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SUMMARY

Current energy and climate strategies will eventually phase out conventional district heating
systems unless they are prepared for lower heat demand caused by building refurbishment and
energy efficiency improvement programs. Also, future district heating systems will need to
reduce heat losses and CO, emissions and replace fossil fuels with locally found renewable
energy and urban waste heat sources. Those changes will have a widespread positive impact on
communities. This thesis evaluates the costs and benefits of the novel, low, and ultra-low

temperature district heating systems, which are the path to the future.

The introduction of this thesis gives a short overview of LTDH and ULTDH systems, as well
as their main components and literature review. The second part, method, shows the techno-
economical procedure of assessing the costs and benefits of these systems. Heat demand,
electricity consumption, coefficients of performances, heat losses and other important
parameters in district heating analysis are presented. The section-case study describes the
example for which assessment methodology is developed. This section shows techno-economic
data used in the analysis. In the last section, results from the case study are evaluated and
discussed. Results showed the infeasibility of novel district heating systems for low plot ratios
and space heating shares, but they outperformed conventional natural gas boiler heating in CO-
emissions and primary energy consumption. All results from this case study are shown in the

Annex at the end.

Keywords: ultra-low temperature district heating, low-temperature district heating, heat pumps,
renewable energy sources, cost-benefit analysis, coefficient of performance, levelized cost of

heat, energy planning, carbon emission factor, primary energy factor
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SAZETAK

Trenutne energetske i klimatske strategije ¢e u konac¢nici uzrokovati gasenje konvencionalnih
centraliziranih toplinskih sustava, ako ne budu spremni na smanjenje potreba za toplinskom
energijom uzrokovanih programima energetske obnove zgrada i poboljSanja energetske
ucinkovitosti. Takoder, centralizirani toplinski sustavi buduc¢nosti trebat ¢e smanjiti toplinske
gubitke i emisije CO., a potro$nju fosilnih goriva morat ¢e zamijeniti lokalnim obnovljivim
izvorima energije i urbanim izvorima otpadne topline. Te promjene ¢e imati dalekosezni
pozitivan utjecaj na zajednice. Ovaj diplomski rad procjenjuje koristi i troSkove novih, nisko-
temperaturnih i izrazito nisko-temperaturnih centraliziranih toplinskih sustava koji su put

prema buduénosti.

U uvodu je dan kratki pregled nisko-temperaturnih i izrazito nisko-temperaturnih
centraliziranih toplinskih sustava, kao i pregled njihovih osnovnih komponenti i literature.
Drugi dio, metoda, prikazuje tehno-ekonomsku analizu procjena dobiti i troskova ovih sustava.
Prikazane su potrebe za toplinskom energijom, potro$nja elektricne energije, koeficijent
ucinkovitosti dizalica topline, toplinski gubici i drugi vazni parametri analize centraliziranih
toplinskih sustava. U poglavlju-studija slucaja, opisan je primjer za koji je razvijena
metodologija. U tom poglavlju su prikazani tehno-ekonomski podaci koristeni u analizi. U
zadnjem poglavlju analizirani su rezultati koji pokazuju neisplativost izgradnje modernih
centraliziranih toplinskih sustava za rijetko naseljena podrucja s malim udjelom potraznje za
grijanjem u ukupnoj potraznji toplinske energije, ali su bolji po pitanju emisija CO2 i potrosnji
primarne energije od konvencionalnog grijanja prirodnim plinom. Svi rezultati ove analize

slu¢aja prikazani su u dodatku koji se nalazi na kraju.

Kljucne rijeci: izrazito nisko temperaturni centralizirani toplinski sustavi, nisko temperaturni
centralizirani toplinski sustavi, dizalice topline, obnovljivi izvori energije, analiza troskovi i
dobiti, koeficijent u¢inkovitosti dizalica topline, nivelirana cijena toplinske energije, energetsko

planiranje, faktor emisije ugljikovog dioksida, faktor primarne energije
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1. INTRODUCTION

District heating (DH) systems play an essential role in the energy sector because of the heat
supply to consumers. The main advantages of this heating concept are heat production in one
central place for all consumers, which reduces costs, and professional supervision of the system,
which reduces system fouling. Traditional district heating systems can operate at temperatures
above 100 °C, which can cause high heat losses or high investment costs to insulate pipes to
reduce losses. Also, fossil fuels are the primary heat source of these systems. These problems
are solved by developing new district heating networks known as fourth-generation district
heating systems [1]. New networks operate with lower supply and return temperatures, and their
primary heat source is either renewable energy sources or urban waste heat. The district heating
development timeline, with all four district heating generations, is presented in Figure 1.

~ 1G: STEAM 2G:INSITU 3G: PREFABRICATED 4G: 4th GENERATION
Steam system, steam pipes Pressurised hot-water m Pre-insulated pipes Low energy demands
} in concrete ducts Heawy equipment P Industridised compact Srmart enengy foptimum
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E. 22wy DH
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Energy
efficiency — Future
\ energy
Seasoral Y. ¥ source
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Figure 1 District heating development timeline [1]
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By lowering district heating temperatures, low-temperature renewable heat sources can be
implemented in the network, which helps to decarbonise this sector. Renewable energy sources
can be locally found, making this sector more reliable and less dependent on leading fossil fuel
exporters. Low temperatures lower heat losses and costs of the network, but temperatures can
sometimes be so low that the booster heating unit at the consumer substation must be used to
cover total heat demand. The need for an extra heating booster unit (mainly heat pumps) raises
costs and sometimes causes the infeasibility of a whole project if costs are higher than the
benefits that these new networks bring. For that reason, new district heating systems must be

carefully planned.

Fourth-generation district heating systems can be classified into two separate groups, low and
ultra-low temperature district heating systems (LTDH and ULTDH). The main difference
between them is that domestic hot water (DHW) and space heating (SH) demand can be covered
with heat delivered by the network in LTDH, while ULTDH systems need to have booster
element, most often heat pump, at consumer substation to raise the temperature for DHW needs

at higher temperatures to avoid Legionella [3].

Faculty of Mechanical Engineering and Naval Architecture 2
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2. LOW AND ULTRA-LOW TEMPERATURE DISTRICT HEATING

ULTDH and LTDH systems are significantly different compared to conventional district
heating systems. Differences are lower temperatures, lower heat losses, lower CO» emissions
and reliable heat supply. However, between them, differences are less significant but still
noticeable. The main differences between ULTDH and LTDH are shown in Table 1. The main
difference is that in the ULTDH network, consumers need to have a booster heating unit to raise
the temperature for domestic hot water preparation because network supply temperatures are
lower than 50°C, which does not secure sanitary water preparation. LTDH systems operate at
higher network temperatures sufficient for DHW preparation, and they do not require an

additional heating unit at the consumer substation.

Tablel ULTDH and LTDH main characteristics [3]

The higher temperature of supply The lower temperature of supply

stream than required for direct heat

stream than required for direct heat

Definition exchange to heat demand-network exchange to heat demand-additional
temperatures are sufficient for heating unit for DHW preparation is
DHW preparation required
Supply: e.g., 55 °Cto 75 °C Supply: e.g., 35 °C to 50 °C
Temperatures Return: e.g., 25 °C to 40 °C Return: e.g., 20 °C to 35 °C
Carrier Water-based brine in closed-loop (sensible heat)

Space heating Floor heating or low-temperature radiators in a secondary system

The heat pump (or electric heater)
increases the temperature to the
required level by utilising DH as a
heat source (other sources possible)

Efficient local heat exchanger

Hot water production heating DHW

2.1.

Low-temperature regimes enable utilisation of low temperature-renewable heat sources into the

Heat sources

network, such as solar systems, excess heat from industry, existing district heating return
pipeline or other sources. If heat source temperature is not high enough to be directly utilised
in the thermal network, heat pumps should be used. If the cogeneration plant is connected to
the network, its power-to-heat ratio is increased because more electricity can be produced for
the same level of heat production. The coefficient of performance (COP) of heat pumps is also
higher in these networks because the needed temperature lift is reduced. Efficiencies of all

renewable-based heat production plants are higher in these networks in general due to lower
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temperatures. All that enables a connection of new heat sources to the network, which

decentralises this sector [4].

Sources such as air, ground, groundwater, seawater are used the most because they are
widespread, and their utilisation technology, heat pumps, operate at high efficiencies as
technology advances. Solar energy is also entering the heating sector, but it must be often
coupled with other sources or heat storages for periods without the sun [5]. When it comes to
industrial excess heat, such as chemical or process industry, it can also be used in these networks
directly through the heat exchangers, but lower temperature excess heat, e.g., from cooling,
requires heat pumps. In industry, heat that would be otherwise discharged into the environment
is used. Besides the environmental benefits, it is observed that it can profit excess heat
producers from selling heat to the network and reduce costs concerning cooling water
consumption [6]. Nevertheless, excess heat, either high or low grade, is not accessible as other
sources, and if it is, its fluctuations and temperature regimes must be evaluated carefully before

connecting to the district heating network [7].

If LTDH or ULTDH networks are planned near the existing high or medium temperature district
heating systems, they can be supplied with heat from existing networks through heat exchangers
(HEX), directly with a mixing shunt, three-pipe connection or a heat pump (HP). A mixing
shunt is a direct connection to an existing network where supply water from that network is
mixed with return water from ULTDH or LTDH network. At a three-pipe connection, the
existing network supplies a low-temperature one with heat from its return line, but in the case
of higher heat demand in ULTDH or LTDH, return water is mixed with supply water of the
existing system [4]. If an HP is used, the return line from the existing network is heated with
heat from the return line of the low-temperature network. The heat pump raises water
temperature high enough to cover heat demand. Figure 2 depicts possibilities of connection to
an existing network. Figure 2 -(a) shows the connection of the high-temperature district heating
(HTDH) network through HEX to low-temperature consumers, (b) shows a mixing shunt
between two networks and (c) shows a three-pipe connection [8].
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HTDH RETURN LTDH RETURN

HTDH RETURN LTDH RETURN

MIXING SHUNT MIXING SHUNT

HTDH FLOW
CONSUMERS

b

HTDH RETURN

HTDH FLOW

HTDH RETURN HTDH FLOW LTDH FLOW;

(LTDH FLOW)

LTDH FLOW

a £

Figure 2 Different types of connection to existing network [8]

2.2.  Thermal energy storage

Thermal energy storages (TES) can are used to prevent heat supply disruptions due to various
factors, or they can be used as an alternative to utilise low-cost electricity via heat pumps.
Because of that, they play a vital role in future energy systems supplied with heat from
intermittent renewable energy sources (RES). Cheap storage medium, mostly water, and their
simple construction cause their cost-effectiveness [9]. Table 2 shows different thermal storage

types, including their main characteristics and differences.

Storage medium

Specific capacity
[kWh/m?]

Water equivalents

Geological requirements

Application
Storage temperatures
[°Cl
Specific investment cost
[€/m® water equivalent]

Advantages

Disadvantages

Table 2

Water
60-80

1m?® TES=1m®water

Stable ground conditions.
Preferably no groundwater.
5-15m deep.

Short-term/diurnal TES,
buffer TES.

5t095

110-200€/m? (if > 2.000m?)

High charge/discharge
capacity.

High specific investment cost

Water (gravel-water)

60-80 (30-50 for
gravel-water)

1m?® TES=1m?®water

Stable ground
conditions.
Preferably no
groundwater. 5-15m
deep.

Long-term/seasonal
TES for production
higher than 20.000
MWh/year. Short
term TES for large
TES.

5t095

20-40€/m? (if >
50.000m°)

High
charge/discharge
capacity. Low
investment cost.

Large area
requirements

TES characteristics [10]

Soil surrounding the
boreholes

15-30

3-5m?® TES=1m? water

Drillable ground. High
heat capacity. High
thermal conductivity.
Low hydraulic
conductivity.
Groundwater flow
<1m/s. 30-100m deep.

Long-term/seasonal
TES for DH plants
production higher than
20.000 MWhlyear.

51090

20-40€/m”® (if >
50.000m* water
equivalent including
buffer tank)

Most underground
properties are suitable.

Low charge/discharge
capacity (potential need
of a buffer tank)

Groundwater in
aquifers

30-40

2-5m° TES=1m?®
water

High yield aquifer.

Long-term/seasonal
heat and cold TES.

7t018

50-60€/m* (cost
depends on charge
capacity rather
storage capacity)
Provides heat and
cold TES. Many
geologically
suitable sites.
Low temperatures
and temperature
differences
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2.3.  Network design

Compared with traditional district heating systems, LTDH and ULTDH have lower network
temperatures that reduce differential pressure in the network, which increases needed pumping
power to keep water flow at desired levels. However, this increase in pumping power is

negligible compared to heat savings [11].

While designing these new networks, one must consider simultaneously factor to account for
DHW consumption at different consumer substations at the same time. That increases the
needed heat supply of the network and its hydraulic load. The network needs to be designed to
maintain predefined water velocity [4].

A network can be designed in a tree or a ring structure. The differential pressure difference
between the first and the last consumer in traditional networks (tree structure) can cause
insufficient heating of an end-user. To prevent that from occurring, valves are installed to
increase flow resistance to keep differential pressure at the same levels at every consumer
substation. To avoid pressure imbalances or valve installation in a tree structure, a ring network
layout is developed. This structure achieves hydraulic balance with an equal length of pipes for
each consumer. The supply line begins with a production facility and ends with the last
consumer, and the return line begins with the first consumer and ends with the production
facility. Twin pipes (two pipes in one casing) cannot be used in a ring structure, which slightly
increases heat losses. Still, heat losses in ring structure network are lower than in tree structure
network because there is no need for bypasses used to maintain network temperature by mixing
supply water with the return [7]. Figure 3 shows tree and ring network layout, respectively.

]
| ol oo

AB1 AB2 AB1 AB2
(@) (b)

Figure 3 Tree and ring structure of a DH [7]
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Due to smaller pipe dimensions and larger insulation thickness, ULTDH and LTDH networks
have heat losses between 10% and 15% of total heat supplied to the network [12], which is
lower than conventional network heat losses. A twin pipe or three-pipe system can be
implemented in these networks. Three pipe system consists of two supply lines and one return
line. One supply line operates when heat demand is low, e.g., summer, while two supply lines
operate when heat demand is high. Twin pipes, as mentioned, share the same casing, which
reduces heat losses. Depending on the supply line’s position in the casing, heat losses can be
further reduced (most heat loss reduction is achieved in cases where the supply line is placed
in the middle of the casing) [4]. Different placements of supply and return lines in the twin-pipe

casing are shown in Figure 4.

Figure 4 Twin pipe configurations [4]

Double pipe systems are used in ring structure networks, and they are considered the evolution
of twin pipes. Water in the supply and return line runs in the same direction, which results in

lower heat losses and pressure imbalances [4]. Figure 5 shows one double pipe network.

