTES density (boreholes/m?) 0.04
2 Centralized level costs:
Monocrystalline PV capacity (m?) 1000 230 €/PV m? [96], 2016
Short-term storage tank volume (m3) 60 892 €/m® [97], 2016
Al . 65-100 (based on building
ir-water heat pump (16 kWinermar/unit each) type) 425 €/kWthermal [89], 2017
3 Centralized level costs:
Monocrystalline PV capacity (m?) 1000 230 €/PV m? [96], 2016
Short-term warm storage tank volume (m3) 100 860 €/m3 [97], 2016
Short-term hot storage tank volume (m®) 100 860 €/m?>
Water-water heat pump (60 kKW ermal/unit) 5 325 €/kWthermal [98], 2013
Air-water heat pump (16 kW perma1/unit each) 50 425 €/kWthermal [89], 2017
33.5 €/m (drilling) +
3 €/mS(excavation for
BTES aspect ratio 15 insulation) + 88 €/m>
(1.5 m insulation
thickness)
BTES density (boreholes/m?) 0.15 [98,99], 2016
BTES volume (m®) 120,000
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2.6. Emissions

District heating in Finland is mostly generated by using fossil fuel-based sources. Therefore,
the emissions caused by the combustion of fossil fuel to generate and provide district heating to
the buildings is around 176 kg CO,/MWh [28] in Finland. At the city level, waste to energy plants
could play a significant role in producing heat energy. These waste to energy plants could assist in
reducing the emissions from the city level district heating network, which were analyzed in a city level
study [100]. The emissions in the district heating were relatively high compared to the electrical grid.
The emissions from the district heating was used in the reference city-level energy system case and
did not vary during the season. The emissions were calculated for the electricity, as this is the only
commodity that is purchased to meet the demand of the proposed community-level energy systems
that are being studied. Generally, the electricity grid in Finland has low emissions, because most of the
electricity is produced by hydro, nuclear, and wind [101]. However, due to the variation in the demand
during the year, the emissions also change in the grid because the energy mix changes depending on
the season. With more combined heat and power plants and biomass/coal-based power plants used to
meet the demand in winter, the emissions from the grid also change. The average monthly emission
of the electrical grid from 2011 to 2015 is shown in Figure 7 [19,26]. The emissions are minimum in
summer and maximum in winter due to the demand of heating in the extreme cold weather of the
Nordic region. In the present study, electricity import and emission import were considered, however,
the export of solar energy to the grid was not considered as a mitigation technique or compensation of
emissions for the imported electricity. Due to the seasonal mismatch in the demand and solar energy
availability, this study was undertaken to highlight how renewable sources can be utilized to mitigate
and reduce the CO; emissions from the building’s heating network at the community-level.

200
180
160
140
120
100
a0
60
40
20

Emission factor (g-CO,/kWh)

Months

Figure 7. The average monthly emissions of the electrical grid of Finland [19,26].

2.7. Renewable Energy Fraction

Renewable energy fraction was calculated to find out how much of the onsite demand is met
by renewable energy sources [102]. The renewable energy fraction (REF) for heating is defined in
Equation (3). The equation is derived to show the ratio between the renewable energy part used to
provide heating to the community and the total heat demand of the community. The renewable energy
fraction for heating is defined as [39] in Equation (3):

TE

REF =1- —/———
SPH + DHW’ @)
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where REF is the renewable energy fraction in%; TE is the total energy consumption by components
such as heat pumps, pumps, and backup heaters in kWh; SPH is the space heating; and DHW is the
domestic hot water in kWh.

3. Results and Discussion

The emissions reduction, economic analysis, and technical performance of the proposed systems
were compared and discussed against each other in the following arrangement:

e  Case 0: Reference city-level district heating system.

e Case 1: Centralized PV and GSHP-based community-level district heating system (PV + GSHP).

e (Case 2: Centralized PV and A2WHP-based community-level district heating system
(PV + A2WHP).

e Case 3: Centralized PV and heat pump-based community-level district heating system with
seasonal storage (PV + A2W + GSHP + STR).

