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Abstract

Low-temperature district heating (DH) with ring network and mass flow control was constructed and
monitored in an existing apartment buildings in Kaarina, Finland. The extract air heat pump was connected
in parallel to the area heating. Implementation of the new concept was successful. The study shows the
right functioning of the system. The share of DH was 45% in the monitoring period and the rest of the
heating was generated by the heat pump. The main result of the study is the practical construction of the
new type of control and network planning strategy for the first time in practice after a series of research
steps. Mainly, the practical study was in line with the theoretical results.

Keywords: Low-temperature, district heating, ring network, mass flow control, heat pump, concept
study
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Nomenclature

A heat exchanger surface area, m?

Cmin minimum heat capacity rate, W/K

Co specific heat capacity, J/(kgK)

Om mass flow rate, kg/s

u overall heat transfer coefficient, W/(m?2K)
AT temperature difference, K

0] heat flow, heat transfer rate, W

Dmax maximum heat transfer rate, W

Abbreviations



AB apartment building

CHP combined heat and power production
cop coefficient of performance

cw cold water

DH district heating, detached house

DHC district heating and cooling

DHW domestic hot water

eValvomo Schneider Electric eValvomo Internet program

FC frequency drive

HP heat pump

HS heating station

HW hot water

IEA International Energy Agency
LCA Life Cycle Assessment

LCEA Life Cycle Energy Analysis

LSO1 domestic hot water heat exchanger
LS02 heating heat exchanger

LTDH low-temperature district heating
NTU number of transfer units

P water pump

PD pressure difference

PHE plate heat exchanger

TI temperature indicator

1. Introduction

The utilization of district heating (DH) in buildings is at magnitude of 10% in the world as well as in the
European Union, but implementation rates vary with respect to countries [1]. Some countries have almost
no district heating systems, while other countries have implementation rates of over 50% [1]. Currently,
European countries are the leading users of district energy systems [2].The proportion of heat supply from
fossil fuels is still very high, both in the world (90%) and in the European Union (70%), since fossil fuels are



still the main energy supply group for both combined heat and power (CHP) and boiler plants. To reduce
future carbon dioxide emissions from these plants, new non-fossil heat sources must replace the current
fossil fuel-based plants [1]. Recent surveys have shown interest in the use of renewables in district heating
systems [3], [4]. With sustainability and climate change being a topic of major concern today, emphasis
on policies that encourage a reduction in CO; and other greenhouse emissions should be a must [2].

The fundamental idea of district heating is to use local fuel or heat sources that would otherwise be
wasted in order to satisfy local customer demands for heating by using heat distribution network pipes as
alocal market place [5]. Thus, the primary merit of district heating is lower heating cost when international
fuel prices are high [1]. Traditional excess heat resources are combined heat and power (CHP) plants,
waste-to-energy plants, and industrial processes. A combination of heat recycling and renewable heat is
the current focus for DH systems [1]. District energy systems are often more environmentally beneficial
and financially reasonable when limited retrofit is required. Furthermore, the design of DH systems should
include economic and environmental considerations, not solely the efficiency [2].

District energy systems have a higher efficiency when compared with individual heating and cooling [2].
The most important factor affecting exergy losses are the supply and return temperatures [6]. According
to [1] district heating and cooling systems have strong potentials to be viable heat and cold supply options
in the future world. However, development of the district heating systems is needed to fulfill the future
requirements. One important effort is to enhance the current district heating technology so that it aligns
with future conditions associated with renewables and buildings with a low heat demand [1]. The next
fourth generation DH technology must consider other feature characteristics of renewables and buildings
with low heat demands [7]. Furthermore, district heating and cooling systems are often integrated with
components such as absorption chillers, cogeneration, and thermal storage to increase their efficiencies.
They can improve the soundness of any district heating or cooling installation [2].