Figure5 Double pipe network [4]
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2.4.  Consumer substation

At the end of each district heating system, consumers with their substations are located. In
LTDH and ULTDH, space heating (at substations) is provided mostly indirectly through heat
exchanges, but direct connections to the network also exist (without the transfer element). To
maintain DHW temperatures at higher levels to prevent Legionella growth, consumer
substations in LTDH networks are equipped with instantaneous heat exchangers (IHEU) or
district heating storage units (DHSU). ULTDH networks for DHW preparations have heat
pumps, boilers, solar collectors, or other heating units to raise the temperature.

2.4.1. Space heating

Buildings connected to ULTDH or LTDH networks are ones where thermal comfort can be
achieved with lower temperatures. They are new and well-insulated objects. Existing objects
can be connected to the network if they are renovated and can satisfy comfort levels with given
temperatures. Planning of heat production according to the consumer needs is a shift from the

traditional DH planning process where the focus was on the production facility [4].

LTDH temperatures range from 50°C to 70°C while ULTDH operates at temperatures slightly
lower than 50°C. These temperatures are high enough for floor heating or low-temperature
radiators. Figure 6 shows space heating temperature regimes for different network temperature

regimes and heating elements.

(o2}
o

HT Radiator (Fischer et al.)

(9]
o

LT Radiator (Fischer et al.)

Radiator (Nabe et al.)
Radiator (Own Assumption)

HT Floor Heating (Fischer et al.)

oS
o

N
o

LT Floor Heating (Fischer et al.)

Heat sink temperature [°C]
w
o

-
o

Floor Heating (Nabe et al.)

o

Floor Heating (Own Assumption)
-15 -10 -5 0 5 10 15

Ambient air temperature [°C]

Figure 6 Space heating temperature regimes in different systems [13]
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For lower pressure levels in networks, a direct connection to the household can be used.
However, this is not a standard option because indirect connection enables the network and
substation to be at different pressure levels. That is important because the network can operate
at higher pressure levels than the substation. A drawback of indirect connections is slightly
higher temperatures of networks to account for heat losses in heat exchangers, which lowers
the temperature [4]. Figure 7 shows the direct connection of the LTDH network to the

consumer, but the same applies to the ULTDH network (except for DHW preparation).

)

n—
:"-( " -
15 .I'El <\(:{ alll B he DHW
L\ .
.
DH q. I |. 1"
60°C 7 Y a | I .- »
- SH
242 3 Fa -
30°C 2 5y 3 l% & : .

Figure 7 Direct connection of SH [14]

Indirect connection of network and consumer substation can be seen in Figure 8. It also
represents the LTDH system, but it applies to ULTDH (except DHW preparation).

PN 16 i ‘
| << i31A 1

1
18 15|

_—

15 150K
24 23A 16 24 15
=

A

24 23A 24 15
B —TI—3

21 17al

Figure 8 Indirect connection of SH [14]
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2.4.2. Domestic hot water preparation

Domestic hot water must have temperatures high enough to avoid Legionella growth at
temperatures between 30°C and 45°C. The temperature has the most crucial role in bacteria
growth, but other factors, such as dimensions of the water system, hydraulic structure, pipe
material and stagnation of water, can also influence it. Temperatures can be lowered in the
system without Legionella growth, but to do so, the dwell time of water in the pipes needs to

be short. Figure 9 shows Legionella growth rates as a function of system temperature.

Growth

10 20 30 40 [sQ 60 70

Temperature

Death

Rest Growth Death

Figure 9 Legionella growth/decay rate [7]

Most EU countries follow European guidelines EN 806-1:2000, EN 806-2:2005 and EN
1717:2011 concerning safe DHW temperatures. These guidelines suggest that portable water
temperature should not exceed 25°C and that DHW temperature should rise to 60°C 30 seconds
after fully opening a tap. To reduce DHW temperature below 50°C various Legionella
treatments can be conducted. They are classified as thermal, chemical, and physical treatments,
further divided into Legionella killing treatments and Legionella growth prevention treatments.
Thermal treatment consists of a short temperature rise in the system to more than 60°C or 70°C
to kill Legionella. Chemical treatments use chemical for bacteria-killing, and physical

treatments use UV light to prevent Legionella growth [7].
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In LTDH systems, each substation is equipped with units that help maintain DHW temperatures
at desirable levels. The first one is instantaneous heat exchangers (IHEU). It is dimensioned for
network supply temperatures between 50°C and 55°C, used to produce DHW at a temperature
of 47°C. Because of the low-temperature difference at these exchangers, they need to be highly
efficient. The main components of the IHEU unit are highly efficient HEX, bypass, controller
and sensor to keep supply temperature at desirable levels by recirculating supply water directly
into a return [7]. One IHEU is shown in Figure 10.

50°C _ X
DH IHEU principle
|

Supply - DHW

Thermostatic [bypass / 45°C

Iy

oH  oX Ty X
Return T T LE DCW
25°C 10°C

Figure 10 Instantaneous heat exchanger unit [7]

Another way of preparing DHW at desirable temperatures in LTDH is with a district heating
storage unit (DHSU). In traditional district heating systems, similar tanks were placed on the
secondary side of the network (consumer side). With the relocation to the primary side (network
side) and enlargement of a tank, temperatures can be maintained at desired levels for DHW
preparation in LTDH. The unit consists of a storage tank, heat exchanger, pump, and controller.
It supplies DHW at a temperature of 45°C, with a network supply of 50°C. When there is a
need for DHW, water from the tank is discharged from the bottom, and it circulates through
HEX to prepare DHW. Tank is starting to charge with supply water when the water temperature
at 1/3 of a tank drops below the set temperature, e.g., 50°C. Figure 11 shows DHSU.
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50°C
DH
Supply

DHSU principle

DHW

B N ) IR e
Return ; DCW

25°C

Figure 11 District heating storage unit [7]

When IHEU and DHSU are compared, it can be noticed that tanks shave peak heat load and
reduce pipe dimensions. On the other hand, IHEUs are a cost-effective solution that better
extract heat from supply water than DHSU but with larger pipe dimensions which increase heat
losses. Despite the increase in losses, they are still considered negligible compared to

conventional units [4].

When the LTDH network is connected to multi-storey buildings, the DHW system is
autonomous, and each apartment has its separate DHW preparation unit. All requirements for
DHW in single units apply in that case, too: higher temperatures, elimination of any circulation,
small dimensions (below 3L) of a system to prevent bacteria growth. That differs from the
traditional system where the DHW unit was located at one place for the whole building. These
old systems had a problem maintaining hygiene, heat consumption metering for each apartment,
and sometimes covering heat demand. Multi-storey building DHW installation is showed in
Figure 12.

Lo
Lo
Lo

Figure 12 Apartment DHW units in multi-storey building [7]
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ULTDH networks have lower network supply temperatures which need an extra booster heating
unit for DHW preparation. For that purpose, electric heaters can be used, but the most used
solution are heat pumps. These booster heat pumps can be on the primary side to fill the water

tank to prepare DHW when needed. Figure 13 shows booster HP on the primary side.

T DH flow . T cond out ~64°C
[ > DHW
T Evap out Y
—<— CW
T tank out out ~27-30°C

TbH return

Figure 13 Booster HP with DH storage on the primary side [14]

If booster heat pumps are located on the secondary (consumer) side, they can be connected in
parallel or series with space heating. In a parallel connection, DHW flow is independent of the
space heating. Return from heating is used as a heat source for the heat pump. Figure 14 shows
the booster heat pump for DHW on the secondary side, connected in parallel with heating.

Figure 15 shows the same booster HP but in serial connection to space heating.
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Figure 14 Booster HP for DHW (parallel connection to heating) [14]
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Figure 15 Booster HP for DHW (serial connection to heating) [14]

Booster HPs on the secondary side have three different modes of operation. In the first mode,
ULTDH is used directly to preheat DHW through the coil. When the temperature starts to
increase, the second mode, the water-to-water heat pump circuit, is activated. In this phase, heat
is transferred directly from the coil and HP to the domestic hot water. The third mode presents
a phase when heat from the coil is completely extracted, and only HP is used for DHW

preparation. All three modes are presented in Figure 16, respectively.

PRE-HEATING INTERIM HP Operation
(COlL) (COIL + HP) (HP)

Figure 16 Operation modes of booster HP on the secondary side [14]
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As well as water to the water heat pump, air to a water heat pump can also be used. Figure 17
shows the usage of an air heat pump for DHW preparation. In this case, the coil connected to
the ULTDH preheats the water in the tank.

Ambient or exhaust air

Ji=
78 Ll

éﬁllj E§

|

a
40°C ‘ﬁ

25°C <

Figure 17 Air booster HP on the secondary side [14]

Faculty of Mechanical Engineering and Naval Architecture 15



Edi Kirasié¢ Master’s thesis

3. METHOD

This thesis aimed to determine the cost and benefits of integrating ULTDH and LTDH networks
and compare them to individual natural gas boiler heating. The main motivation and guidance
for model development was the paper: Economic feasibility of ultra-low temperature district
heating systems in the newly built area supplied by renewable energy, published in Energy [15].
Some method modifications were made, and data concerning Croatia was used. This paper was
upgraded since additional results have been acquired, such as primary energy and carbon

emission factors which are then compared to individual solutions.

3.1. Heatdemand

Initial data for the model is specific domestic hot water demand, gpyy, and district area
Agistrice- Those values were kept constant throughout the whole model. However, plot ratio,

the ratio of buildings area Ay qings and total district area Ag;serice, given by the equation (1):

Apuirai

uildings

€= 2 - Abuildings = € " Agistrict (1)
district

were varied for each scenario (from 0,2, representing the rural area, to 2,0, representing the
urban, densely populated area, in steps of 0,2), which resulted in different total annual domestic

hot water needs Q.o¢ pyw 9iven by the equation (2):

Qtot.onw = 9puw " Abuitdings (2

Specific hot water demand g,y and space heating share sy (which was varied between 0,1,
representing highly efficient buildings with low space heating needs to 0,8, in steps of 0,1) used
to calculate specific annual heat demand g (expressed as a sum of specific space heating

demand, gsy and specific domestic hot water demand, gpyy) in equation (3):

1
dtot = Apuw T Asw = 7——<— " dpaw ®3)
1—s,

Total specific heat demand, g5, was multiplied with total buildings area Apy;;4ings to calculate

the total annual heat demand Q,, of a district in equation (4):

Qtot = Gtot Abuildings (4)
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From the total annual heating demand Q;,; and total annual domestic hot water demand

Qtot,prw- ONE can calculate the total annual space heating demand Q. sy from equation (5):

Qtot,st = Qtot — Qtor,paw (5)

3.2.  Network heat losses and pumping power

Heat losses are an important factor in each cost-benefit analysis of any district heating systems.
Even though heat losses are lower in ULTDH and LTDH networks than in conventional
networks, they can still influence network profitability. To assess heat losses, linear heat density
demand (LHDD), gq; must be known. In determining LHDD, the following approach is used
[16]. The first step is to determine the effective width of a network, w as a function of plot ratio

€, using equation (6) described in literature [17]:
w=618-¢915 (6)
After effective width is found, linear heat density demand q; is calculated in (7) from [15]:

_ Qeot

i [~ deot €W (7)

After determining LHDD with specific total heat demand g, plot ratio € and effective width

w, trench length L can be calculated with equation (8):

— Qtot
q

L

(8)

Average pipe diameter in district heating network d, in metres, was determined with known

linear heat density demand from equation (9) from [16]:

Qtot
L

Finally, to calculate heat losses in the network, heat loss data from Denmark existing district

d, = 0,0486 - ln( ) + 0,0007 ©)

heating networks was used [18] to determine the correlation between LHDD and heat losses

shown in Figure 18.
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Figure 18 Heat loss data from existing DH networks in Denmark [15]

To calculate annual heat losses, equation (10), from [15] is used:

Qloss — 0,274-8 . ql—0,653 . Y_Wsupply + Treturn -2 Tground (10)

tot Tsupply + Treturn —2° Tground

In this equation, T = 73,71°C and T,pprm = 40,52°C are weighted average supply and

upply

return temperature of the Danish systems taken from a database.
Pumping power depends on network layout, and estimation of pumping power without knowing

network details is not precise. However, pumping power can be calculated with volume flow V

and pressure drop in the system Appy. Volume flow can be calculated with equation (11):

Qtot,delivered
. 8.760

Cp,Hy0 * (Tsupply - Treturn) " PH,0

(11)
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Where Qqo¢ geliverea represents total annual heat delivered to the network (total heat demand
and network heat losses), ¢, u,o represents water isobaric specific heat, py, o represents water

density and Ty 1, aNd Trepyrn represent supply and return network temperatures, respectively.

Pressure drop in the network, Ap,etwork Was assumed to be 100 Pa/m [15], and pressure drop
at consumer substations Apg,pstations Was assumed to be 100.000 Pa [19]. Overall pressure
drop, Appy in the system can be calculated with equation (12):

Appu = DAPnetwork + Bsubstations = 2 * L - 100 + Apsypseations (12)

Necessary annual energy for pumping W, is calculated with equation (13):
Woump = APph V- Npumyp * 8.760 (13)

Where 11,,my is pump efficiency, in this case 0,8 [20].

3.3. Heat pumps coefficients of performances

Heat pumps coefficients of performances (COP) were calculated for each hour of the year for
every heat pump. For this purpose, the Lorenz coefficient was used as described in [21]. Figure
19 shows a simple one-stage heat pump process on the left and a temperature-heat diagram of

that same process on the right.

Sink &
2
Ty, VYWY ———>Th,o
T ATra AT,
H,
® ® ° o
AT,
: z i T3
Tes ¢ATplo
® ® AT,
AT, '
i Tl
Teo NI Teo /
! Tevap
Source
Qc
Qu

Figure 19 Cycle of a simple heat pump process and its heat load diagram [21]
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Temperature T, ; represents inlet temperature of heat source in heat pump evaporator, while
T¢ , represents its outlet temperature, which is lower than inlet temperature because of cooling.