3.1. Reference Case 0: City-Level District Heating

The district heat demand, investments at building level, and emissions from the base case (case 0)
scenario are shown in Figure 8. The x-axis of Figure 8 shows the type of building in each scenario.
The OR is the original non-renovated reference case building, LR is the light renovated building, and
DR is the deep renovated building. The y-axis shows the LCC, heating demand, and the emissions
caused by the district heating network due to the demand by the buildings in the community. It can
be observed in Figure 8 that the OR buildings in the community were cheap (blue bar in Figure 8)
compared to the LR and DR buildings due to lower insulation levels, low ventilation heat recovery
efficiency, and no onsite energy saving measures. Due to the low building energy efficiency, the heating
demand (red bar in Figure 8) of the OR buildings in the community was high compared to the LR
and DR buildings. Therefore, the emissions (green line in Figure 8) caused by the OR buildings in the
community were large compared to the LR and DR buildings in the community. The results of the
reference city-level district heating system were based on the earlier study carried out in [19].
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3 - 30 2
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m o 200 é.m
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S E 100 2
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Figure 8. The annual heating demand of the buildings in the community, investment cost at the building
level, and CO; emissions from the city-level district heating grid for the reference case (Case 0).

In contrast, the DR buildings in the community were the most expensive compared to the LR
and OR buildings, as shown in Figure 8 (blue bar). Although the DR buildings were expensive due to
better insulation of the building, efficient heat recovery system, and onsite energy saving measures,
the DR buildings had lower emissions and lower heat demand.

The reduction in the heat demand of the OR buildings was from 129 kWh/mz/yr to 52 kWh/mz/yr
in the DR building scenario (red bar in Figure 8). The increase in the energy efficiency of the building
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and the reduction in the heat demand was around 60%. To achieve higher energy efficiency of the
building, the investment cost of the OR increased from 77 €/m? to 339 €/m? in the DR scenario (blue
bar in Figure 8) and the LCC increased from 339 €/m? to 459 €/m?, respectively. The increase in the
energy efficiency of the building caused a 77% increase in the onsite investments and 26% increase in
the LCC at the building level. It can also be observed from Figure 8 (green bar) that by only improving
the building efficiency and onsite energy performance improvement at the building level, the CO,
emissions caused by the buildings in the community, for instance, from the OR buildings, reduced
from 34 kg COz/mz/yr to 16 kg COz/mz/yr in the DR scenario. The CO, emissions were reduced from
the OR building to the DR building by 53%, if investments were made at the building level to reduce
the emissions caused by the heat demand. Figure 8 shows that through investments at the building
level, the heat demand of the building could be reduced, which would ultimately reduce the emissions
from the district heating.

3.2. Case 1: Centralized PV and GSHP-Based District Heating System

The heat demand, LCC, and emissions from the centralized community-level energy system
(Case 1) are shown in Figure 9. The x-axis of Figure 9 shows the type of building in each scenario.
The y-axis shows the LCC, purchased electricity, and the emissions caused by the electricity import
to meet the heat demand of the buildings in the community. In general, it can be observed that the
centralized community-level district heating could meet the demand of the community at certain LCC
and at certain emissions level.
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Building type & PV [1000m?)

Figure 9. The annual purchased electricity, LCC, and CO, emissions from the centralized
community-level PV and GSHP-based energy system integrated with old residential buildings (Case 1,
PV + GSHP).

It can be observed in Figure 9 that the LCC of the energy system with the OR building scenario in
the community was low (blue bar in Figure 9) compared to the LR and DR buildings. The LCC of the
energy system with the DR building scenario was high as the cost of the building was higher compared
to the OR buildings, as shown in Figure 8. However, it was observed that the purchased electricity
of the system (red bar in Figure 9) was low for the DR buildings compared to the OR buildings in
the community. The purchased electricity was low for the DR buildings because the building energy
efficiency was high compared to the OR buildings. Consequently, low energy is required to meet the
energy demand of the DR buildings in the community. The CO, emissions from the DR buildings
were low compared to the OR buildings (green line in Figure 9) due to the low energy demand of the
DR buildings and better energy efficiency, resulting in less purchased electricity.