A major challenge will be to provide heat with low temperatures in existing buildings [8]. The utilization
of lower temperatures reduces transportation losses in pipelines and can increase the overall efficiency
of the total energy chains used in district heating [9]. For existing buildings with old radiators, low-
temperature district heating (LTDH) can meet the space heating demand for a certain amount of time of
the year, while the supply temperature needs to be increased during the cold winter period [10]. Analysis
of both the demand and supply sides and their interactions are key in minimizing the primary energy use
in buildings [11]. To achieve maximum efficiencies, the demand side (buildings) must be fitted to allow
the use of low temperatures supplied by the network. To ensure consumer thermal comfort while saving
energy and reducing network return temperature, the hydronic system in the space heating loop needs
to be properly designed and operated [9]. New systems should be built according to this new LTDH district
heating technology, and existing systems should be transformed during the coming decades.
Furthermore, low-temperature heating can be integrated into district heating through, e.g., the use of
efficient large-scale heat pumps, solar thermal collectors, and biomass-fired combined heat and power
plants [9].

On the transfer side of the DH system, one solution is to move from traditional network design to the use
of a completely new concept of mass flow control. District heating by mass flow control is a heating
concept in which the heating is carried out by a ring network where the primary and secondary flows of
the consumer are provided with speed-controlled pumps to enhance the heat transfer and lower the
return temperature. It replaces the traditional system, where the flow of water is throttled at consumer



points with control valves. The method achieves clear benefits in implementing a low-temperature
network.

This study is the final step in the implementation of the novel technology. The earlier steps were the
following. First, the novel DH model was introduced for the first time in 2013 by Kuosa et al. [12] in a static
study of traditional and ring networks. In that study, other technologies were discussed as well. The new
flow rate was 46%, the pressure loss 25%, and the pumping power 12% of their former values in the pipes.
Second, Laajalehto et al. [13] researched a practical application of the new concept in a case study. A real
loop-like DH network in Helsinki was simulated using a commercial calculation application. As a result, the
total energy losses within the heating season were reduced from 4.4% to 3.1% compared to traditional
DH systems. Third, the operation of a plate heat exchanger (PHE) in a consumer substation was studied
corresponding to the dynamic operation of the ring network model and finding high heat exchanger
efficiency as a result. The key performance factors of the heat exchanger, NTU (=AU/Cmin), and
effectiveness (=0/®max) were 9.2 and 0.9, respectively [14]. In the fourth step, Iturralde et al. [15]
experimentally demonstrated the feasibility of the DH concept. A laboratory-scale system was used to
carry out a series of measurements simulating the operation of a consumer substation in a medium-sized
apartment building and corresponding to different outdoor temperatures. Nonlinear supply and return
temperature curves were obtained, which implies a higher temperature difference (temperature cooling)
and lower return temperatures. Finally, the low-temperature DH with the ring network and mass flow
control was constructed and monitored in existing apartment buildings in Kaarina, Finland.

Therefore, in this work, a new heat distribution concept was designed and constructed for the first time
in practice on the primary side, i.e. on the DH network. The new heat distribution concept contains the
ring network, speed controlled pumps (mass flow control), and the heat pump.

In addition, the research is part of a program called “Low-temperature district heating for future energy
systems,” which is an international co-operative work in the framework of the International Energy
Agency (IEA) in the Technology Co-operation Programme on District Heating and Cooling, including the
Combined Heat and Power (DHC/CHP) Annex TS1 [12]. The IEA-DHC collaboration program is the only
international research cooperation concerning district heating and cooling [1]. In the project various case
studies were analyzed. Examples of low-temperature district heating case studies were presented in
Hyvinkaa (Finland), Lystrup (Denmark), and Ludwigsburg and Kassel Feldlager (Germany) [9].

Future DH technologies are defined as fourth-generation DH systems, which are low-temperature DH
networks with low-energy buildings as well as smart electricity grids. The primary supply temperature is
normally below 60 °C but is higher in winter periods [12].

In the current work, the earlier theoretically developed ring network concept was connected to low-
temperature area heating with a common exhaust air heat pump. New case-specific DH water
temperature curves (on the primary and secondary sides) and the pump control strategy [12-15] was put
into practice in the full-scale system.