The temperature difference of these two temperatures is calculated with equation (14):
AT =Tei —Tepo (14)

Temperature Ty ; represents inlet temperature of a sink medium in heat pump condenser, a
medium which enters the condenser at that temperature, exits it with outlet temperature Ty, ,.
The outlet temperature is higher than the inlet temperature for the sink medium. The
temperature difference between outlet and inlet temperature of a sink medium is calculated with
equation (15):

ATy = TH,o - TH,i (15)

The unit for temperature difference calculation is irrelevant, but the temperature must be
converted to Kelvins for the following equations. To calculate Lorenz COP, the mean

temperature of a sink T; from the equation (16) needs to be found:

_ ATy

= (7<) (15)
Thii

Besides the sink medium, the mean temperature of a source T, needs also to be found from
equation (17):

_ AT,

e T a7)
! (Tc,i>

For cases, where the temperature of a source medium does not change after passing through the
heat pump evaporator, T, represent only source temperature in Kelvin degrees. The difference
between the mean temperatures of the heat sink and the heat source is referred to as temperature
lift calculated with the following equation (18):

AType =Ty — T (18)

Faculty of Mechanical Engineering and Naval Architecture 20



Edi Kirasi¢ Master’s thesis

In the end, the Lorenz coefficient of performance, COP;,,.n, Can be calculated as the ratio of
the mean temperature of the heat sink T, and the mean temperature lift AT}z, showed in
equation (19):

Ty Ty

coP == — = — 19
Lorenz Ty —To ATy, (19)

To avoid model faultily COP, ., results in few cases, where the mean temperature of a sink
is higher than the mean temperature of a source (summer hours), the mean temperature lift

ATy, has been limited with a minimum value of five.

After Lorenz coefficient of performance was determined for each hour COP,,yen,, real
COP value needed to be determined using equation (20):

COP = Norenz " COPporens (20)

Where 1n,,renz 1S LOrenz efficiency, which depends on refrigerant used in heat pump and mean
temperature lift AT”ft. As in the mentioned paper, ammonia was used as a refrigerant for large

heat pumps, while isobutane was used for decentralised units [15]. Figure 20 shows Lorenz

efficiency curves for isobutane and ammonia.

Lorenz efficiency
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Figure 20 Lorenz efficiency curves [21]
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After final values of the coefficient of performances were calculated for each hour of the year,
a reduction for COP for air source heat pumps was applied to account for electricity loss due to
defrosting needs of these units at outdoor temperatures below 7°C. The reduction factor of air

source heat pump COP was taken as 0,84 [22].

3.4.  Systems seasonal coefficient of performance

In LTDH cases, total heat production was in the central unit. In ULTDH cases, a portion of the
heat demand was produced in the central unit, and the rest was produced at decentral units. In
ULTDH cases with air source heat pump at consumer substations, ASHPs at consumer
substations covered only domestic hot water demand, while the central unit produced heat for
heating. In ULTDH with micro heat pumps and ULTDH with booster heat pumps at a building

level, the heat produced from the central unit in each hour was calculated with equation (21):

. . Qtot DHW
Qcentral = Qtot,delivered —— (21)
COPdecentral

Where Qcor deriverea 1S total heat supplied to the network in a given hour (SH demand, DHW
demand and heat losses), Qo prw IS total DHW demand in a given hour and COPecentra; iS
decentral unit COP (either booster heat pump or micro heat pump).

After calculation of COP value and heat production of each unit for each hour and each heat

pump, hourly electricity consumption could be calculated with equation (22):

_Q_J_L' 22
COP—W W_COP (22)

Total annual electricity consumption of district heating system is the sum of annual central unit
electricity consumption Weperq:, annual pump electricity consumption Wy, and, if present,

annual decentral units electricity consumption Wyecentra: @ Shown in equation (23):
Wtot = chntral + VVpump + Wdecentral (23)

System seasonal coefficient of performance is then calculated as a ratio of total heat delivered

to the customers, Q;,; and total electricity consumption of a system in one year, W;,; as in (24):

COPsystem,seasonal = W_ (24)
tot
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3.5.  Levelized cost of heat, carbon emission, and primary energy factors

Levelized cost of heat (LCOH) was calculated as the sum of CAPEX and OPEX divided by
delivered heat to the consumers. CAPEX was calculated using equation (25):
(140"

CAPEX =CRF -] =———~ .
1+0)"—1

(25)

Where CRF is capital recovery factor [23] calculated for each part of investment separately,
taking into account lifetime n and discount rate i suggested by Croatian National Bank [24]. I

represents investment cost of certain part of a system.

OPEX was calculated as a sum of all 0&M costs added to total electricity cost or total gas

consumption cost. OPEX is shown in equation (26):

N
OPEX = 2 08&M, + (EorG) (26)

=1
LCOH value was then calculated as a ratio of CAPEX and OPEX sum and total heat delivered

to the consumers in a year, as in equation (27):

CAPEX + OPEX
LCOH = (27)
Qtot

Primary energy factor f,,im scenario Was calculated as a ratio of primary energy used over total

heat delivered Q. to the consumers in a year. Firstly, total electricity W;, or gas T
consumption was converted to primary energy. The result was then divided with total heat

consumption of consumers Q,,;, as in equation (28):

(Wior01Teor ) - fprim
fprim,scenario = 0 (28)
tot

A similar procedure has taken place while determining the CO factor (carbon emission factor).

Electricity Wy, or gas T, consumption was multiplied with CO> factors f.,, Those values

are at the end divided by the total heat consumption of consumers Q;,;, as in equation (29):

(Weot0rTeor ) * feo
fCOz,scenario = 2 (29)
QtOt
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4, CASE STUDY
Four scenarios were developed:

e LTDH network (LTDH).

e ULTDH network with booster heat pumps at the building level (ULTDH_Booster).

e ULTDH network with micro heat pumps in each apartment (ULTDH_Micro).

e ULTDH network where central heat source covers space heating (SH) demand and
DHW demand is covered through air source heat pumps (ASHP) at the building level
(ULTDH_Air).

For each scenario heat source for the central heat pump was varied. District heating systems
were supplied by a central air source heat pump, groundwater heat pump, excess heat pump, or
heat exchangers supplied with excess heat. The last central supply option is an ideal scenario
because it is hard to find year-round excess heat at high enough temperatures. Figure 21 presents
variations of consumer substations. Figure 21 (a) represents the LTDH system with heat
exchangers at the consumer substation Figure 21 (b) depicts a ULTDH system with a heat
exchanger for space heating and booster heat pump on the primary side for DHW demand of a
whole building. Here supply from the network is used as a source and sink for the heat pump.
Figure 21 (c) represents the ULTDH case where the network is used to cover space heating
demand while air source heat pumps cover DHW demand. Figure 21 (d) presents the ULTDH

network with micro heat pumps in each apartment for DHW preparation.

2] [b] [¢]

Micro-Rocster HP
hm\\ !m\\ DHW = =£="TpHwW

Figure 21 Four scenarios considered in the calculation [15]
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LTDH supply and return temperatures were 60°C and 30°C, respectively, while supply
temperature in ULTDH was 40°C and return temperature was 25°C. Temperatures in LTDH
systems are high enough for DHW preparation, and ULTDH systems have booster heat pumps
to achieve the needed 60°C DHW temperature. District size was roughly 100.000 m?, which is
the average size of a neighbourhood in Zagreb. Specific domestic hot water demand was 26
kWh/m?/a, calculated from given data [13] (value for Croatia).

Levelized cost of heat (LCOH), primary energy factor and CO> factor were calculated for each
of the twenty cases and the two control cases with individual gas boiler ASHP heating. The aim
was to show how these system parameters change with different plot ratios and space heating
shares.

Figure 22 shows the LTDH system from a central unit to the consumer substation.

' Central unit ! ' LTDH network ! i Consumer substation !
________________ 1 oo __1& b e
Source return 60°C 20°C
HEX 35°C SH
HP ,i> DHW
Source supply 30°C HEX

20°C

Portable water

Figure 22 LTDH network

Figure 23 depicts the ULTDH network with booster HP for DHW preparation of a whole
building.

| Central unit ! | ULTDH network | : Consumer substation !
________________ 1 I | b e e e e e e e e m e e mm e —
Source return 40°C 20°C
HEX 35°C SH
60°C
HP or HEX = DHW
T
Source supply 25°C leJ i HEX
k

Portable water

Figure 23 ULTDH network with booster HP at consumer substation
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Figure 24 shows the ULTDH network with micro-HP for DHW preparation. It must be noted
that in this case, a micro heat pump is in each apartment.

' Central unit ! | ULTDH network ! . Consumer substation !

I, 1 . ! PP

Source return 40°C 20°C
HEX 35°C SH

60°C
HP or HEX [ oW

Source supply 25°C HP
20°C

Portable water

Figure 24 ULTDH network with micro-HP at consumer substation

In Figure 25 ULTDH network with air source heat pump for DHW preparation is depicted.

: Central unit | : ULTDH network | : Consumer substation |
Source return 40°C 20°C
HEX 35°C SH
60°C
HP or HEX [ DHw
Source supply 25°C HP
20°C

Portable water

Figure 25 ULTDH network with ASHP at consumer substation

Table 3 shows all scenarios and their characteristics regarding network type, heat source,
utilisation unit of central heat source, DHW and SH substation in a building. At the end of each

row, figures that present scenarios are listed.
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LTDH_ASHP
LTDH_GWHP
LTDH_EH1HP
LTDH_EH2HP
LTDH_EH3HP
ULTDH_Booster_ASHP
ULTDH_Booster GWHP
ULTDH_Booster EHIHEX
ULTDH_Booster_EH2HP
ULTDH_Booster_EH3HP
ULTDH_Micro_ASHP
ULTDH_Micro_GWHP
ULTDH_Micro_EHIHEX
ULTDH_Micro_EH2HP
ULTDH_Micro_EH3HP
ULTDH_Air_ASHP
ULTDH_Air GWHP
ULTDH_Air_EHIHEX
ULTDH_Air_EH2HP
ULTDH_Air_EH3HP
Individual_ASHP

Individual_GB

Table 3

Air
Groundwater
Excess heat
Excess heat
Excess heat
Air
Groundwater
Excess heat
Excess heat
Excess heat
Air
Groundwater
Excess heat
Excess heat
Excess heat
Air
Groundwater
Excess heat
Excess heat

Excess heat

HP

HP

HP

HP

HP

HP

HP

HEX

HP

HP

HP

HP

HEX

HP

HP

HP

HP

HEX

HP

HP

Scenarios characteristics

LTDH

LTDH

LTDH

LTDH

LTDH

ULTDH

ULTDH

ULTDH

ULTDH

ULTDH

ULTDH

ULTDH

ULTDH

ULTDH

ULTDH

ULTDH

ULTDH

ULTDH

ULTDH

ULTDH

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HEX

HP

GB

HEX
HEX
HEX
HEX
HEX
HP building
HP building
HP building
HP building
HP building
HP apartment
HP apartment
HP apartment
HP apartment
HP apartment
ASHP building
ASHP building
ASHP building
ASHP building
ASHP building
HP

GB

Figure 22
Figure 22
Figure 22
Figure 22
Figure 22
Figure 23
Figure 23
Figure 23
Figure 23
Figure 23
Figure 24
Figure 24
Figure 24
Figure 24
Figure 24
Figure 25
Figure 25
Figure 25
Figure 25

Figure 25

Source temperatures for groundwater were 12°C/7°C [25]. Excess heat cases had 40°C, 30°C,

and 20°C supply temperature which were cooled to 10°C in the central unit. Air was considered

as an infinite heat source that does not change the temperature in the heat pump. DHW

temperature is always needed to be raised to 60°C, from 20°C portable water. Detailed network

temperatures are shown in Table 4.
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LTDH_ASHP
LTDH_GWHP
LTDH_EHI1HP
LTDH_EH2HP
LTDH_EH3HP
ULTDH_Booster_ASHP
ULTDH_Booster GWHP
ULTDH_Booster EH1IHEX
ULTDH_Booster_EH2HP
ULTDH_Booster_EH3HP
ULTDH_Micro_ASHP
ULTDH_Micro_GWHP
ULTDH_Micro_EHIHEX
ULTDH_Micro_EH2HP
ULTDH_Micro_EH3HP
ULTDH_Air_ASHP
ULTDH_Air_GWHP
ULTDH_Air_EHIHEX
ULTDH_Air_EH2HP
ULTDH_Air_EH3HP
Individual_ASHP

Individual_GB

Table 4

Hour air temp.
12
40
30
20
Hour air temp.
12
40
30
20
Hour air temp.
12
40
30
20
Hour air temp.
12
40
30

20

Temperature of LTDH and ULTDH networks [°C]

Hour air temp.

7

10

10

10

Hour air temp.

7

10

10

10

Hour air temp.

7

10

10

10

Hour air temp.

7

10

10

10

Hour LTDH return
temp.

Hour LTDH return
temp.

Hour LTDH return
temp.

Hour LTDH return
temp.

Hour LTDH return
temp.

Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.

Hour LTDH supply
temp.
Hour LTDH supply
temp.
Hour LTDH supply
temp.
Hour LTDH supply
temp.
Hour LTDH supply
temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.

Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.
Hour ULTDH
supply temp.

Hour air temp.
Hour air temp.
Hour air temp.
Hour air temp.
Hour air temp.

Hour air temp.

Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.
Hour ULTDH
return temp.

Hour air temp.
Hour air temp.
Hour air temp.
Hour air temp.
Hour air temp.

Hour air temp.

20

20

20

20

20

20

20

20

20

20

20

20

20

20

20

20

20

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60
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4.1. Input data

The model was developed according to Croatian data. Hourly temperatures were taken for
average outdoor temperature in Croatia for 2018 [26]. Hourly temperature values throughout
the year are shown in Figure 26.

Average outdoor temperature in Croatia

40
30
20

10

Temperature [°C]

-10

-20

O N ANO OMONT TN ANOOOOMONS TN ANOOWLOUMONS TSN AN OmM
NN AT 00N OOOMMNOSSTO AWM OVOOSENNTNdEHWLMOONOOMMNEHSOONLLOM
NN AT OO A MOUONOMWIMINOANLNOANS OOOOCAdSt O MW oo O N N
A A A AN AN AN ANOOOO NN TTITTETND DD N OO O OMNMNNNOGO O

Time [h]

Figure 26 Average outdoor temperature in Croatia in 2018 [26]

SH and DHW demand were modelled according to the total SH and DHW demand of
households in Croatia in 2018 [13]. Figure 27 shows household relative SH demand through

the year. Figure 28 shows household relative domestic hot water demand throughout the year.
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Relative space heating demand curve
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Figure 27 Relative SH demand curve for Croatia in 2018 [13]
Relative domestic hot water demand curve
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Figure 28 Relative DHW demand curve for Croatia in 2018 [13]

To determine the heat losses of a network, the heat loss distribution curve needs to be known.
The curve equation that distributes heat losses over the year was calculated from the given data
[27]. Because the heat losses are calculated as annual value, the curve was fitted to spread losses

over 8.760 hours. Figure 29 shows the calculated relative heat loss curve.
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Network heat losses

0,1300

0,1250
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Heat losses [MW/MWhal
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Time[h]

Figure 29 Heat loss curve [27]

To determine annual heat losses, and later, hourly coefficients of performances (COPs) of heat
pumps, yearly network supply and return temperatures must be known. Network temperatures
were varied, as shown in the operation of other low-temperature district heating systems. It is
observed that after the outdoor temperature drops below 10°C, supply temperature starts to rise
linearly. However, return temperature does not have the same pattern. At 10°C, the return
temperature drops and then incrementally rises linearly as the outdoor temperature continues to
fall. Temperature curves and their equations were calculated for supply and return line in
ULTDH and LTDH networks, as seen in the given data [28]. Figure 30 shows ULTDH
temperature variations as a function of outdoor temperatures, while Figure 31 presents LTDH

network temperature variations.
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ULTDH network temperatures
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Figure 30 ULTDH temperature variations [28]
LTDH network temperatures
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Figure 31 LTDH temperature variations [28]

Calculated hourly network supply and return temperatures in the ULTDH network are shown
in Figure 32. Due to lower heat demand in the summer months, return temperature increases,
increasing heat losses in the network.
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ULTDH supply and return temperatures
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Figure 32 ULTDH network temperatures through the year

LTDH network supply and return temperatures annual variations are shown in Figure 33. As in
the ULTDH network, return temperature in summer months slightly increases, increasing heat
losses in the network.