The reduction in the purchased electricity from the grid by the centralized community-level energy
system (Case 1) was around 50%, being from 94 kWh/m?/yr to 47 kWh/m?/yr if the OR buildings were
renovated according to the DR scenario as shown in Figure 9. In Figure 9, the blue bar shows that the
LCC of the energy system (Case 1) with OR buildings was 273 €/m?, which was lower compared to the
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DR buildings (i.e., around 452 €/m?). The increase in the LCC was around 65.5% when DR buildings
were used instead of OR buildings. As a result, the emissions also varied as shown in Figure 9 as the
green line. The emissions from the energy system (Case 1) with the OR buildings scenario were 13.1 kg
CO,/m?/yr, which was reduced by 50% to 6.6 kg CO,/m?/yr if the buildings were renovated according
to the DR scenario.

The breakdown of LCC and the renewable energy fraction of the energy system (Case 1) are
shown in Figure 10. In general, it can be observed that the overall LCC of the centralized energy system
and the building community was lower for the worst case scenario (OR buildings) and high for the
best case (DR buildings) scenario.
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Figure 10. The breakdown of LCC of the old residential building community and centralized energy
system based on PV and GSHP (Case 1, PV + GSHP).

Figure 10 shows that the major part of the LCC was on the buildings and the energy cost. However,
the ratios of the costs were different for each scenario. In the OR building scenario, the building
level cost was 28% of the total LCC, 19% of the LCC was the centralized energy system cost, and the
energy cost of the LCC was around 53%. In the DR building scenario, the share of the building
level cost, centralized energy system cost, and energy cost were 75%, 9%, and 16% of the total LCC,
respectively. Moreover, it can be observed in Figure 10 that the OR buildings in the community could
have a renewable energy fraction of around 40%, and increased to 50% if the buildings were renovated
according to the DR scenario.

3.3. Case 2: Centralized PV and A2WHP-Based District Heating System

The heat demand, LCC, and emissions from the centralized community-level energy system
(Case 2) scenario are shown in Figure 11. It can be observed in Figure 11 that the LCC of the energy
system with the OR buildings in the community was low (blue bar in Figure 11) compared to the LR
and DR buildings. The LCC of the energy system with the DR buildings in the community was high
as the cost of the buildings was high compared to the OR buildings, as shown in Figure 8. However,
it was observed that the purchased electricity of the system (red bar in Figure 11) was low for the
DR buildings compared to the OR buildings. This phenomenon was also observed in Case 1 (see
Figure 9). The reduction in the purchased electricity from the grid by the centralized community-level
energy system (Case 2) when OR buildings are present in the community was around 51%, being from
93 kWh/mz/yr to 45 kWh/mz/yr if the buildings were renovated according to the DR scenario, as shown
in Figure 11. Similar behavior was observed in Case 1 (Figure 9).
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Figure 11. The annual purchased electricity, LCC, and CO, emissions from the centralized
community-level PV and A2WHP-based energy system integrated with old residential buildings
(Case 2, PV + A2WHP).

Figure 11 (blue bar) shows that the LCC of the energy system (Case 2) with OR buildings was
278 €/m?, which was lower compared to the DR buildings (i.e., around 451 €/m?). The increase in the
LCC cost was around 62.2% when DR buildings were used in the centralized energy system (Case 2)
instead of OR buildings in the community. As a result, the emissions also varied, as shown in Figure 11
(green line). The emissions from the energy system (Case 2) and OR building scenario were 12.9 kg
CO,/m?/yr, which was reduced by around 51% to 6.2 kg CO,/m?/yr, if the buildings were renovated
according to the DR scenario.

The breakdown of LCC and the renewable energy fraction of the centralized community-level
energy system (Case 2) are shown in Figure 12. Figure 12 shows that the major part of the cost was
on the buildings and the energy cost was similar to that of Case 1 (see Figure 10) and the difference
in the cost ratio was small in Case 2 and Case 1. The building level cost was 28%, the centralized
energy system cost was 21%, and the energy cost was 51% of the total LCC in the OR building scenario,
as shown in Figure 12. On the other hand, the building level cost was 75%, the centralized energy
system cost was 10%, and the energy cost was 15% of the total LCC, as shown in Figure 12. Moreover,
the renewable energy fraction varied from 41% to 51%.