Due to the deficiencies of the used energy tracking system, several expectations of the system operation
are described based on earlier research steps; the corresponding points are generally based on these steps
in the right contexts.



2. Methods
2.1 Ring network and mass flow control

In a traditional DH network design, the pipe length between the heating plant and different consumers
vary. Unlike the traditional network, a topology based on the ring network uses equal pipe lengths for all
consumers. Fig. 1 shows the traditional (a) and ring networks (b) in an area of nine detached houses (1-9,
DH) and two apartment buildings (1-2, AB) [13]. The idea of ring topology is to have an equal pipe length
for every consumer, as presented in Fig. 1 (b). The supply line begins with the heat station (HS) and ends
with the last consumer, as in the traditional network design. However, the return line begins with the first
consumer and ends at the heat station. In both the supply and return lines, DH water circulates in the
same direction. The network equalizes the pressure differences between the supply and return lines and
the consumers [16].
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Fig. 1. (a) Traditional district heating network design and (b) ring network design with supply and return
lines [13]. The wider lines are roads, HS is a heating station, DH is a detached house, and AB an apartment
building.

In a traditional DH system, the secondary side, i.e., the building heating system, is operated using self-
acting control valves and a circulation pump. The supply water temperature on the secondary side is
adjusted as a function of the outdoor temperature to meet a certain heating demand. To keep the supply
water temperature at the desired value, the primary side flow to the heat exchanger is controlled using a
motorized valve. Pressure and the supply temperature in the whole DH network are generated and
adjusted at a centralized location, usually the heat production plant. Actual customers’ pressure
differences and supply water temperatures depend on their locations in the network [16].

The mass flow control concept refers to a system where both the primary and secondary side flows are
adjusted with inverter-controlled pumps instead of control valves in ring networks [12]. The flow
adjustment s carried out by controlling the rotation speed of the pumps (Fig. 2). When heat is not required
in a building, the minimum speed of the pump is 10 Hz and the pressure losses of the substation block the
flow through the substation [16].
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Fig. 2. Mass flow concept. The secondary side and primary side pumps are controlled to receive equal flow
rates and temperature differences for primary and secondary sides of the heating heat exchanger. [13]

During the heating season, the line (balancing) valve (the one, e.g., in the return line in Fig. 4) causes
enough resistance to the pump so that a 10 Hz cycle cannot drive water through the heat exchanger.
When the heating stops for a season, the pumps and water flow stop on the heating side.

The philosophy of controlling the pumps (Fig. 2) is presented in [13]. The idea of the new pumping system
is not only to overcome pressure losses in the substation but also to function as weather compensators
by adjusting the secondary side temperature levels according to outdoor temperatures [16].

Systems based on mass flow control have previously been implemented in buildings, i.e., on the secondary
side, and have made significant savings [17], [18]. In this project, a new heat distribution concept was
designed and constructed for the first time in practice on the district heating network, i.e., on the primary
side after theoretical research steps [16], [19], [20].

2.2 Construction of a low-temperature area heating

A number of issues need to be addressed in regard to matching the demand by space heating and
domestic hot water (DHW) on the building side with the available energy from the supply side in order to
develop advanced low-temperature heating networks [9]. System functioning is based on heat flow (®)
that is distributed. It is calculated by the product of the mass flow rate (gm), the specific heat capacity (cp),
and the temperature difference (AT) of DH water between the supply and return pipes [1], i.e.

® = qm cpAT. (2)

The DH network and modeling of the heat distribution center were made in an existing heating system in
Kaarina, Finland. The Vahakas residential quarter has six blocks of flats (110 flats, with total of 6,394
square meters and 26,600 cubic meters of building space).