LTDH supply and return temperatures
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Figure 33 LTDH network temperatures through the year
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4.2.  System components sizing and costs

All central units were sized to cover 80% of the maximal heat demand of a network in a specific
hour. They are coupled with a backup electric boiler designed to cover 25% of the maximal
heat demand of a network in a specific hour, as suggested in [15]. Total decentral units capacity

was calculated as a ratio between total annual domestic hot water demand Q.. pyw and full
load hours tf,,;110q4 With equation (30):

. QtOt,DHW
Qaecentrar = t (30)
fullload

For decentral heat pumps, full load hours tf,;;044 Were 2.000 h/year as suggested in [29] [30],
while gas boiler full load hours, in the scenario with individual natural gas heating, were 3.000
h/year as suggested in [31], [32]. In scenarios with individual heating, total heat demand was
divided with full load hours instead of just total DHW demand as in other cases. To calculate
the number of decentral units, the fixed capacity of one unit was determined. Values for
decentral heat pumps were varied between 1,6 kW and 8 kW [15]. 1,6 kW were micro heat
pumps while 8 KW heat pumps were booster and air source decentral heat pumps. Investment
cost in central, decentral, and individual units and their expected lifetime are listed in Table 5.

Table5 DH components investment cost [15]

Central ASHP 0,937 - Qomrirar 25 [33]
Central GWHP 1,112 - Qo230® 25 [33]
Central EHHP 0,867 - Qoonitst 25 [15]
Central EHHEX 0,26 - Qoo 23t 20 [33]
Electric boiler 0,11 20 [34]
Gas boiler 0,06 25 [34]
Individual ASHP 0,95 15 [35]
Decentral HP 2,748 - Q ot o 15 [15]
DH substation 0,414 - Q233 25 [35]
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Variable and fixed annual operation and maintenance costs (O&M) for each component are

given in Table 6. Some data could not be found, so fixed operation and maintenance costs were

assumed to be the specific component’s total operation and maintenance cost.

Table6 Components O&M costs

Central ASHP 2.030 1,83
Central GWHP 2.030 1,83
Central EHHP 2.030 1,83
Central EHHEX 4% of total investment

Electric boiler 1.117 0,54

Gas boiler 14.445 0,0107

Individual ASHP 20.909 0

Decentral HP 229,6 + 3..852,6 * Quecentrar IMW]
DH substation 0,0251 - In(Qgecentrar) — 0,0154 [kW]

[36]
[36]
[36]
[37]
[36]
[36]
[36]
[15]
[35]

The district heating network was sized according to the given data [36]. The network costs were

determined as a function of network length and pipe diameters. Piping cost as a function of pipe

diameter is shown in Figure 34. Network lifetime was assumed to be 30 years [38]. The

network’s annual operation and maintenance costs were assumed to be 0,6% of the initial

investment cost in the network [39].
Piping cost

y =4376,8%3 - 2477,3x + 5836,2x + 209,68

0 0,2 0,8

04 0,
Pipe diameter [mﬁ

Figure 34 Pipe total cost as a diameter function [36]
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The price of electricity was taken from Eurostat as the average electricity price (without taxes)
for households and non-household consumers in Europe. Prices were 81,10 € MWh for non-
households and 126,90 €/ MWh for households [40]. Gas prices were considered as average
European prices for households, 47,60 € MWh [41].

When it comes to primary energy calculation, primary factor, f,,;, for electricity was 1,614,
and for natural gas 1,095 [42]. Carbon emission factors f.,, were taken from Croatian data

(0,22 tCO2/MWh for natural gas and 0,12 tCO2/MWh for electricity [42]).
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5. RESULTS AND DISCUSSION

As highlighted in previous chapters, this thesis aimed to determine the Levelized cost of heat
LCOH, primary energy factor f,,im, scenario and CO2 factor fco, scenario for different network
temperatures, central heat sources, decentral heat sources, and various configurations. Those
values were compared to the values from individual gas boiler heating. Figure 35 shows COP
values of heat pumps for various central heat sources in LTDH networks, while Figure 36 shows
COP values of HPs in the ULTDH network. “Shaved” COP values in Figure 36 are caused by
the limitation of temperature lift to 5K to avoid problems when the outdoor temperature is

higher than the temperature in the network.

LTDH network COP values
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Figure 35 LTDH network COP values

ULTDH network COP values
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Figure 36 ULTDH network COP values
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5.1. Levelized cost of heat (LCOH)

The following charts compare LCOH values for different values of plot ratio and SH share.
LCOH for the space heating share of 0,1 (efficient buildings) and plot ratio 0,2 (rural area) is
shown in Figure 37. The red line represents the LCOH value of individual gas boiler heating of
75,06 €/MWh. The values above the line represent infeasible solutions compared to individual
gas heating. In a district with mentioned characteristics, all values are above the red line,

indicating infeasibility compared to individual gas boiler heating.

Levilized cost of heat [LCOH] SH share=0,1 Plot ratio=0,2

450

400

w W
o wu
o O

N
(O3]
o

200

LCOH [€/MWAh]

150

100

50 I
0

R R R G R R R R TR R R R R KRR KR

| & & G@Y\&% Lt S (ﬁx\\&%&\x(&%\x S8 L8 S

>V
< & & Ly

4 4

7 e QR RLRLR (&
2P M SRR RS
FE T EEEE

&
v .
D7 ?’ & (}o $ S U & &
\5& \',\0\2\«0\2\ \,QQ\ \,0\2\:9‘2\ /Q /@Q\?\Q‘?"Qo%sv%?\g\/o ‘boo‘j 3’0 3’0 N *
0 0000»/\& \’,&0\’,&0\9/\0 ‘?"/\0\2\0\2\
Qv 0& N

Figure 37 LCOH values for SH share=0,1 and plot ratio=0,2

The highest LCOH can be observed in the ULTDH_Micro_ GWHP case due to the high
investment cost in the central heat pump and decentral heat pumps. In each subgroup, scenarios
with central GWHP have the highest LCOH values due to the high investment cost in a central
unit. The subgroup with the highest overall LCOH values is the ULTDH network with micro
heat pumps for DHW preparation at each apartment. The reason for that is the high investment

cost in decentral and central units and low heat demand. LTDH subgroup has lower LCOH
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values than ULTDH subgroups because there is no need for decentral units. Higher losses in
the LTDH network due to higher network temperatures and slightly higher investment costs
still make these networks profitable compared to ULTDH networks in areas with these
characteristics. Figure 38 shows a detailed overview of LCOH values for each scenario. The

most considerable portion of LCOH is investment cost in a central unit.

LCOH, SH share=0,1 Plot ratio=0,2
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Figure 38 Detailed overview of LCOH, SH share=0,1, plot ratio=0,2
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LCOH values for a space heating share of 0,5 and a plot ratio of 1,2, representing characteristics
of an average district, are shown in Figure 39.

Levilized cost of heat [LCOH] SH share=0,5 Plot ratio=1,2
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Figure 39 LCOH values for SH share=0,5 and plot ratio=1,2

As in previous observation, values above the red line represent infeasible cases compared to
individual natural gas boiler heating. Here all ULTDH cases with micro booster heat pumps,
ULTDH cases with air source heat pumps for DHW preparation (central GWHP, ASHP and
central HEX for lowest temperature excess heat) and individual heating with ASHP are
infeasible compared to individual gas boiler heating. The rest of the cases have lower LCOH
values than individual gas boiler heating. Figure 40 shows a detailed overview of LCOH values
for this district characteristics. Contrary to the previous district, the most significant portion of
LCOH is an investment in decentral heat pump and electricity. The cause for that is higher heat
demand (half of it is DHW demand). Overall, LCOH values are lower compared to the previous
district. Only individual heating with ASHPs has an increase of LCOH value, while individual

gas boiler heat has the same value of LCOH for any plot ratio and SH share combination.
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LCOH, SH share=0,5 Plot ratio=1,2
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Figure 40 Detailed overview of LCOH, SH share=0,5, plot ratio=1,2

LCOH for space heating share of 0,8 and plot ratio 2 (urban area) is shown in Figure 41. All
low and ultra-low temperature networks are below the LCOH value of individual gas boiler
heating. That is because high heat demand compensates for investment cost in ULTDH and
LTDH in districts such as this. Also, there is a lower need for DHW, which significantly reduces

the overall investment cost of a network.
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Levilized cost of heat [LCOH] SH share=0,8 Plot ratio=2,0
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Figure 41 LCOH values for SH share=0,8 and plot ratio=2,0
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Detail overview of LCOH values for a district with an SH share of 0,8 and a plot ratio of 2 is

shown in Figure 42. Networks with the lowest LCOH values need only a central heat exchanger

to supply the network with heat. The exception is a network with a central heat exchanger and

micro heat pumps for DHW preparation. Due to the higher investment cost of decentral units,

this solution is not the most feasible, but it still has a lower LCOH value than individual gas

boiler heating. In this network type (SH share of 0,8 and plot ratio of 2), the most significant

portion of the LCOH value is the electricity price of a central unit because the central unit

supplies space heating to the networks.
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LCOH, SH share=0,8 Plot ratio=2,0
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Figure 42 Detailed overview of LCOH, SH share=0,8, plot ratio=2,0

All data tables with LCOH results can be found in the LCOH tables in the Annex of this
document. In the following section, one type of central heat source will be analysed, and one
district heating configuration, e.g., ULTDH network with micro heat pumps in each apartment
for DHW preparation. The highest LCOH value cells are coloured red in all the tables, and the
lowest value cells are coloured dark green. Cells with values of LCOH below the LCOH value
of individual gas boiler heating (75,1 € MWh) have borders, and their values are bolded.
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Table 7 below shows the ULTDH network, with central ASHP, with micro heat pumps in each

apartment unit.

Table7 LCOH-LTDH_Micro_ASHP

LCOH-ULTDH_Micro_ASHP [€/MWh,]

=
o
]
©
-
)
)
a.

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]

High investment cost in micro heat pumps makes this district heating solution infeasible
compared to individual natural gas heating for most plot ratio and space heating share
combinations. Only scenarios with a high space heating share of 0,8 and plot ratios of 0,8 and
above show feasibility compared to gas heating. The reason for that is increased overall heat
demand and lower investment in decentral units because DHW need is low compared to SH

need.

Table 8 below shows the ULTDH network, with central GWHP, with micro heat pumps in each
apartment unit. Compared to the previous case with central ASHP, the case with central GWHP
has higher LCOH for lower space heating shares and lower plot ratios (due to higher central
heat pump investment). However, as SH share increase, LCOH values start to drop faster than
those for central ASHP, and for SH ratios above 0,6, the GWHP scenario is more profitable and
ends with more feasible cases than ASHP. The reason for this can be the low efficiency of
ASHP due to frosting and other weather conditions, which increases needed electricity

consumption.
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Table8 LCOH-ULTDH_Micro GWHP

LCOH-ULTDH_Micro_GWHP [€/MWh, ]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]

Table 9 shows the ULTDH network, with central HEX with excess heat at temperatures high
enough to not need the heat pump in a central location. Micro heat pumps are in each apartment
unit. This is an ideal scenario because it is hard to find an excess heat source with high enough
temperatures throughout the year (temperatures above 40°C). Compared to previous cases, this
case has lower LCOH values throughout the entire table. However, lower electricity
consumption cannot make up for the high investment costs in micro heat pumps, and thus
LCOH values for low space heating shares and low plot ratios are still higher than those for
individual gas boiler heating. This case is profitable for every plot ratio value with a space
heating share of 0,8, and most of the plot ratios with a space heating share of 0,7. In these cases,

investment in decentral heat pumps for DHW preparation is lower.
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Table9 LCOH-ULTDH_Micro_EHIHEX

LCOH-ULTDH_Micro_EH1HEX [€/MWh,]

0,2 0;3 014 015 0’6
Space heating share [-]

Table 10 and Table 11 show ULTDH networks with central heat pump supplied with excess
heat. The temperatures of excess heat in those scenarios are lower than those depicted in Table
9, and thus central heat pump is needed. Investment in the heat pump is higher than investment
in a central heat exchanger, which, along with higher electricity consumption, increases LCOH
value compared to the previous scenario.

Table 10 LCOH-ULTDH_Micro EH2HP

LCOH-ULTDH_Micro_EH2HP [€/MWh,]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]
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Table 11 LCOH-ULTDH_Micro_EH3HP

LCOH-ULTDH_Micro_EH3HP [€/MWh,]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]

Despite the inferior results than the case with the central heat exchanger, they perform better
than central ASHP and GWHP. The cause is higher source temperatures and the lower needed
temperature lift at the central heat pump, which slightly decreases electricity consumption. Still,
high investment cost and high overall electricity consumption of most combinations of plot
ratio and space heating shares result in higher LCOH values than those for individual gas

heating.

The following paragraphs will analyse how the same central heat source performs in different
network configurations. For that purpose, ASHP central unit has been chosen and evaluated.
As shown in Table 7, the ULTDH network with ASHP and micro heat pumps at each consumer
apartment showed infeasibility compared to individual natural gas heating due to the higher

cost of investment and higher electricity consumption.

Table 12 shows LCOH values of the ULTDH network with central ASHP and ASHPs at
consumer substation for DHW preparation. This scenario shows better results than the case
depicted in Table 7, and it is more cost-competitive to individual gas heating. This case
performs better because of the higher investment cost of micro heat pumps than air-source heat

pumps.
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Table 12 LCOH-ULTDH_Air_ASHP

LCOH-ULTDH_Air_ASHP [€/MWh,]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]

Table 13 presents ULTDH with central ASHP, but with booster heat pumps at the building
level. This scenario has lower LCOH values due to lower investment cost in decentral units

than the previous two scenarios with central ASHPs.