500 60%
450 =
400 - [ 20% ¢
"t 350 | a0 B N Energy cost
300 o
% 750 30% Pl wzazzz Building level cost
3 go
5 200 2 I Centralized (HP) cost
2 150 20% § (HP)
@ 100 10% 5 ' Centralized tank cost
0 o
50
@ = 5
3 0 0% E I Centralized (PV) cost
Original-reference Light renovated (LR) Deep renovated =

Renewable energy fraction
(OR) (DR)

Building type

Figure 12. The breakdown of LCC of the old residential building community and the centralized PV
and A2WHP-based energy system (Case 2, PV + A2WHP).
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3.4. Case 3: Centralized PV and HP-Based District Heating System with Seasonal Storage

The heat demand, LCC, and emissions from the centralized community-level energy system
(Case 3) scenario are shown in Figure 13. The reduction in the purchased electricity from the grid
by the centralized community-level district heating energy system (Case 3) was around 46.5%, being
from 43 kWh/mz/yr to 23 kWh/mz/yr, if the OR buildings were renovated according to the DR scenario.
In addition, it was found that the centralized community-level energy system with seasonal storage
(Case 3) performed better than the centralized community-level energy system without seasonal
storage (Cases 1 and 2). For instance, it was found that the OR buildings in the community integrated
with the centralized energy system with seasonal storage (Case 3, Figure 13) had 54% lower purchased
electricity consumption compared to the same OR buildings in the community integrated with the
centralized energy system without seasonal storage (Case 2, Figure 11). Similarly, it was observed
that the DR buildings in the community integrated with the centralized energy system with seasonal
storage (Case 3, Figure 13) had 51% lower purchased energy compared to the same DR buildings in the
community integrated with the centralized energy system without seasonal storage (Case 2, Figure 11).
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Figure 13. The annual purchased electricity, LCC, and CO, emissions from the centralized
community-level PV, HP, and seasonal storage-based energy system integrated with old residential
buildings (Case 3, PV + A2W + GSHP + STR).

Figure 13 shows that the LCC of the community-level energy system (Case 3) was 277 €/m?
when integrated with the OR buildings, which was similar to that of Case 1 and Case 2 with similar
non-renovated (OR) buildings. In the case with the DR building integrated with the energy system
(Case 3), the LCC was 498 €/m?2. The LCC was higher compared to Case 1 and Case 2 with the DR
buildings in the community. It was also observed in Figure 13 that with the higher LCC of Case 3
compared to Case 1 and Case 2, the technical performance of Case 3 was better compared to that of
Case 1 and Case 2 in terms of lower emissions and lower purchased electricity. The emissions reduced
from 13.1 kg COz/mz/yr in Case 1to 5.7 kg COz/mz/yr in Case 3 when non-renovated (OR) buildings
were present in the community. When the buildings were deep renovated (DR), the emissions were
reduced from 6.69 kg CO,/m?/yr in Case 1 to 3.22 kg CO,/m?/yr in Case 3. Similarly, compared to the
city level district heating connected with the OR building, the emissions were reduced from 34 kg
CO,/m?/yr to 3.22 kg CO»/m?/yr in Case 3 with DR buildings.

The breakdown of the LCC and the renewable energy fraction of the centralized community-level
energy system (Case 3) are shown in Figure 14. When comparing Case 1 and Case 2, it was observed
in Figure 14 that a large part of the cost was the seasonal storage cost, which was not so in Case
1 and Case 2. In Case 1 and Case 2, there was no seasonal storage, due to which the centralized
energy system cost was lower in those cases, compared to Case 3. By integrating seasonal storage, the
energy cost was reduced to 94 €/m? in the community-level energy system (case 3) integrated with
non-renovated buildings (as shown in Figure 14) compared to Case 1 and Case 2 where the energy



Energies 2020, 13, 4167 19 of 29

cost was 144 €/m? and 141 €/m?, respectively, with similar non-renovated buildings. The energy cost
could be further reduced to 53 €/m? in community-level energy system (case 3) when it was integrated
with deep renovated buildings (as shown in Figure 14). The energy cost in Case 1 and Case 2 was
71 €/m? and 67 €/m?, respectively, when DR buildings were integrated with these community-level
energy systems. Moreover, it was observed in Figure 14 that the OR buildings in the community can
have a renewable energy fraction of around 70% when integrated with the centralized energy system
(Case 3). This renewable energy fraction can be increased to 80% in Case 3 for the scenario where
renovation is done at the building level to reach DR buildings in the community. This fraction is also
higher compared to Case 1 and Case 2 with similar deep renovated buildings in the community-level
energy systems.
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Figure 14. The breakdown of LCC of the old residential building community and centralized PV, HP
and seasonal storage-based energy system (Case 3, PV + A2W + GSHP + STR).