The apartment buildings and the ring network are presented in Fig. 3. Heat was brought to the area from
an existing high-temperature DH network. The supply lines are red and the return lines blue. Network
heating and preparation of the DHW were carried out by taking heat from the high-temperature network
by using heat exchangers of 307 kW and 410 kW, respectively (Fig. 4). These heat exchangers were in the



common heating station placed in the building “Harmaa” (Fig. 3). Speed-controlled pumps were installed
on the primary and secondary sides of house-specific heat exchangers for space heating. One hydronic
transmission pump was installed in the ring network to adjust the pressure level of the network (Fig. 4,
and P2_1in Fig. 5). In the low-temperature heating system, the design values for the supply and return
temperatures were 75/35°C on the primary side and 65/30°C for the secondary side (Fig. 4). The system
is capable of operating at a lower temperature level and with lower pump losses than the traditional DH
network, since the adjustment is made via the speed-controlled pumps, not with traditional control valves
[12], [15].
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Fig. 3. Apartment buildings and the ring network in Kaarina, Finland [21].

In addition to the ring network connection, the renovation of old heat exchangers and automation as well
as the utilization of an extract air heat pump were the starting points for improving energy efficiency. One
common heat pump was selected for all buildings and was connected in parallel with district heating, i.e.,
both energy systems were heating the network. Heat recovery from the extract air was carried out along
the collecting lines from all real estates to one point for a heat source of the heat pump. According to Fig.
4, placing the extract (exhaust) air heat pump into the heating system brings significant energy savings. In
addition, the ring network coupled with mass flow control provides a good heat transfer efficiency when
mass flows are equal on both sides of the heat exchanger [14]. The entire system, i.e., locations of water
circuits, heat pump, line valve, nominal power of main heating and DHW heat exchangers, and
dimensioning temperatures (supply and return) on the primary and secondary sides are illustrated in Fig.
4. In the current stages of research, the new type of control and network planning strategy has been
applied (and principally described) for only the low-temperature DH network and space heating, not for
the DHW circuit. Therefore, there are small contradictions regarding the DHW lines between Figs. 2, 3 and
4,
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Fig. 4. Heating of the network and the domestic hot water circulation.

In the studied area heating system, additional heat is taken from the DH network when the heating power
of the heat pump is insufficient (Fig. 4). The heat pump was heating the low-temperature network (with
high-temperature DH), and it preheated the domestic hot water. In the DHW system there is a common
heat exchanger (LSO1) and pump (P1), as well as a conduit for six houses (Figs. 4 and 5). Traditionally
house-mounted DHW heaters and pumps have been used.

The modification and construction works required to receive the low-temperature district heating system
were completed in autumn of 2015. Preliminary data were collected, and piping and heat transfer
planning and excavation works were completed in the winter of 2015. During the summer months, the
focus was on installation works, pipes, heat exchangers, and heat pump installations. A new type of low-
temperature grid was partly built using the old DH lines. The missing part was added so that the ring line
was closed (Fig. 3). The heat recovery equipment of the extract air was carried out with brush heat
exchangers and exhaust air fans, which could be installed in cramped attic rooms. The brush heat
exchanger is highly efficient in heat recovery [22] as follows. Its contact area with the gas is large since
the heat transfer surface consists of countless copper or aluminum wires. In the fluid side, efficient heat
transfer is guaranteed by the spiral tube structure. There was no need to make changes above the roof,
and the facade remained tidy.

3. Results
3.1 Starting the test plant and objective of the study

After the last installation work and preliminary adjustments, the plant was launched in October of 2015.
It is noteworthy that the new network started faster than conventional systems. Initially, the area’s line
valves were completely open to show how well the system worked with just pump control. The overall
pressure loss of the ring line was approximately 5 kPa at the initial stage. This is a remarkable result given
the fact that the house-specific pressure drop (consumer equipment) should traditionally be set at 60 kPa
in Finland [23]. In a traditional system, that pressure drop should be able to operate the control valve and
overcome pressure loss of the heat exchanger [13]. In the new concept, the flow rate and pressure loss



are smaller [12, 14]. The ring network has a unique feature compared to traditional networks: it equalizes
the pressure differences of all consumers. That pressure difference is equal to the total pressure loss of
the network. In addition, the mass flow control is based on a greater temperature difference (temperature
cooling) in heat exchangers. Hence, DH flow rates are smaller. As a result, total pressure loss of the
network is only a fraction of its traditional value. The design pressure drop value of the main heat
exchanger for the area heating was approximately 10 kPa, and the heat exchanger design values of space
heating in buildings were 3 kPa.