Table 13 LCOH-ULTDH_Booster ASHP

LCOH-ULTDH_Booster_ASHP [€/MWAh,]

Plot ratio [-]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]

In a group where central ASHP supplies the network, the LTDH network has the lowest LCOH
values for any space heating share and plot ratio combination, as shown in Table 14. Lower

LCOH values mean that investment cost is lower, as well as electricity consumption.
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Table 14 LCOH-LTDH_ASHP

LCOH-LTDH_ASHP [€/MWh,]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]

Table 15 shows the lowest LCOH value for every plot ratio and space heating share. Red values
represent cases where only individual gas boiler heating is feasible, and the rest of the values

corresponds to different low or ultra-low temperature district heating systems.

Table 15 The Lowest LCOH

0 48,9 46,2 43,8 41,3 38,7 32,4 25,2
8 51,4 48,4 45,8 43,1 40,2 33,3 25,9

6 54,4 51,1 48,2 45,2 41,7 34,2 26,6
4 58,1 54,5 51,2 47,9 43,3 35,5 27,6
62,9 58,9 55,2 51,4 45,1 37,1 28,8

. 0 69,5 64,8 60,4 56,0 47,7 39,2 30,6 21,6
a. 0,8 68,0 60,0 51,2 42,2 32,9 23,3
0,6 66,6 56,8 46,9 36,7 26,1
0,4 66,8 55,3 43,4 30,9

0 61,1 43,8
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Table 16 shows the best system solution based on LCOH for every plot ratio and space heating
share combination. Here yellow fields represent that the most feasible district heating solution
is the LTDH network with a central heat pump supplied with 40°C excess heat. Green fields
mean that the most feasible solution is the ULTDH network supplied through HEX with excess
heat of 40°C. This ULTDH solution is the one with booster heat pumps at the building level.
Orange fields represent that the lowest LCOH values for given space heating shares and plot
ratios are achieved in individual gas boiler heating. LTDH is profitable at lower space heating
shares because there is no high investment in decentral heat pumps. However, as the share of
space heating increases, the ULTDH booster solution becomes more feasible because the
central heat exchanger has a lower investment cost than the central heat pump, and investment

in decentral heat pumps is not as high as DHW preparation need drops.

Table 16 The Lowest LCOH-cases

The Lowest LCOH [€/MWh,]

—
—
(]
=
(L)
-
e
=
o

0,1 0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]

Table 17 depicts the lowest LCOH values of the district heating system if there is no available
excess heat. Table 18 shows the most feasible system for every plot ratio-space heating share
combination if there is no available excess heat in the network. As in Table 16, individual gas
boiler heating is represented with orange fields. Light blue fields present an LTDH system with
a central groundwater heat pump. Dark blue fields present ULTDH systems with a booster heat
pump at the building level and GWHP as a central unit. LTDH systems with central GWHP are
more feasible for lower space heating shares because there is no need for expensive decentral
heat pumps. ULTDH systems with booster heat pumps and central GWHP become feasible at
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higher space heating shares as DHW need decreases, and thus investment in decentral booster

heat pumps drops. The reason because GWHPs are more feasible than ASHPs is their almost
constant source temperature throughout the year.

Table 17 The Lowest LCOH without the EH

The Lowest LCOH without the EH [€/MWh,]

0,4 0,5 0,6
Space heating share [-]

Table 18 The Lowest LCOH without the EH-cases

The Lowest LCOH without the EH1 [€/MWh,]

Plot ratio [-]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]

5.2.  Primary energy factor

The primary energy factor shows how much primary energy is used to cover consumer heat
demand. Scenarios with higher electricity consumption have higher primary energy factors.
Results have shown that every low and ultra-low temperature district heating case has a lower

primary energy factor than the primary energy factor for individual gas boiler heating, which
has a value of 1,205.
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Analysis of primary energy factors has been conducted for one district heating configuration
(for different central sources) and one central heat source in different network configurations.
All primary energy factors datasets are available in Primary energy factor tables in the Annex

of this document.

Table 19 shows the primary energy factor of the ULTDH network with central ASHP and micro
heat pumps for DHW preparation in each apartment. As space heating share increases, the
primary energy factor increases. The reason for this is the higher electricity consumption of the
central unit, which is the result of adjustments made to account for problems regarding the
frosting of ASHPs. Correction factors influence only central unit electricity consumption, and
thus, when more space heating is needed, at higher space heating shares, more electricity

(primary energy) is used.

Table 19 Primary energy factor-ULTDH_Micro_ASHP

Primary energy factor-ULTDH_Micro_ASHP [MWh/MWh,]

0,3 0,4 0,5 0,6 0,7
Space heating share [-]

Table 20 presents the primary energy factor of the ULTDH system with central GWHP and
micro heat pumps for DHW production. Primary energy factor generally decreases with an
increase of plot ratio and increase of space heating share. A higher primary energy factor is
observed for higher DHW demand because more electricity used at decentral heat substations.
This scenario has lower primary energy factors than the previous scenario because there is no

correction of electricity consumption due to frosting and constant source temperatures.
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Table 20 Primary energy factor-ULTDH_Micro GWHP

: acto D 0
N 0,337 0,334 0,334 0,334 0,335 0,335 0,335 0,335

A 0,339 0,335 0,334 0,335 0,335 0,336 0,336 0,336

A 0,340 0,336 0,336 0,336 0,336 0,336 0,336 0,336

‘N 0,342 0,337 0,337 0,337 0,337 0,337 0,337 0,337
0,344 0,339 0,339 0,338 0,338 0,338 0,338 0,337

N 0,347 0,342 0,341 0,340 0,340 0,340 0,339 0,338
N 0,351 0,345 0,344 0,343 0,343 0,342 0,341 0,339
8 0,356 0,350 0,348 0,347 0,346 0,345 0,343 0,341

8 0,367 0,359 0,356 0,354 0,352 0,350 0,348 0,344

0 0,380 0,375 0,371 0,367 0,363 0,358 0,352
0 0 0 0,4 0 0,6 0 0,8

Table 21 shows the primary energy factor for the ULTDH system with a central heat exchanger
(40°C excess heat) and micro heat pumps for DHW production. As space heating share
increases, the primary energy factor decreases because there is less need for electricity as
domestic hot water needs decrease and the central unit does not require electricity to operate.

In this ULTDH subgroup, this case has the lowest overall primary energy factor.

Table 21 Primary energy factor-ULTDH_Micro EHIHEX

Primary energy factor-ULTDH_Micro_EH1HEX [MWh/MWh,]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]
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Table 22 and Table 23 depict cases of the ULTDH network with central heat pumps supplied
with excess heat (30°C and 20°C). At consumer substations, micro heat pumps are located for
DHW production. As space heating share and plot ratios increase primary energy factor
decreases. The case with higher temperature excess heat has lower overall primary energy
factors because a lower temperature lift at the central unit requires less electricity and less

primary energy.

Table 22 Primary energy factor-ULTDH_Micro_EH2HP

0,275 0,270 0,270 0,270 0,270 0,270 0,270 0,270

A 0,276 0,271 0,271 0,271 0,271 0,271 0,271 0,270

AN 0,277 0,272 0,272 0,271 0,271 0,271 0,271 0,270

‘N 0,278 0,273 0,273 0,272 0,272 0,272 0,271 0,271
0,280 0,275 0,274 0,274 0,273 0,273 0,272 0,271
0,282 0,277 0,276 0,275 0,275 0,274 0,273 0,272
RS 0,286 0,279 0,278 0,277 0,276 0,275 0,274 0,273
8 0,290 0,283 0,282 0,280 0,279 0,278 0,276 0,274

8 0,298 0,290 0,288 0,286 0,284 0,282 0,280 0,277

0 0,307 0,303 0,299 0,296 0,292 0,288 0,283
0 0 0 0,4 0 0,6 0 0,8

Table 23 Primary energy factor-ULTDH_Micro_ EH3HP

M 0,315 0,310 0,310 0,311 0,311 0,311 0,311 0,311
A 0,316 0,311 0,311 0,311 0,312 0,312 0,312 0,311
A 0,317 0,312 0,312 0,312 0,312 0,312 0,312 0,312
2y 0,319 0,314 0,313 0,313 0,313 0,313 0,313 0,312
0,321 0,316 0,315 0,315 0,314 0,314 0,314 0,313
0,323 0,318 0,317 0,316 0,316 0,315 0,315 0,314
RN 0,327 0,321 0,320 0,319 0,318 0,317 0,316 0,315
8 0,332 0,326 0,324 0,323 0,322 0,320 0,319 0,316
N 0,342 0,334 0,331 0,329 0,327 0,325 0,323 0,319
0 0,353 0,348 0,345 0,341 0,337 0,332 0,327
0 0 0 0,4 0 D,6 0 D,8
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If the central unit (ASHP) is kept the same and the network configuration is varied, the

following observations were made.

Table 24 shows primary energy factors for the ULTDH system with central ASHP and ASHP
for DW at consumer substations. This scenario has higher factors than those in Table 21 because
every unit uses air as a heat source, requiring more electricity to account for all of the defrosting.
The lowest factor value is for plot ratio of 2 and SH share of 0,1. That means that decentral

electricity consumption has less influence on primary energy factor than central unit’s.

Table 24 Primary energy factor-ULTDH_Air_ASHP

i) 0,495 0,498 0,502 0,505 0,508 0,511 0,514 0,517
0,496 0,499 0,503 0,506 0,509 0,512 0,515 0,517

0,498 0,501 0,504 0,507 0,510 0,513 0,515 0,517
23 0,500 0,503 0,506 0,509 0,511 0,514 0,516 0,518

0,502 0,505 0,508 0,510 0,513 0,515 0,517 0,519
I 0,505 0,508 0,510 0,513 0,515 0,517 0,519 0,520
0,509 0,512 0,514 0,516 0,518 0,519 0,521 0,521
0,516 0,518 0,519 0,521 0,522 0,523 0,524 0,524
¥ 0,527 0,528 0,529 0,529 0,529 0,529 0,529 0,528
0,551 0,549 0,547 0,544 0,541 0,537

0 0 0 0,4 0 0,6 0 0,3

Table 25 shows the ULTDH system with central ASHP and booster heat pumps at the building
level for DHW production. Here results are the same as the results of the ULDH network with
micro heat pumps and central ASHP shown in Table 19. The reason for that these scenarios

have the same production of heat at the central and decentral level (the same equation).

Table 25 Primary energy factor-ULTDH_Booster ASHP

d a O D Boo

M 039 | 0406 | 0420 | 0435 | 0450 | 0464 | 0479 | 0,493
N 039% | 0407 | 0421 | 0436 | 0451 | 0465 | 0480 | 049
3 0397 | 0408 | 0422 | 0437 | 0452 | 0466 | 048 | 049
‘M 0399 | 0410 | 0424 | 0438 | 0453 | 0467 | 0481 | 0495

0402 | 0412 | 0426 | 0440 | 0454 | 0468 | 0482 | 0,495
W 0405 | 0415 | 0429 | 0443 | 0456 | 0470 | 0484 | 0497
0409 | 0419 | 0432 | 0446 | 0459 | 0473 | 0486 | 0498
0416 | 0425 | 0438 | 0451 | 0464 | 0476 | 048 | 0,500
‘M 0428 | 0435 | 0447 | 0459 | 0471 | 048 | 0494 | 0504
0456 | 0,460 | 0469 | 0479 | 0488 | 0498 | 0,506

0 0 0 0,4 0 0,6 0 0,8
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Table 26 shows the primary energy factor of the LTDH network with central ASHP. This

system has the highest primary energy factors among all low and ultra-low temperature district

heating systems. Higher heat losses and the highest central ASHP heat production rate adjusted

with defrosting factor resulted in such high values of a factor. Here, the lowest primary energy

factor is observed for high plot ratios and low space heating shares.

Table 26 Primary energy factor-LTDH_ASHP

: : 5 DH ASHP
0 0,568 0,581 0,596 0,610 0,624 0,637 0,650
3 0,562 0,570 0,584 0,598 0,612 0,625 0,639 0,651
3 0,565 0,573 0,587 0,600 0,614 0,627 0,640 0,653
.y 0,570 0,577 0,590 0,604 0,617 0,630 0,642 0,654
- 0,575 0,582 0,594 0,607 0,620 0,633 0,645 0,656
. I8 0,582 0,589 0,600 0,613 0,625 0,637 0,648 0,658
kR 0,592 0,597 0,608 0,620 0,631 0,642 0,653 0,662
8 0,607 0,610 0,620 0,630 0,641 0,650 0,659 0,667
28 0,632 0,632 0,640 0,648 0,657 0,664 0,671 0,676
0 0,685 0,687
0 0 0 0,4 0 0,6 0 0,8

The lowest primary energy factors are calculated for ULTDH networks with a decentral booster

and decentral micro heat pumps, as shown in Table 27. The reason for that is the lower

electricity consumption of the central unit and higher source temperatures in decentral HPs. for

DHW production.

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

Z
o
=
@©
-
)
&
a

Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

Table 27 The lowest primary energy factor

The Lowest Primary energy factor [MWh/MWh, ]

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

0,2

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

0,3

Space heating share [-]

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

0,4

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

0,5

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

0,6

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

0,7

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro
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5.3. COz2 factor

CO; factor follows trends of primary energy factor. When more energy is used, more CO>
emissions are released into the atmosphere. All cases have lower CO; factors than individual
gas boiler’s CO> factor. As in previous analyses, one system configuration is evaluated for
different central units. Also, one central unit is analysed for different system configurations.

Table 28 shows CO; factor values for the ULTDH system with central ASHP and micro heat
pumps for DHW at consumer substations. Higher values of factor are characteristic for higher
space heating shares as more heat is produced in the central unit, and thus more electricity
consumed, which increase CO, emissions. Central ASHP electricity consumption is more
influenced by the defrosting factor than individual ASHPs.

Table 28 CO; factor-ULTDH_Micro_ ASHP

CO, factor-ULTDH_Micro_ASHP [tCO,/MWh,]

0,3 0,4 0,5 0,6 0,7
Space heating share [-]

Table 29 shows CO; factors for the ULTDH network with central GWHP and micro heat pumps
for DHW production at each apartment. Here, the highest values are in low space heating shares
and low plot ratios. The cause is a higher share of DHW in that area and more electricity

consumption, leading to higher CO emissions.
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Table 29 CO; factor-ULTDH_Micro GWHP

0,049 0,049 0,049 0,049 0,049 0,049 0,049 0,049

A 0,049 0,049 0,049 0,049 0,049 0,049 0,049 0,049

A 0,049 0,049 0,049 0,049 0,049 0,049 0,049 0,049

2y 0,050 0,049 0,049 0,049 0,049 0,049 0,049 0,049

= 0,050 0,049 0,049 0,049 0,049 0,049 0,049 0,049
. i 0,050 0,050 0,050 0,050 0,049 0,049 0,049 0,049
Rl 0,051 0,050 0,050 0,050 0,050 0,050 0,050 0,049
8 0,052 0,051 0,051 0,051 0,050 0,050 0,050 0,050

8 0,053 0,052 0,052 0,052 0,051 0,051 0,051 0,050

0 0,055 0,055 0,054 0,053 0,053 0,052 0,051

() 4

Table 30 depicts CO> factors for the ULTDH network with micro heat pumps for DHW

preparation and central HEX with excess heat as a heat source. Here, as SH share increases CO>

factor decreases because less electricity is needed for DHW production.