3.5. Comparison of the Emissions and Costs between the Energy Systems

Table 4 shows the comparison of the emissions and costs between the proposed centralized
community-level district heating systems (Cases 1, 2, and 3) and reference city-level district heating
system (Case 0) for the old residential buildings. It was found that when OR buildings in the community
were integrated with the district heating system (Case 0), the emissions were high. The emissions
could be significantly reduced by up to 60% when the OR buildings were integrated with either of
the centralized PV + heat pump-based district heating systems (Cases 1 and 2). Furthermore, the
emissions can be additionally reduced by up to 83% if the OR building community is integrated with
the centralized PV + heat pump-based district heating with seasonal storage (Case 3). This shows that
the emissions from the city-level district heating can be significantly reduced by using community-level
renewable-based district heating systems and utilizing seasonal storage. Overall, it shows that to reach
the EU Commission [103] and Finland’s national targets of 2050 [7], reducing the emissions from the
energy systems, and in particular from the district heating networks, can be achieved by using novel
energy systems for the community.

It was found in Table 4 that the maximum relative reduction in the non-renovated (OR) buildings in
the community reached by the development of the renewable-based community-level energy system (Case
3) was 83% compared to the reference city-level district heating. This community-level energy system (Case
3) consists of PVs integrated with the A2WHDP, GSHP and seasonal storage. The investment cost of the
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community-level energy system (Case 3) was 106 €/m? and the total investment including the building level
cost was 183 €/m?. The change in the energy system reduced the emissions compared to the reference Case
0, and the emissions reduction cost increased to 3.74 €/kg CO,/yr. However, the LCC was reduced by 18%
when the city-level energy system (Case 0) was replaced by the proposed community-level energy system
(Case 3) with the non-renovated (OR) buildings in the community. The maximum relative reduction in the
deep renovated (DR) buildings in the community connected with the novel community-level energy system
(Case 3) was 80%, as shown in Table 5, when compared to the similar type of the OR buildings connected
with the reference city-level district heating (Case 0). The investment costs on this community-level energy
system (Case 3) was around 106 €/m? and the total investment cost including the building level cost was
around 445 €/m?. When the DR buildings in the community connected with the reference city-level district
heating (Case 0) were replaced by the proposed community-level energy system (Case 3), this increased the
emissions reduction cost to 8.21 €/kg CO,/yr.

Compared to the city-level district heating connected with the non-renovated (OR) buildings in
the community (in Table 4), the maximum emissions reduction in the deep renovated (DR) buildings
connected with the community-level energy system (Case 3) was 91% (in Table 5). As the buildings in
this situation were deep renovated, the building level cost increased from 77 €/m? (OR) to 339 €/m?
(DR). In addition, the community-level energy system cost was 106 €/m?. The overall LCC increased
from 339 €/m? to 498 €/m? when the buildings were DR and connected with the community-level
energy system (Case 3) when compared to the OR buildings connected with the reference city-level
district heating (Case 0). As a result, the emissions reduction costs increased to 11.9 €/kg CO,/yr.

Figure 15 also gives an overall comparison between Case 0 with the OR buildings and Case 3 with DR
buildings in the community based on the emissions, emissions reduction cost, life cycle cost, purchased
energy cost, and total investment cost. It was observed that Case 3 with DR buildings had higher investments
compared to Case 0 with OR buildings. However, the purchased energy cost was significantly lower
in Case 3 with DR buildings compared to Case 0 with the OR buildings. Moreover, the emissions were
significantly lower in Case 3 with DR buildings compared to Case 0 with OR buildings. As a result, the
emissions reduction cost of Case 3 with DR buildings was high. This shows that Case 3 with DR buildings
can significantly reduce the emissions from the buildings in the community and the purchase of electricity,
however, the emissions reduction cost would increase in this case.