In the first phase, the pump control has been implemented in houses only for space heating (heating heat
exchanger). In the following projects, the domestic hot water preparation will also be carried out by a
pump (DHW heat exchanger). In the current study, the DHW system was realized based on existing
technology with a common water circulation. In future DHW systems, an instantaneous low-temperature
DH substation with DHW preparation by the primary water supply will be used [24]. In the pump-
controlled system, the temperature cooling of the primary supply water is high, as is the heat exchanger
effectiveness [14]. The objective of the research project was to produce, after design and construction,
measurements of verified information on the effects of low-temperature DH on the energy efficiency of
the area. Such research data makes it possible to evaluate the utilization of the heat concept more widely.
A far-reaching goal is to show ways to improve the overall efficiency of DH systems.

3.2 Follow-up measurements and energy efficiency of the system

District heating measurements focus on mass flows, temperatures, and energy consumption. About half
the thermal energy escapes the building in the form of heat loss by ventilation and the other half by
conduction through walls, the floor, and the ceiling [14]. Sensors are constantly measuring the
temperatures of the building’s supply and return water, and temperature cooling refers to the difference
in their temperatures. A large cooling is a sign of the correct adjustments and the functionality of the
system.

The total energy consumption used to heat buildings does not change when the ring network and the
extract air heat pump are deployed. Electricity consumption of circulating pumps used for heating the
premises is low, which is still reduced by the introduction of speed-controlled pumps installed in the
modification works. Consumption of DHW will also remain unchanged. The introduction of the extract air
heat pump and the collector pumps increase the electricity consumption. The heat pump preheats the
domestic hot water and generates warm water for space heating together with district heating (Fig. 4).
This report does not separately specify the energy consumption of the DHW and space heating, nor the
electricity consumption of other circulation pumps.

The Schneider Electric eValvomo internet program was used in the measurements (Figs. 5 and 6) [25]. It
was able to monitor the cumulative heat energy consumption of buildings, the instantaneous heating
power, and the thermal energy production, as well as the electric energy consumption of the heat pump
(with the collection circuit pumps). The DH energy consumption is assumed to be as the difference
between the total heat consumption of the houses and the heat produced by the heat pump, due to the
deficiencies of the monitoring system. Hence, in the practical study, the thermal losses are assumed to be
negligible in a low-temperature network. No more numerical data were able to be collected from the



energy monitoring system. The follow-up measurements were accomplished during January 1 —
December 29 (2016).

In winter and spring of 2016, temperatures in the low-temperature ring network (Fig. 3) remained fairly
constant regardless of fluctuations in outdoor temperature, and the heat pump quite uniformly produced
the rated power of 60 kW (59.4 kW, Fig. 5) as the heating water of temperature 48°C (48.1°C) and the
preheating of domestic hot water. The connection of the (existing) high-temperature district heating
network with the low-temperature ring network and the heat pump in the area heating are presented in
Figs. 4 and 5. Heating water comes from the heat pump and from the main heat exchanger LS02 (Fig. 5)
by district heating for heating the premises. The heating water temperature is primed by the district
heating.
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Fig. 5. Common heating station of buildings located in building Harmaa and connection of the high-
temperature DH network with the low-temperature ring network, and the heat pump in the area heating
(eValvomo March 23, 2016) [25], [26].

By the end of April 2016, the average coefficient of performance of the heat pump COP in spring was 3.99.
District heating accounted for only 31% of the heating energy of buildings (DHW and space heating), and
the rest was carried out by heat pump. It was also immediately apparent that heating of domestic hot
water with the one common heat exchanger and pump worked as expected when they provided enough
hot water for six buildings. [26] In the summer of 2016, the heat pump ran partially at night, providing
water of approximately 30°C for the space heating. Normally, the DH system does not react to ambient
temperature outside the heating season.