Table 30 CO; factor-ULTDH_Micro_EHIHEX

€O, factor-ULTDH_Micro_EHIHEX [tCO,/MWh,]

—
—
o
=
©
-
e
=
a.

0,2

0,3

0,4

0,5

Space heating share [-]

0,6

0,7
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CO., factors of ULTDH networks with micro heat pumps for DHW preparation and central heat
pumps whit excess heat at temperatures 30°C and 20°C are shown in Table 31 and Table 32,

respectively.

Table 31 CO; factor-ULTDH_Micro_EH2HP

o 0,040 0,039 0,039 0,039 0,039 0,039 0,039 0,039
A 0,040 0,039 0,039 0,039 0,039 0,039 0,039 0,039
0,040 0,040 0,040 0,039 0,039 0,039 0,039 0,039
2y 0,041 0,040 0,040 0,040 0,040 0,040 0,039 0,039
0,041 0,040 0,040 0,040 0,040 0,040 0,040 0,039
0,041 0,040 0,040 0,040 0,040 0,040 0,040 0,040
RS 0,042 0,041 0,040 0,040 0,040 0,040 0,040 0,040
8 0,042 0,041 0,041 0,041 0,041 0,040 0,040 0,040
8 0,043 0,042 0,042 0,042 0,041 0,041 0,041 0,040
0 0,045 0,044 0,044 0,043 0,042 0,042 0,041
0 0 0 0,4 0 0,6 0 0,8

Table 32 CO; factor-ULTDH_Micro EH3HP

I 0,046 0,045 0,045 0,045 0,045 0,045 0,045 0,045

A 0,046 0,045 0,045 0,045 0,045 0,045 0,045 0,045

A 0,046 0,045 0,045 0,045 0,045 0,045 0,045 0,045

‘¥ 0,046 0,046 0,046 0,046 0,046 0,046 0,046 0,045

0,047 0,046 0,046 0,046 0,046 0,046 0,046 0,046

N 0,047 0,046 0,046 0,046 0,046 0,046 0,046 0,046

N 0,048 0,047 0,046 0,046 0,046 0,046 0,046 0,046

8 0,048 0,047 0,047 0,047 0,047 0,047 0,046 0,046

728 0,050 0,049 0,048 0,048 0,048 0,047 0,047 0,046

0 0,051 0,051 0,050 0,050 0,049 0,048 0,048
0 0 0 0,4 0 D,6 0 0,8
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As space heating share and plot ratio increase, the CO> factor decreases because less electricity
for DHW production is needed. Lower temperature excess heat has higher overall CO> factors
because more electricity needs to be consumed for a higher temperature lift. These factors are
higher than those observed for excess heat with a heat exchanger as a central unit because
electricity is needed for heat pumps. However, compared to central ASHP and GWHP in this
system configuration, they have considerably lower CO> factors.

When the central heat source is kept the same (ASHP) and system configurations are varied,
the following is noticed. Table 28 showed how CO factors act in the system with central ASHP
in the ULTDH network, with micro heat pumps for DHW. Table 33 shows how CO; factor
changes in the ULTDH network with central ASHP and ASHPs for DHW production. Their
trends are similar but, because ASHPs are in central and decentral units, the scenario depicted
in Table 33 has higher overall CO» factors because it needs more electricity for any space

heating share.

Table 33 CO; factor-ULTDH_Air_ASHP

U acto D A A P O

I 0,072 0,072 0,073 0,073 0,074 0,074 0,075 0,075
0,072 0,073 0,073 0,074 0,074 0,074 0,075 0,075

3 0,072 0,073 0,073 0,074 0,074 0,075 0,075 0,075

3 0,073 0,073 0,074 0,074 0,074 0,075 0,075 0,075
0,073 0,073 0,074 0,074 0,075 0,075 0,075 0,075
0,073 0,074 0,074 0,075 0,075 0,075 0,075 0,076
N 0,074 0,074 0,075 0,075 0,075 0,076 0,076 0,076
8 0,075 0,075 0,076 0,076 0,076 0,076 0,076 0,076

8 0,077 0,077 0,077 0,077 0,077 0,077 0,077 0,077

0 0,080 0,080 0,080 0,079 0,079 0,078

0 0 0 0,4 U 0,0 U 0,8

Table 34 shows the ULTDH network with central ASHP and booster heat pumps for DHW
production. Carbon emission factors are the same as in the micro heat pumps case because they
produce the same amount of heat in central and decentral units. Thus, they consume the same

amount of electricity and release the same CO> emission into the atmosphere.
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Table 34 CO; factor-ULTDH_Booster ASHP

CO, factor-ULTDH_Booster_ASHP [tCO,/MWh,]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]

Table 35 shows the CO; factors of the LTDH network with central ASHP. As shown earlier,
more heat requires more electricity consumption in heat pumps which causes an increase in

CO: factors. Also, frosting problems increase electricity consumption.

Table 35 CO; factor-LTDH_ASHP

U acto D A P U

i 0,081 0,083 0,085 0,087 0,089 0,091 0,093 0,095

3 0,082 0,083 0,085 0,087 0,089 0,091 0,093 0,095

3 0,082 0,083 0,085 0,087 0,089 0,091 0,093 0,095

2y 0,083 0,084 0,086 0,088 0,090 0,092 0,093 0,095

0,084 0,085 0,086 0,088 0,090 0,092 0,094 0,095

i 0,085 0,086 0,087 0,089 0,091 0,093 0,094 0,096

N 0,086 0,087 0,088 0,090 0,092 0,093 0,095 0,096

8 0,088 0,089 0,090 0,092 0,093 0,095 0,096 0,097

78 0,092 0,092 0,093 0,094 0,096 0,097 0,098 0,098
0 0,101 0,100 0,100 0,100

0 0 0 0,4 0 D,6 0 0,8
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All cases have lower CO; factors compared to individual natural gas boiler heating CO. factor

of 0,242. The lowest CO- factors are observed for ULTDH networks with a booster and micro

heat pumps at consumer substations, as shown in Table 36. They consume less electricity than

other cases. Less electricity consumption is caused by less needed heat production in the central

unit and lower temperature lift at the decentral units.

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

—
—
o
=]
()
&
-
o
o

Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

Table 36 The lowest carbon emission factor

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

0,2

The Lowest CO, factor [tCO,/MWAh,]

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

0,3

Space heating share [-]

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

0,4

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

0,5

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

0,6

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro

0,7

Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro
Booster/Micro

Booster/Micro
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6. CONCLUSION

After conduction of cost and benefit analysis of low and ultra-low temperature district heating
systems following was observed. Low plot ratios and space heating shares make these new
networks infeasible compared to individual natural gas boiler heating. However, if technology
advancements continue at the current pace, the cost of this system could be significantly
reduced and more competitive in those areas. It has been shown that network investment
accounts only for a fraction of total cost and that the most significant portion of investment cost
comes from central and decentral heat pumps. Also, in cases where heat pumps are in each
apartment, operation and maintenance costs and electricity cost increase significantly, affecting
the profitability of these systems. At higher plot ratios (urban, densely populated area), these
systems are profitable if domestic hot water demand is low compared to space heating demand.
That also supports the fact that decentral heat pumps are the main expenditure in these networks.
All that means that currently, reduction of network losses and reduction of fuel cost in these
networks cannot cover the costs of extra equipment and electricity in any district. LTDH
networks perform slightly better because they do not need decentral heat pumps, and heat losses
are low enough still low enough despite higher temperatures than in ULTDH systems.
However, these systems are still not cost-competitive to individual heating solutions in rural
areas with highly efficient buildings whose space heating need is only a fraction of their
domestic hot water need. The lowest LCOH cost has been noticed in cases where district heating
systems are supplied with excess heat. Nevertheless, excess heat is not available at any location,
and ASHPs and GWHPs must be used, affecting profitability.

The primary energy factor and CO> factor showed that these systems help reduce energy
consumption and CO, emissions compared to fossil fuel heating. All ULTDH and LTDH
variants examined in this thesis showed better factors value than individual gas boiler heating.
The lowest values are observed for ULTDH cases where the network acts as a source for

decentral heat pumps.

Overall, these systems are great for energy conservation and CO; reduction, but they are still
not feasible as other heating sources. To boost ULTDH and LTDH systems, heat pumps and

electricity cost must drop.
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l. LCOH tables

Il.  Primary energy factor tables
I1l. COx factor tables
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LCOH-ULTDH_Air_ASHP [€/MWAh,]

Plot ratio [-]

0’3 0,4 0’5 016
Space heating share [-]

LCOH-ULTDH_Air_GWHP [€/MWh,]

—
—
(©]
=
©
S
e
&)
a.

0,3 0,4 0,5 0,6
Space heating share [-]

LCOH-ULTDH_Air_EH1HEX [€/MWh,]

Plot ratio [-]

0,2 0,3 0,4 0,5 0,6
Space heating share [-]
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LCOH-ULTDH_Air_EH2HP [€/MWh,]

Plot ratio [-]

0’3 0,4 0’5 016
Space heating share [-]

LCOH-ULTDH_Air_EH3HP [€/MWh,]

—
—
(©]
=
©
S
e
&)
a.

0,3 0,4 0,5 0,6
Space heating share [-]

LCOH-ULTDH_Micro_ASHP [€/MWh,]

Plot ratio [-]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]
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LCOH-ULTDH_Micro_GWHP [€/MWh,]

Plot ratio [-]

0’3 0,4 0’5 016
Space heating share [-]

LCOH-ULTDH_Micro_EH1HEX [€/MWh,]

—
—
(©]
=
©
S
e
&)
a.

0,3 0,4 0,5 0,6
Space heating share [-]

LCOH-ULTDH_Micro_EH2HP [€/MWh,]

Plot ratio [-]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]
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LCOH-ULTDH_Micro_EH3HP [€/MWh,]

Plot ratio [-]

0’3 0,4 0’5 016
Space heating share [-]

LCOH-ULTDH_Booster_ASHP [€/MWh,]

—
—
(©]
=
©
S
e
&)
a.

0,3 0,4 0,5 0,6
Space heating share [-]

LCOH-ULTDH_Booster GWHP [€/MWh,]

Plot ratio [-]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]
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LCOH-ULTDH_Booster_EHIHEX [€/MWh,]

Plot ratio [-]

0’3 0,4 0’5 016
Space heating share [-]

LCOH-ULTDH_Booster_EH2HP [€/MWh;]

—
—
(©]
=
©
S
e
&)
a.

0,3 0,4 0,5 0,6
Space heating share [-]

LCOH-ULTDH_Booster_EH3HP [€/MWh, ]

Plot ratio [-]

0,2 0,3 0,4 0,5 0,6 0,7
Space heating share [-]
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LCOH-LTDH_ASHP [€/MWh,]

Plot ratio [-]

0’3 0,4 0’5 016
Space heating share [-]

LCOH-LTDH_GWHP [€/MWh,]

Plot ratio [-]

0,3 0,4 0,5
Space heating share [-]

0 48,9 46,2 43,8 41,3 38,7 35,9 33,0 29,7

8 51,4 48,4 45,8 43,1 40,2 37,2 34,0 30,4

¢ 54,4 51,1 48,2 45,2 42,1 38,8 35,2 31,3

: 58,1 54,5 51,2 47,9 44,4 40,8 36,8 32,5

62,9 58,9 55,2 51,4 47,4 43,3 38,8 34,0

0 69,5 64,8 60,4 56,0 51,5 46,6 41,5 35,9

o 0,8 78,8 73,2 68,0 62,7 57,2 51,5 45,4 38,7
0,6 93,7 86,6 80,0 73,2 66,3 59,1 51,4 43,1

s 1215 111,7 102,3 92,8 83,1 73,1 62,5 51,1

0 179,9 162,8 145,8 128,5 110,7 92,1 72,3
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0 51,1 48,3 45,9 43,4 40,8 38,0 35,0
8 53,5 50,6 47,9 45,2 42,3 39,3 36,0
: 56,5 53,3 50,3 47,3 44,2 40,9 37,3 33,4
: 60,3 56,7 53,4 50,0 46,5 42,8 38,9 34,5
65,1 61,1 57,3 53,5 49,5 45,4 40,9 36,0
0 71,7 67,0 62,6 58,2 53,6 48,8 43,6 38,0
a 0,8 81,1 75,5 70,2 64,9 59,4 53,6 47,5 40,8

0,6 96,0 88,9 82,2 75,5 68,5 61,2 53,5 45,2
iy 1239 114,0 104,6 95,1 85,4 75,3 64,7 53,2
0 165,3 148,2 130,9 113,0 94,4 74,5
0 0 0 0,4 0 D,6 0 0,8

0 D p

0 53,3 50,6 48,1 45,6 43,0 40,2 37,2
8 55,8 52,8 50,1 47,4 44,5 41,5 38,2
: 58,8 55,6 52,6 49,6 46,4 43,1 39,5 35,6
: 62,6 59,0 55,7 52,3 48,8 45,1 41,1 36,7
67,4 63,4 59,6 55,8 51,8 47,6 43,1 38,2
0 74,0 69,3 64,9 60,5 55,9 51,0 45,8 40,2
a2 0,8 83,5 77,9 72,6 67,2 61,7 55,9 49,7 43,0
D,6 98,4 91,3 84,6 77,8 70,8 63,5 55,8 47,4
e 126,5 116,5 107,1 97,6 87,8 77,7 67,0 55,5
0 168,0 150,9 133,5 115,5 96,8 76,9

LCOH-Individual_ASHP [€/MWh,]