600
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= 300 - 262
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>
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100 ~ 31 53 7
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Emissions (kg Emission Life cycle cost Purchased Total
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Figure 15. The emissions, emissions reduction cost, LCC, investment, and purchased energy cost
comparison between Case 0 with OR buildings and Case 3 with DR buildings in the community.
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Table 4. Emissions and cost comparison of the proposed centralized community-level energy district heating systems (Cases 1, 2, and 3) integrated with the original
reference (OR) old residential buildings in the district and reference city-level district heating system (Case 0).

Centralized Emission

. s Emission Relative Building Level Purchased Total . Building Centralized Purchased
Building Emissions (kg duction (k duction i LCC Energy System Reduction 1
Configuration COy/m?2/lyr) Reduction (kg Reduction in (€/m?) Investment Cost Investment Cost Energy Cost Investment Investment Cost Level Cost System Cost Energy Cost
CO,/m?/yr) Emissions (%) (€/m?) (€/m?) (€/m?) Cost (€/m?) (€/kg CO/ym) Ratio (%) Ratio (%) Ratio (%)
Case 0, (OR) 34 - - 339 77 0 262 77 - 23 - 77
Case 1 (PV +
GSHP), (OR) 13.1 20.9 61 273 77 52 144 129 2.48 28 19 53
Case 2 (PV +
A2WHP-DH), (OR) 12.9 21.1 62 278 77 60 141 137 2.84 28 21 51
Case 3 (PV + A2W
+ GSHP + STR), 5.7 28.3 83 277 77 106 94 183 3.74 28 38 34
(OR)

Table 5. Emissions and cost comparison of the proposed centralized community-level energy district heating systems (Cases 1, 2, and 3) integrated with deep
renovated (DR) old residential buildings in the district and city-level reference district heating system (Case 0).

Buildin Emissions (k Emission Relative Lce Building Level E:eerntrasllzsi:m Purchased Total IE:;S::::‘ Building Centralized Purchased
Conlfli v gon COy/m?f r)g Reduction (kg Reduction in (€/m?) Investment Cost Inv. s%r}xl r?t Cost Energy Cost Investment Inv. stnlll nt Cost Level Cost System Cost Energy Cost
gura 2Ly COy/m2/yr)  Emissions (%) (€/m2) ¢ (€/1:|2) ° (€/m2) Cost (€/m?) (el‘i(g CeOZ /y;’)s Ratio (%) Ratio (%) Ratio (%)
18 (from Case 0 52 (from Case 0
Case 0, (OR) 16 + ORbuilding)  + OR building) 459 339 0 120 339 - 73 - 27
gg;;}) (l(ngJ; 6.7 9.3 (27.3) 58 (80) 452 339 42 71 381 451 75 9 16
AZVS/?—;E-?D(I{)I;/ (E)R) 6.2 9.8 (27.8) 61(82) 451 339 45 67 384 4.59 75 10 15
Case 3 (PV + A2W
+ GSHP + STR), 3.1 12.9 (30.9) 80 (91) 498 339 106 53 445 8.21 68 21 11

(OR)
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However, when Tables 4 and 5 were compared against each other, a few other outcomes were
observed, which are as follows:

1. First, in the reference city-level district heating system (Case 0), by investing only in the renovation
of the original reference building (OR) in order to reach the deep renovated (DR) building level,
the CO, emissions were reduced by 53%. These emissions can be reduced by only investing at
the building level, with no investment on the centralized renewable-based district heating system
for the community.

2. Second, in the reference district heating system (Case 0) in the OR building scenario, the purchased
energy cost was significant, with an overall 77% of the life cycle cost. This can be reduced to 34%
when the centralized solar PV + A2W + GSHP + STR-based district heating system (Case 3) is
connected with similar OR buildings in the community. Moreover, the purchased energy cost can
be further reduced to 11% when the centralized solar PV + A2W + GSHP + STR-based district
heating system (case 3) is used with deep renovated (DR) buildings in the community.