The most important task of the heat pump is to produce hot water evenly for the area heating, which is
further heated by district heating if needed. In the autumn, the heat pump operation was more uneven.
At times, the heat pump was off and the temperatures in the low-temperature DH network varied more
during the day than in the spring. For these reasons, the share of district heat in the autumn was higher
than in the spring. The temperature drop of the ventilation exhaust air varied between 8 °C and 13 °C on
the monitoring moments in the brush heat exchangers. The corresponding temperature rise of the
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water/glycol solution was 3 °C-6 °C. The temperature of the solution in the collector circuit after the heat
exchanger toward the heat pump (HP) varied between 6 °C and 14 °C. The higher heat source temperature
increases the performance of the HP (COP), but decreases the amount of the heat recovered from the air.
Heat recovered also depends on the used refrigerant.

Based on the follow-up measurements, the mass flow control for space heating works as expected when
the equal mass flow rate is adjusted to both sides of the heat exchanger in the house heat distribution
center. Fig. 6 shows the connection of houses “Valko 1 and 2” to the heating network. A heating heat
exchanger of the house(s) and the speed-controlled pumps are located in the common heat distribution
room (Figs. 3 and 6). The DHW is heated by the high-temperature DH. At the moment of observation, the
frequencies of the primary and secondary side pumps were equal (65 Hz), as seen in Fig. 6; the mass flows
and temperature differences in the heat exchangers were almost equal in the other load conditions as
well [13]. According to the study, the mass flow control with speed-controlled pumps works also in
refurbishment sites, such as in Vahakas properties, when the received temperature cooling (e.g., 46.1-
35.0°C = 11.1°C) in the existing radiators may be smaller (Fig. 6). In general, this house-specific
temperature difference (cooling) was smaller than received in earlier theoretical research steps.
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Fig. 6. Connection of houses “Valko 1 and 2” to the heating network (eValvomo November 30, 2016) [25].

The highest temperature cooling in the DH system (e.g., 94.1-25.0°C = 69.1°C) occurred in the main
heating heat exchanger (LS02) in conjunction with the DHW heat exchanger (LS01) (Fig. 5). The highest
temperature cooling was also received in the Vahakas case by adjusting a smaller flow rate to the primary
side of LS02 compared to area heating (secondary) side, where the corresponding temperature difference
was smaller, e.g., 59.2 °C- 38.0 °C = 21.2 °C, Fig. 5.
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During the measurements, the incoming high-temperature DH water temperatures varied from 80°C to
116°C, and the return temperatures were between 18°C and 50°C. The return temperatures, less than 20
°C, sometimes occurred outside the heating season. The temperature received a value of close to 50 °Cin
the coldest season in January, when the temperature of the DH supply water was high. In the summer of
2016, the average return temperature was about 35 °C, with the DHW being heated. In the monitoring, it
was found that the average return temperature toward the heating plant was close to the return
temperature of the low-temperature area heating.

In the winter of 2016, the initial indicators of the new system were evaluated. The district heating system
operated fairly evenly throughout the spring. The heat pump provided 50 °C water with a heating power
of 60 kW (Fig. 5), which is the nominal output of the exhaust air heat pump. The efficiency of the heat
pump COP at that time was about 4.5 [26].

The energy price for the DH was about 70 €/MWh (69.63 €/MWh) in 2016 in the Kaarina, Finland area.
The total investment cost was €275 000, of which the share of the heat pump and realization of the ring
network was €220 000. When making energy-efficiency measurements, one must turn to the energy
producer to discuss the terms of the contract. In the profitability review with Turku Energy, the following
figures were introduced as initial values: The prices of electricity and heat were estimated to be equal to
€70 / MWh [13], [26]. Usually, the customer’s order power (base charge) is checked after actions that
improve the system’s energy efficiency. With the energy provider, it was estimated that this would lead
to around €5, 000 savings of the base charge based on the review periods of autumn 2015 and winter
2016. The initial back pay period was estimated to be nine years for the ring topology with the heat pump,
replacement of the heat exchangers, etc. Carbon dioxide emissions were estimated to decrease by 62
tCO; annually [26].