0,3 0,4 0,5 0,6
Space heating share [-]
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i 48,9 46,2 43,8 41,3 38,7 32,4 25,2
51,4 48,4 45,8 43,1 40,2 33,3 25,9
A 544 51,1 48,2 45,2 41,7 34,2 26,6
M 581 54,5 51,2 47,9 43,3 35,5 27,6
= 62,9 58,9 55,2 51,4 45,1 37,1 28,8
= 1,0 64,8 60,4 56,0 47,7 39,2 30,6
= 0,8 68,0 60,0 51,2 42,2 32,9 23,3
0,6 66,6 56,8 46,9 36,7 26,1
0, 66,8 55,3 43,4 30,9
0 61,1 43,8
U U U 0.4 U D.6 U U
0 0
i 51,1 48,3 45,9 43,4 40,8 38,0
3 535 50,6 47,9 45,2 42,3 39,3 36,0
A 56,5 53,3 50,3 47,3 44,2 40,9 37,3
‘S 60,3 56,7 53,4 50,0 46,5 42,8 38,9
= 65,1 61,1 57,3 53,5 49,5 45,4 40,9 36,0
= 1,0 67,0 62,6 58,2 53,6 48,8 43,6 38,0
~ 08 70,2 64,9 59,4 53,6 47,5 40,6
0,6 68,5 61,2 53,5 44,1
0 2 64,7 50,6
0 68,3
U U U Wi U V.0 U U
0 U
il 573 53,9 50,9 48,0 45,0 41,9
A 60,2 56,5 53,2 50,0 46,7 43,3 39,8
3 639 59,7 56,0 52,4 48,8 45,1 41,2
‘Y 68,5 63,8 59,6 55,5 51,4 47,2 42,9
= 69,1 64,2 59,5 54,8 50,0 45,0 39,8
= 1,0 70,6 65,0 59,4 53,8 48,0 41,9
= 08 66,2 59,3 52,2 44,4
0,6 68,1 59,0 48,3
0.2 55,6
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0,502

I8 0,495 0,498 0,505 0,508 0,511 0,514 0,517
3 0,496 0,499 0,503 0,506 0,509 0,512 0,515 0,517
3 0,498 0,501 0,504 0,507 0,510 0,513 0,515 0,517
‘8 0,500 0,503 0,506 0,509 0,511 0,514 0,516 0,518
= 0,502 0,505 0,508 0,510 0,513 0,515 0,517 0,519
. I8 0,505 0,508 0,510 0,513 0,515 0,517 0,519 0,520
RS 0,509 0,512 0,514 0,516 0,518 0,519 0,521 0,521
N 0,516 0,518 0,519 0,521 0,522 0,523 0,524 0,524
8 0,527 0,528 0,529 0,529 0,529 0,529 0,529 0,528
0 0,551 0,549 0,547 0,544 0,541 0,537
0 0 0 0,4 0 0,6 0 0,8
N 0,473 0,458 0,443 0,428 0,413 0,398 0,382 0,367
N 0,474 0,459 0,444 0,429 0,414 0,398 0,383 0,367
3 0,475 0,460 0,445 0,430 0,414 0,399 0,383 0,367
‘S 0,477 0,462 0,446 0,431 0,416 0,400 0,384 0,368
= 0,479 0,463 0,448 0,432 0,417 0,401 0,385 0,369
. N 0,481 0,466 0,450 0,434 0,419 0,402 0,386 0,369
kN 0,485 0,469 0,453 0,437 0,421 0,405 0,388 0,371
3 0,491 0,474 0,458 0,441 0,425 0,408 0,390 0,372
o8 0,500 0,483 0,466 0,448 0,431 0,413 0,395 0,376
0 0,503 0,484 0,465 0,446 0,426 0,405

—
I
9
=)
@©
S
=)
o
a.

() 4

Primary energy factor-ULTDH_Air_EH1IHEX [MWh/MWh, ]

0,384

0,2

0,3

0,4

Space heating share [-]

0,5

0,6

0,7
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Primary energy factor-ULTDH_Air_EH2HP [MWh/MWh, ]

—
—_
o
]
©
-
el
=
a.

0,435

0,4

Space heating share [-]

0,5

N 0,469 0,452 0,417 0,400 0,382 0,365 0,347
3 0,470 0,453 0,435 0,418 0,400 0,383 0,365 0,347
0,471 0,454 0,436 0,419 0,401 0,384 0,366 0,347
N 0,473 0,455 0,438 0,420 0,402 0,384 0,366 0,348
= 0,474 0,457 0,439 0,421 0,403 0,385 0,367 0,348
- N 0,477 0,459 0,441 0,423 0,405 0,387 0,368 0,349
RN 0,480 0,462 0,444 0,426 0,407 0,389 0,370 0,350
8 0,485 0,467 0,448 0,429 0,411 0,391 0,372 0,352
ZE 0,494 0,475 0,455 0,436 0,416 0,396 0,376 0,355

0 0,494 0,473 0,451 0,430 0,408 0,386

() 4

Primary energy factor-ULTDH_Micro_ASHP [MWh/MWh,]

0,362

Plot ratio [-]

0,2

0,3

0,4

Space heating share [-]

0,5

0,6

0,7
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0,334

N 0,337 0,334 0,334 0,335 0,335 0,335 0,335
M 0,339 0,335 0,334 0,335 0,335 0,336 0,336 0,336
A 0,340 0,336 0,336 0,336 0,336 0,336 0,336 0,336
8 0,342 0,337 0,337 0,337 0,337 0,337 0,337 0,337
: 0,344 0,339 0,339 0,338 0,338 0,338 0,338 0,337
. N 0,347 0,342 0,341 0,340 0,340 0,340 0,339 0,338
N 0,351 0,345 0,344 0,343 0,343 0,342 0,341 0,339
A8 0,356 0,350 0,348 0,347 0,346 0,345 0,343 0,341
8 0,367 0,359 0,356 0,354 0,352 0,350 0,348 0,344

0 0,380 0,375 0,371 0,367 0,363 0,358

Primary energy factor-ULTDH_Micro_EH1HEX [MWh/MWh,]

() 4

0,352

—
—
(©]
=
©
S
e
&)
a.

0,270

0,270

0,4

Space heating share [-]

0,5

N 0,275 0,270 0,270 0,270 0,270 0,270
M 0,276 0,271 0,271 0,271 0,271 0,271 0,271 0,270
A 0,277 0,272 0,272 0,271 0,271 0,271 0,271 0,270
N 0,278 0,273 0,273 0,272 0,272 0,272 0,271 0,271
s 0,280 0,275 0,274 0,274 0,273 0,273 0,272 0,271
. N 0,282 0,277 0,276 0,275 0,275 0,274 0,273 0,272
RS 0,286 0,279 0,278 0,277 0,276 0,275 0,274 0,273
8 0,290 0,283 0,282 0,280 0,279 0,278 0,276 0,274
0,298 0,290 0,288 0,286 0,284 0,282 0,280 0,277

0 0,307 0,303 0,299 0,296 0,292 0,288

() 4

0,283
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0,310

N 0,315 0,310 0,311 0,311 0,311 0,311 0,311
M 0,316 0,311 0,311 0,311 0,312 0,312 0,312 0,311
3 0,317 0,312 0,312 0,312 0,312 0,312 0,312 0,312
3 0,319 0,314 0,313 0,313 0,313 0,313 0,313 0,312
= 0,321 0,316 0,315 0,315 0,314 0,314 0,314 0,313
. N 0,323 0,318 0,317 0,316 0,316 0,315 0,315 0,314
kN 0,327 0,321 0,320 0,319 0,318 0,317 0,316 0,315
)l 0,332 0,326 0,324 0,323 0,322 0,320 0,319 0,316
8 0,342 0,334 0,331 0,329 0,327 0,325 0,323 0,319
0 0,353 0,348 0,345 0,341 0,337 0,332 0,327
0 0 0 0,4 D 0,6 0 0,8
gy fa D 0 p

N 0,394 0,406 0,420 0,435 0,450 0,464 0,479 0,493
3 0,396 0,407 0,421 0,436 0,451 0,465 0,480 0,494
3 0,397 0,408 0,422 0,437 0,452 0,466 0,480 0,494
- 0,399 0,410 0,424 0,438 0,453 0,467 0,481 0,495
= 0,402 0,412 0,426 0,440 0,454 0,468 0,482 0,495
. 8 0,405 0,415 0,429 0,443 0,456 0,470 0,484 0,497
a 0,8 BoNIE] 0,419 0,432 0,446 0,459 0,473 0,486 0,498
3 0,416 0,425 0,438 0,451 0,464 0,476 0,489 0,500
A 0,428 0,435 0,447 0,459 0,471 0,483 0,494 0,504

0 0,456 0,460 0,469 0,479 0,488 0,498 0,506

0 0 0 0,4 0 0,6 0 0,8
- gy fa » 0 p

N 0,337 0,334 0,334 0,334 0,335 0,335 0,335 0,335
M 0,339 0,335 0,334 0,335 0,335 0,336 0,336 0,336
3 0,340 0,336 0,336 0,336 0,336 0,336 0,336 0,336
‘8 0,342 0,337 0,337 0,337 0,337 0,337 0,337 0,337
= 0,344 0,339 0,339 0,338 0,338 0,338 0,338 0,337
. N 0,347 0,342 0,341 0,340 0,340 0,340 0,339 0,338
kN 0,351 0,345 0,344 0,343 0,343 0,342 0,341 0,339
) 0,356 0,350 0,348 0,347 0,346 0,345 0,343 0,341
A 0,367 0,359 0,356 0,354 0,352 0,350 0,348 0,344

0 0,380 0,375 0,371 0,367 0,363 0,358

() 4

0,352
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Primary energy factor-ULTDH_Booster_EHIHEX [MWh/MWh,]

—
—_
o
]
©
-
el
=
a.

0,4

Space heating share [-]

0,5

: e > 5 :
N 0,275 0,270 0,270 0,270 0,270 0,270 0,270 0,270
3 0,276 0,271 0,271 0,271 0,271 0,271 0,271 0,270
3 0,277 0,272 0,272 0,271 0,271 0,271 0,271 0,270
N 0,278 0,273 0,273 0,272 0,272 0,272 0,271 0,271
= 0,280 0,275 0,274 0,274 0,273 0,273 0,272 0,271
- i 0,282 0,277 0,276 0,275 0,275 0,274 0,273 0,272
RN 0,286 0,279 0,278 0,277 0,276 0,275 0,274 0,273
8 0,290 0,283 0,282 0,280 0,279 0,278 0,276 0,274
8 0,298 0,290 0,288 0,286 0,284 0,282 0,280 0,277
0 0,307 0,303 0,299 0,296 0,292 0,288 0,283
0 0 0 0,4 0 D,6 0 0,8
e oy facto > 3 :

I8 0,315 0,310 0,310 0,311 0,311 0,311 0,311 0,311
A 0,316 0,311 0,311 0,311 0,312 0,312 0,312 0,311
3 0,317 0,312 0,312 0,312 0,312 0,312 0,312 0,312
¥ 0,319 0,314 0,313 0,313 0,313 0,313 0,313 0,312
: 0,321 0,316 0,315 0,315 0,314 0,314 0,314 0,313
. I 0,323 0,318 0,317 0,316 0,316 0,315 0,315 0,314
RS 0,327 0,321 0,320 0,319 0,318 0,317 0,316 0,315
8 0,332 0,326 0,324 0,323 0,322 0,320 0,319 0,316
Ly 0,342 0,334 0,331 0,329 0,327 0,325 0,323 0,319

0 0,353 0,348 0,345 0,341 0,337 0,332

() 4

0,327
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i 0,559 0,568 0,581 0,596 0,610 0,624 0,637 0,650
2 0,562 0,570 0,584 0,598 0,612 0,625 0,639 0,651
3 0,565 0,573 0,587 0,600 0,614 0,627 0,640 0,653
2 0,570 0,577 0,590 0,604 0,617 0,630 0,642 0,654
: 0,575 0,582 0,594 0,607 0,620 0,633 0,645 0,656
. I 0,582 0,589 0,600 0,613 0,625 0,637 0,648 0,658
N 0,592 0,597 0,608 0,620 0,631 0,642 0,653 0,662
A8 0,607 0,610 0,620 0,630 0,641 0,650 0,659 0,667
8 0,632 0,632 0,640 0,648 0,657 0,664 0,671 0,676
0 0,691 0,685 0,687 0,691 0,694
0 0 0 0,4 0 D,6 0 0,8
N 0,465 0,455 0,452 0,449 0,447 0,445 0,442 0,438
3 0,468 0,457 0,454 0,451 0,449 0,446 0,443 0,439
3 0,471 0,460 0,456 0,453 0,451 0,448 0,444 0,440
‘¥ 0,475 0,463 0,459 0,456 0,453 0,450 0,446 0,442
= 0,479 0,467 0,463 0,459 0,456 0,452 0,448 0,443
. N 0,485 0,473 0,467 0,464 0,460 0,455 0,451 0,445
RN 0,494 0,480 0,474 0,469 0,465 0,460 0,454 0,448
8 0,506 0,491 0,484 0,478 0,473 0,466 0,460 0,452
8 0,528 0,509 0,500 0,493 0,486 0,478 0,469 0,459
0 0,553 0,539 0,528 0,517 0,505 0,491 0,476
0 0 0 0,4 0 D,6 0 0
N 0,349 0,339 0,336 0,334 0,333 0,331 0,329 0,327
A 0,351 0,341 0,338 0,336 0,334 0,332 0,330 0,327
3 0,353 0,343 0,339 0,337 0,335 0,333 0,331 0,328
‘8 0,356 0,345 0,341 0,339 0,337 0,335 0,332 0,329
: 0,360 0,348 0,344 0,342 0,339 0,337 0,334 0,330
. I 0,365 0,352 0,348 0,345 0,342 0,339 0,336 0,332
RS 0,371 0,358 0,352 0,349 0,346 0,342 0,338 0,334
8 0,381 0,366 0,360 0,356 0,352 0,347 0,342 0,337
8 0,397 0,380 0,372 0,367 0,361 0,356 0,349 0,342
0 0,413 0,401 0,393 0,384 0,375 0,366

() 4

0,355
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0,378

N 0,391 0,381 0,376 0,374 0,372 0,370 0,367

M 0,393 0,383 0,380 0,377 0,375 0,373 0,371 0,368

M 0,396 0,385 0,382 0,379 0,377 0,375 0,372 0,369

‘8 0,399 0,388 0,384 0,381 0,379 0,376 0,373 0,370

= 0,403 0,391 0,387 0,384 0,381 0,378 0,375 0,371
. '8 0,408 0,396 0,391 0,388 0,384 0,381 0,377 0,373
RS 0,415 0,402 0,396 0,393 0,389 0,385 0,380 0,375
Nl 0,426 0,411 0,405 0,400 0,395 0,390 0,385 0,378

8 0,444 0,427 0,418 0,412 0,406 0,400 0,393 0,384

0 0,463 0,451 0,442 0,432 0,422 0,411 0,398

0 0 0 0,4 0 0,6 0 0,8

N 0,436 0,426 0,423 0,421 0,418 0,416 0,413 0,410

M 0,439 0,428 0,425 0,422 0,420 0,417 0,414 0,411

3 0,441 0,431 0,427 0,424 0,422 0,419 0,416 0,412

‘8 0,445 0,434 0,430 0,427 0,424 0,421 0,417 0,413

= 0,449 0,438 0,433 0,430 0,427 0,423 0,419 0,415
. N 0,455 0,442 0,437 0,434 0,430 0,426 0,422 0,417
kN 0,463 0,449 0,443 0,439 0,435 0,430 0,425 0,419
) 0,475 0,459 0,453 0,447 0,442 0,436 0,430 0,423

8 0,495 0,477 0,468 0,461 0,455 0,447 0,439 0,430

0 0,518 0,505 0,494 0,484 0,472 0,460 0,446

() 4

Primary energy factor-Individual_ASHP [MWh/MWh,]

—
I
9
=)
@©
S
=)
o
a.