3. Third, when the OR or DR types of old buildings are used in the district, the emissions can be
reduced significantly by investing in the centralized renewable-based district heating systems
(Cases 1, 2, and 3). However, the share in the investments are different depending on the building
types (i.e., if the buildings are OR type, the investment share on the buildings is low, however,
the imported energy costs are high. On the other hand, when the DR type of building forms
the community with centralized renewable-based district heating systems (Cases 1, 2, and 3),
the share of the building level costs are high, however, the imported energy costs are reduced
significantly when compared to the OR type of the buildings in the community.

4.  Fourth, the emissions reduction cost varied from 2.48 €/kg CO,/yr to 8.21 €/kg CO,/yr1, depending
on the centralized energy system case. Overall, the cost changed by 82% for the total investments
in order to reduce a kilogram of CO, emissions from the heating network of old buildings in
the community.

5. Finally, compared to the reference district heating system (Case 0) integrated with OR old
buildings in the community, the emissions can be reduced by 91% when the centralized PV +
heat pump-based district heating system with seasonal storage (Case 3) is used along with the
deep renovated (DR) old buildings in the community. This would change the share or percentage
of investments at the building level and the centralized energy system.

It is also important to note that by investing in by adding additional material at the building level,
for instance, in terms of insulation material for better energy efficiency, the embodied carbon footprint
of the material also increases. A study carried out by Sudip et al. [104] showed that the embodied
carbon footprint of the building can be large in energy efficient optimal solutions. A case study carried
out in Finnish conditions showed that the embodied carbon footprint of the building material was
only around 28% to 39% of the total life cycle footprint, while the rest of the carbon footprint was the
operational or the emissions caused by the import of energy from the grid. However, in the present
study, the scope was limited to the operational carbon footprint of the buildings in the community and
the energy systems. Therefore, it is suggested to consider the embodied carbon footprint caused by the
renovation of the proposed old apartment buildings in the community in future study. Another aspect
that could be studied experimentally under Nordic conditions is the degradation of PVs during the
life cycle as it can affect the performance of the PV. With the reduction in the performance of the PV,
the operational cost could increase and the CO, emissions reduction potential of the PV could decrease,
as discussed by Pramod et al. [92]. In the present study, the economic and environmental performance
comparisons were carried out between the city-level district heating network and the PV + heat
pump-based community-level energy systems. Other technologies such as biomass, wind turbines,
waste to energy, or gas-based energy systems [35] could be compared in future work to analyze the
cost and environmental performance of the other energy systems for heating, in order to provide a
broader analysis.



Energies 2020, 13, 4167 23 of 29

4. Conclusions

Three different PV and heat pump-based centralized community-level district heating systems
for an old apartment building community were designed and simulated under Nordic climatic
conditions. The three proposed energy systems were compared against the reference city-level district
heating system. The criteria used for the comparisons were CO; emissions, LCC, purchased electricity,
and renewable energy fraction. The design variables used consist of the energy system components
and the energy renovation level of the buildings. A summary of the important outcomes of the study
are described below:

e  Generally, the three proposed centralized community-level district heating systems (Cases 1, 2,
and 3) outperformed the reference city-level district heating system (Case 0) integrated with the
old apartment buildings in terms of emissions, purchased energy, and renewable energy fraction
in the Nordic climate.

o  The centralized PV-based district heating system with seasonal storage (Case 3) performed
better in terms of emissions, technical performance, and renewable energy fraction compared to
the centralized PV and GSHP-based district heating system (Case 1) and also compared to the
centralized PV and A2WHP-based district heating system (Case 2). However, the LCC increased
for Case 3 compared to Cases 1 and 2.

e  The centralized PV and HP-based district heating system with seasonal storage (Case 3) was
able to reduce the emissions from the original reference (OR) buildings in the community from
34 kg COz/mz/yr to 5.7 kg COz/mz/yr when the reference city-level district heating system (Case
0) was changed. Moreover, this change reduced the relative emissions by 83% and the emissions
reduction cost was 3.74 €/kg CO,/yr. The results show that the utilization of seasonal storage can
have a positive impact in emissions reduction from the district heating.