Life Cycle Assessment (LCA) would allow for the impact evaluation of different processes and life cycle
stages in the environment. Renewable sources of energy have less impact on the environment. Life Cycle
Energy Analysis (LCEA) is an approach that accounts for all energy inputs into the building in its life cycle.
The operation phase includes maintaining a comfort condition inside the buildings, water use, and
powering appliances [27].

Next the energy efficiency was studied based on measurements. Fig. 7 shows the cumulative heat
consumption figures for the Vahakas houses from the eValvomo program for the January 1-December 29
(2016) period. “Valko” consists of two buildings with a common heat distribution room (Fig. 3). Therefore,
its heat consumption is higher than in other properties. Average heating per house was 95.46 MWh over
the period considered.

12



200
180
160
140
120
100
80
60
40
20

Heat consumption / MWh

Halla Harmaa Musta Niitty Valko

House

Fig. 7. Heat consumption of Vahakas houses.

Fig. 8 shows the total heat consumption of the houses, heating shares of exhaust air heat pump (HP),
and district heating (DH).
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Fig. 8. Total heat consumption of the houses, heating shares of heat pump (HP), and district heating (DH).

On the basis of the measurements, the proportion of district heating was 45% and the coefficient of
performance (COP) of the heat pump was 3.82. Table 1 shows verified energy efficiency indicators based
on the measurements for the January 1-December 29 (2016) period.

Table 1. Indicators of energy efficiency based on the measurements.

The total cost estimate €275 000
Energy savings of the period considered 317 MWh
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Increase in electricity consumption 83 MWh
Savings: 22 190 € (energy) — 5 810 € (electricity) €16 380
Change in district heating base charge (estimate) €5 000
Payback period 12.9 Years
Coefficient of performance of the heat pump COP 3.82
Share of district heating (the rest of the heating with the heat pump) 45%
Reduction of CO2 emissions 40.7 tCO2

4. Discussion

By comparing the evaluation and the measurements, the energy savings by the heat pump for the 12-
month period under review is 317 MWh (Fig. 8, Table 1). It is less than the estimation for the 10-month
preliminary assessment (450 MWh) based on the steady operation of the heat pump in the spring of 2016.
Since the heat pump (space heating at night) was operating alongside district heating (DHW production)
in summer, it is relevant to also include the summer months in comparison. The payback period of the
system was first estimated at approximately nine years. During the monitoring period, the actual heating
savings in autumn of 2016 were less than estimated due to the hardware reliability: — the uneven
operation of the heat pump and the lower heating demand. The heat pump did not operate at nominal
power as in the spring. As a result, the payback period was about 12.9 years (Table 1). To ensure higher
energy savings and a better payback time, more attention needs to be given to the smooth operation of
the system during the heating season. However, the goal of the heat pump was to operate in nominal
conditions. During heating season, it took thermal energy from exhaust air, which is almost the static room
temperature of apartment buildings.