e  The centralized PV and HPs-based district heating system with seasonal storage (Case 3) is able
to reduce the emissions from the deep renovated (DR) buildings in the community from 16 kg
COy/m?/yr to 3.1 kg CO»/m?/yr when the reference city-level district heating system (Case 0)
was changed. Moreover, this change reduced the relative emissions by 80% and the emissions
reduction cost was 8.21 €/kg CO,/yr.

e  When original buildings (OR) connected with the city-level district heating system (Case 0) was
deep renovated (DR) and the city-level district heating system (Case 0) was replaced by the best
community-level energy system (Case 3), the emissions were reduced from 34 kg CO,/m?/yr to
3.1 kg CO,/m?/yr. As a result, the relative emissions were reduced by 91% and the emissions
reduction cost was 11.9 €/kg CO,/yr. This shows that in some cases, it can be expensive to reduce
a kilogram of CO, emissions. Certainly, high investment cases resulted in better techno-economic
performance (i.e., reduced purchase electricity, imported energy cost, and CO, emissions).

e Interms of the renewable energy fraction for heating, the centralized PV and HP-based district
heating system with seasonal storage (Case 3) was able to reach 80% when integrated with the deep
renovated (DR) building community. On the other hand, the renewable energy fraction for heating
was around 50% with the other proposed community-level energy systems (Cases 1 and 2).

The simulation study showed that the emissions from the present state-of-the-art district heating
network can be reduced in Finnish conditions by renovating the building and using building level
solutions. However, the study also revealed that investing in the centralized PV and HP-based
district heating system could assist in further reducing the emissions from the district heating network.
This would ultimately assist in achieving the EU Commission’s emissions target and the national
emissions targets. Moreover, with the integration of seasonal storage, the self-utilization of the
renewable sources can be increased. Seasonal storage is needed in cold climatic conditions, for example,
in Northern Europe and North America because of seasonal mis-match between the demand and
generation. Seasonal storage would be able to reduce not only the purchased electricity from the grid,
but could also help in reducing the carbon dioxide emissions from the district heating networks.
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The proposed study can be applied in real world or at the demonstration site in Nordic or cold
climatic conditions. Countries in Northern Europe and Northern America could benefit from such
systems. The renovation at the building level is indeed beneficial in terms of emissions, however,
the problem of emissions still exists at the district and energy system-level and the amount of purchased
energy from the grid is large. The emissions can be reduced from the grid by investing at the building
level. However, the emissions from the grids can further be reduced by investing in district-level or
community-level renewable-based centralized energy systems. This approach would also allow for
a reduction in the purchased energy from the grid in addition to the benefits in terms of emissions
reduction. Nevertheless, this would challenge the present status quo because most of the energy
systems are designed at the city-level with hierarchy control, which has to be disintegrated at the
district-level, with more control at the district-level rather than at the city-level. This approach
would introduce smart controls of the district energy systems and better management of the energy
systems. Moreover, this would encourage integration of localized renewable energy generation sources,
with better controls and integration of storage onsite, rather than virtual storage.

In order to design and market such energy systems and communities, new policies and business
models are needed. The policies and business models should be designed to promote more liberal
energy markets, where the communities can decide to use and integrate sustainable energy sources
nearby and the excess energy can be stored and shared to neighboring communities. These policies
would enable the production of carbon neutral districts with reduced energy cost and higher efficiency,
which would ultimately tackle the climate change issue at large. Moreover, this would create new
business models for the future energy market scenario. For instance, the EU’s emissions trading
system could be used to build and finance such systems. However, the unit cost of the CO, emission
reduction was high for the proposed energy systems in this study, if compared against the current
EU CO; emission allowances, which is around 25 €/ton CO; (in 2020). Additional financial support
at the investment level would be needed if such systems are built to trade and compensate for the
emissions. Nevertheless, this would need further study in terms of renewable and storage technologies,
information technologies, policy, and market strategies.

With an increase in the interest and utilization of renewable energy sources, the costs of such
technologies are decreasing with time. Therefore, in the future, the cost factor would also affect the
decision-making, and the sensitivity of cost can be included in the study. The present study can be
beneficial for the companies, policy builders, and stakeholders who would act as the enablers in
designing future renewable-based energy systems in terms of policies, technologies, and businesses.
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