Comparing the performance of the present full-scale system to previous theoretical and small-scale
experiments [12-15], the following conclusions were reached. The theoretical return temperature was
lowest (close 20 °C) with the new technology compared to the traditional system [12]. In the current
practical case, that temperature is close to 25 °C (Fig. 5). The most energy-efficient DH water supply
temperatures in a case network were studied in [13]. If the ring network design was utilized, the DH
system was easier to control. As a result, the total heat consumption within the heating season was lower
compared to traditional systems [13] accounting for, e.g., heat losses in pipes. Theoretically expected and
experimentally obtained heat loads were compared in [14] in the context of the simulation of a laboratory-
scale test facility in the most common outdoor temperatures. In general, the obtained values were fairly
close to the expected ones, which reinforced the validity of the experiments [14]. In the full-scale
experiment, the correct operation of the network and heating of houses was realized. In the combined
simulation of the theoretic DH network, heat losses of houses and the heat exchangers in the selected
autumn and winter days, the pressure losses with mass flow control were only a fraction of their
traditional values in heat exchangers [15]. This revealed at the beginning of the full-scale system. The
general goal of the heat distribution concept has been to receive greater (than traditional) temperature
cooling in area heating. This expected when adjusting equal temperature differences on the primary and
secondary sides of the main and house specific heat exchangers. In Kaarina case, this temperature
difference was higher than expected in the main heating heat exchanger (Fig. 5) but lower in existing
radiators (Fig. 6). Since no numerical data were able to be collected from the energy monitoring system
except for the heat energy consumption of buildings, in this complementary study, it was not easy to
quantify the differences between the theoretical/small-scale experiments and the full-scale system.
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Network energy losses can be reduced through the reduced pumping power demand and the reduced
return temperature.

Taking into account the suitability of the used energy monitoring system (eValvomo) for the follow-up
measurements, the study shows that the quantitative energy savings of houses came from the use of the
extract air heat pump. The correct functioning of the ring network and the mass flow control were
qualitatively proven [15], [26]. The frequencies of the pumps and the temperature differences on the
primary and the secondary sides of the house-specific heat exchangers were equal in many cases. The
average return temperature toward the heating plant was close to the return temperature of the low-
temperature area heating. In earlier steps of the new DH technology realization, a heat pump was not
included in the DH system. In the current case, it was installed with the new concept, as a novelty of
research, to improve the energy efficiency as well. Thus, the role of the ring network and mass flow control
became able to heat the buildings. In other words, the new system worked as expected.

5. Conclusions

The district heating system based on the ring network and the mass flow control concept was constructed
and monitored in an existing heating system of apartment buildings in Kaarina, Finland. Renewal of old
heat exchangers and automation, as well as the utilization of waste energy, were the starting points for
the improvement of building renovation and energy efficiency. The extract air heat pump was connected
in parallel to the low-temperature area heating. The share of district heating was taken from the high-
temperature district heating network to the area. One common heat pump was selected for all properties
to make the payback period as short as possible. At earlier stages, the concept of the ring network and
mass flow control were studied by the authors. Now the extract air heat pump is connected to the system,
which is a slightly different case. In the new heating system, additional heat is taken from the district
heating network when the heating power of the heat pump is insufficient. Domestic hot water was
produced with high-temperature district heating.

District heating measurements focus on mass flows, temperatures, and energy consumption. In spring of
2016, the heat pump evenly produced heat at a design power. In the autumn of 2016, the need for heating
was lower, and the heat pump did not operate equally at the nominal power. Furthermore, the monitoring
was also done for the implementation of the DHW production with only one heat exchanger and pump,
which produced enough hot water for real estates.

The construction of the ring topology and the mass flow control (control valves replaced by the speed-
controlled pumps) in heating of a block of flats was successful. When accounting for the suitability of the
used energy monitoring system for the measurements, the study qualitatively shows the right functioning
of the novel district heating concept. The circulating energy in the low-temperature network was
efficiently recovered by the house-specific pumps and heating heat exchangers. The frequencies of the
pumps and the temperature differences on the primary and secondary sides of the heat exchangers were
equal. However, the temperature cooling in existing radiator circuits was small. The return temperature
toward the heating plant was close to the return temperature of the area heating.

The quantitative energy savings were achieved through the extract air heat pump. The common exhaust
air heat pump for six houses brings significant energy savings. The share of district heating was 45% during
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the monitoring period, and most of the heating energy (55%) was generated by a heat pump. This project
shifted from traditional network design to the use of a completely new technology concept. The main
result of the study is the practical construction of a low-temperature district heating system with the new
type of control and network planning strategy for the first time in practice.
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