0,2

0,3

0,4

Space heating share [-]

0,5

0,6

0,7
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The Lowest Primary energy factor [MWh/MWh,]

—
—_
o
]
©
-
el
=
a.

0,4

Space heating share [-]

0,270

0,5

N 0,275 0,270 0,270 0,270 0,270 0,270 0,270
3 0,276 0,271 0,271 0,271 0,271 0,271 0,271 0,270
3 0,277 0,272 0,272 0,271 0,271 0,271 0,271 0,270
N 0,278 0,273 0,273 0,272 0,272 0,272 0,271 0,271
= 0,280 0,275 0,274 0,274 0,273 0,273 0,272 0,271
- i 0,282 0,277 0,276 0,275 0,275 0,274 0,273 0,272
RN 0,286 0,279 0,278 0,277 0,276 0,275 0,274 0,273
8 0,290 0,283 0,282 0,280 0,279 0,278 0,276 0,274
8 0,298 0,290 0,288 0,286 0,284 0,282 0,280 0,277
0 0,307 0,303 0,299 0,296 0,292 0,288 0,283
0 0 0 0,4 0 D,6 0 0,8
I 0,337 0,334 0,334 0,334 0,335 0,335 0,335 0,335
A 0,339 0,335 0,334 0,335 0,335 0,336 0,336 0,336
3 0,340 0,336 0,336 0,336 0,336 0,336 0,336 0,336
3 0,342 0,337 0,337 0,337 0,337 0,337 0,337 0,337
: 0,344 0,339 0,339 0,338 0,338 0,338 0,338 0,337
. N 0,347 0,342 0,341 0,340 0,340 0,340 0,339 0,338
N 0,351 0,345 0,344 0,343 0,343 0,342 0,341 0,339
8 0,356 0,350 0,348 0,347 0,346 0,345 0,343 0,341
8 0,367 0,359 0,356 0,354 0,352 0,350 0,348 0,344
0 0,380 0,375 0,371 0,367 0,363 0,358

() 4

0,352
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i 0,072 0,072 0,073 0,073 0,074 0,074 0,075 0,075
0,072 0,073 0,073 0,074 0,074 0,074 0,075 0,075

3 0,072 0,073 0,073 0,074 0,074 0,075 0,075 0,075

3 0,073 0,073 0,074 0,074 0,074 0,075 0,075 0,075

: 0,073 0,073 0,074 0,074 0,075 0,075 0,075 0,075
. N 0,073 0,074 0,074 0,075 0,075 0,075 0,075 0,076
KN 0,074 0,074 0,075 0,075 0,075 0,076 0,076 0,076
A8 0,075 0,075 0,076 0,076 0,076 0,076 0,076 0,076

8 0,077 0,077 0,077 0,077 0,077 0,077 0,077 0,077

0 0,080 0,080 0,080 0,079 0,079 0,078

0 0 0 0,4 0 D,6 0 0
0 0 DH_A p

N 0,069 0,067 0,064 0,062 0,060 0,058 0,056 0,053

A 0,069 0,067 0,065 0,062 0,060 0,058 0,056 0,053

3 0,069 0,067 0,065 0,063 0,060 0,058 0,056 0,053

28 0,069 0,067 0,065 0,063 0,060 0,058 0,056 0,054

= 0,070 0,067 0,065 0,063 0,061 0,058 0,056 0,054
. I 0,070 0,068 0,066 0,063 0,061 0,059 0,056 0,054
RN 0,071 0,068 0,066 0,064 0,061 0,059 0,056 0,054
8 0,071 0,069 0,067 0,064 0,062 0,059 0,057 0,054

e 0,073 0,070 0,068 0,065 0,063 0,060 0,057 0,055

0 0,073 0,070 0,068 0,065 0,062 0,059 0,056

—
I
9
=)
@©
S
=)
o
a.

0,1

CO, factor-ULTDH_Air_EHIHEX [tCO,/MWh,]

() 4

0,2

0,3

0,4

Space heating share [-]

0,5

0,6

0,7
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CO, factor-ULTDH_Air_EH2HP [tCO,/MWh,]

—
—_
o
]
©
-
el
=
a.

0,4

Space heating share [-]

0,5

0 0 DH_A p

I 0,068 0,066 0,063 0,061 0,058 0,056 0,053 0,050

3 0,068 0,066 0,063 0,061 0,058 0,056 0,053 0,050
0,069 0,066 0,063 0,061 0,058 0,056 0,053 0,051

2y 0,069 0,066 0,064 0,061 0,059 0,056 0,053 0,051

= 0,069 0,066 0,064 0,061 0,059 0,056 0,053 0,051
. I8 0,069 0,067 0,064 0,062 0,059 0,056 0,054 0,051
kN 0,070 0,067 0,065 0,062 0,059 0,057 0,054 0,051
8 0,071 0,068 0,065 0,062 0,060 0,057 0,054 0,051

Zd 0,072 0,069 0,066 0,063 0,061 0,058 0,055 0,052

0 0,072 0,069 0,066 0,063 0,059 0,056 0,053

U 0,4

CO, factor-ULTDH_Micro_ASHP [tCO,/MWh,]

Plot ratio [-]

0,2

0,3 0,4

Space heating share [-]

0,5

0,6

0,7

Faculty of Mechanical Engineering and Naval Architecture

87



Edi Kirasi¢

Master’s thesis

I8 0,049 0,049 0,049 0,049 0,049 0,049 0,049 0,049
M 0,049 0,049 0,049 0,049 0,049 0,049 0,049 0,049
A 0,049 0,049 0,049 0,049 0,049 0,049 0,049 0,049
‘3 0,050 0,049 0,049 0,049 0,049 0,049 0,049 0,049
: 0,050 0,049 0,049 0,049 0,049 0,049 0,049 0,049
. M 0,050 0,050 0,050 0,050 0,049 0,049 0,049 0,049
N 0,051 0,050 0,050 0,050 0,050 0,050 0,050 0,049
58 0,052 0,051 0,051 0,051 0,050 0,050 0,050 0,050
8 0,053 0,052 0,052 0,052 0,051 0,051 0,051 0,050

0 0,055 0,055 0,054 0,053 0,053 0,052

() 4

CO, factor-ULTDH_Micro_EH1HEX [tCO,/MWh,]

0,051

—
—
(©]
=
©
S
e
&)
a.

0,039

0,4

Space heating share [-]

0,5

M 0,040 0,039 0,039 0,039 0,039 0,039 0,039
A 0,040 0,039 0,039 0,039 0,039 0,039 0,039 0,039
3 0,040 0,040 0,040 0,039 0,039 0,039 0,039 0,039
3 0,041 0,040 0,040 0,040 0,040 0,040 0,039 0,039
: 0,041 0,040 0,040 0,040 0,040 0,040 0,040 0,039
. N 0,041 0,040 0,040 0,040 0,040 0,040 0,040 0,040
RS 0,042 0,041 0,040 0,040 0,040 0,040 0,040 0,040
8 0,042 0,041 0,041 0,041 0,041 0,040 0,040 0,040
8 0,043 0,042 0,042 0,042 0,041 0,041 0,041 0,040

0 0,045 0,044 0,044 0,043 0,042 0,042

() 4

0,041
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N 0,046 0,045 0,045 0,045 0,045 0,045 0,045 0,045
M 0,046 0,045 0,045 0,045 0,045 0,045 0,045 0,045
A 0,046 0,045 0,045 0,045 0,045 0,045 0,045 0,045
‘8 0,046 0,046 0,046 0,046 0,046 0,046 0,046 0,045
: 0,047 0,046 0,046 0,046 0,046 0,046 0,046 0,046
. N 0,047 0,046 0,046 0,046 0,046 0,046 0,046 0,046
NN 0,048 0,047 0,046 0,046 0,046 0,046 0,046 0,046
N 0,048 0,047 0,047 0,047 0,047 0,047 0,046 0,046
8 0,050 0,049 0,048 0,048 0,048 0,047 0,047 0,046
0 0,051 0,051 0,050 0,050 0,049 0,048 0,048
0 0 0 0,4 0 D,6 0 0,8
0 Bo A 0

i 0,057 0,059 0,061 0,063 0,065 0,068 0,070 0,072
| 0,058 0,059 0,061 0,063 0,066 0,068 0,070 0,072
3 0,058 0,059 0,061 0,064 0,066 0,068 0,070 0,072
Ay 0,058 0,060 0,062 0,064 0,066 0,068 0,070 0,072
= 0,058 0,060 0,062 0,064 0,066 0,068 0,070 0,072
. I8 0,059 0,060 0,062 0,064 0,066 0,068 0,070 0,072
kN 0,060 0,061 0,063 0,065 0,067 0,069 0,071 0,072
8 0,061 0,062 0,064 0,066 0,067 0,069 0,071 0,073
8 0,062 0,063 0,065 0,067 0,069 0,070 0,072 0,073

0 0,066 0,067 0,068 0,070 0,071 0,072 0,074

0 0 0 0,4 0 D,6 0 0,8
0 Boo 0

I8 0,049 0,049 0,049 0,049 0,049 0,049 0,049 0,049
A 0,049 0,049 0,049 0,049 0,049 0,049 0,049 0,049
3 0,049 0,049 0,049 0,049 0,049 0,049 0,049 0,049
23 0,050 0,049 0,049 0,049 0,049 0,049 0,049 0,049
: 0,050 0,049 0,049 0,049 0,049 0,049 0,049 0,049
. M 0,050 0,050 0,050 0,050 0,049 0,049 0,049 0,049
N 0,051 0,050 0,050 0,050 0,050 0,050 0,050 0,049
8 0,052 0,051 0,051 0,051 0,050 0,050 0,050 0,050
8 0,053 0,052 0,052 0,052 0,051 0,051 0,051 0,050

0 0,055 0,055 0,054 0,053 0,053 0,052

() 4

0,051
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CO, factor-ULTDH_Booster_EH1HEX [tCO,/MWAh;]

—
—_
o
]
©
-
el
=
a.

0,4

0,5

Space heating share [-]

0,040 0,039 0,039 0,039 0,039 0,039 0,039 0,039
3 0,040 0,039 0,039 0,039 0,039 0,039 0,039 0,039
3 0,040 0,040 0,040 0,039 0,039 0,039 0,039 0,039
‘¥ 0,041 0,040 0,040 0,040 0,040 0,040 0,039 0,039
= 0,041 0,040 0,040 0,040 0,040 0,040 0,040 0,039
. N 0,041 0,040 0,040 0,040 0,040 0,040 0,040 0,040
RN 0,042 0,041 0,040 0,040 0,040 0,040 0,040 0,040
N 0,042 0,041 0,041 0,041 0,041 0,040 0,040 0,040
a 0,043 0,042 0,042 0,042 0,041 0,041 0,041 0,040
0 0,045 0,044 0,044 0,043 0,042 0,042 0,041
0 0 0 0,4 0 D,6 0 0,8
0 00 0

I 0,046 0,045 0,045 0,045 0,045 0,045 0,045 0,045
A 0,046 0,045 0,045 0,045 0,045 0,045 0,045 0,045
3 0,046 0,045 0,045 0,045 0,045 0,045 0,045 0,045
‘3 0,046 0,046 0,046 0,046 0,046 0,046 0,046 0,045
: 0,047 0,046 0,046 0,046 0,046 0,046 0,046 0,046
. N 0,047 0,046 0,046 0,046 0,046 0,046 0,046 0,046
N 0,048 0,047 0,046 0,046 0,046 0,046 0,046 0,046
8 0,048 0,047 0,047 0,047 0,047 0,047 0,046 0,046
8 0,050 0,049 0,048 0,048 0,048 0,047 0,047 0,046

0 0,051 0,051 0,050 0,050 0,049 0,048

() 4

0,048
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I8 0,081 0,083 0,085 0,087 0,089 0,091 0,093 0,095
2 0,082 0,083 0,085 0,087 0,089 0,091 0,093 0,095
3 0,082 0,083 0,085 0,087 0,089 0,091 0,093 0,095
3 0,083 0,084 0,086 0,088 0,090 0,092 0,093 0,095
: 0,084 0,085 0,086 0,088 0,090 0,092 0,094 0,095
. I8 0,085 0,086 0,087 0,089 0,091 0,093 0,094 0,096
N 0,086 0,087 0,088 0,090 0,092 0,093 0,095 0,096
8 0,088 0,089 0,090 0,092 0,093 0,095 0,096 0,097
8 0,092 0,092 0,093 0,094 0,096 0,097 0,098 0,098
0 0,101 0,100 0,100 0,100 0,101
0 0 0 0,4 0 D,6 0 0,8
0 D p
i 0,068 0,066 0,066 0,065 0,065 0,065 0,064 0,064
3 0,068 0,067 0,066 0,066 0,065 0,065 0,064 0,064
3 0,068 0,067 0,066 0,066 0,066 0,065 0,065 0,064
‘¥ 0,069 0,067 0,067 0,066 0,066 0,065 0,065 0,064
= 0,070 0,068 0,067 0,067 0,066 0,066 0,065 0,064
. N 0,071 0,069 0,068 0,067 0,067 0,066 0,066 0,065
RN 0,072 0,070 0,069 0,068 0,068 0,067 0,066 0,065
8 0,074 0,071 0,070 0,070 0,069 0,068 0,067 0,066
ey 0,077 0,074 0,073 0,072 0,071 0,070 0,068 0,067
0 0,080 0,078 0,077 0,075 0,073 0,071 0,069
0 0 0 0,4 0 D,6 0 0,8
D, fa D p
I 0,051 0,049 0,049 0,049 0,048 0,048 0,048 0,048
A 0,051 0,050 0,049 0,049 0,049 0,048 0,048 0,048
3 0,051 0,050 0,049 0,049 0,049 0,048 0,048 0,048
¥ 0,052 0,050 0,050 0,049 0,049 0,049 0,048 0,048
: 0,052 0,051 0,050 0,050 0,049 0,049 0,049 0,048
. I8 0,053 0,051 0,051 0,050 0,050 0,049 0,049 0,048
N 0,054 0,052 0,051 0,051 0,050 0,050 0,049 0,049
8 0,055 0,053 0,052 0,052 0,051 0,051 0,050 0,049
8 0,058 0,055 0,054 0,053 0,053 0,052 0,051 0,050
0 0,060 0,058 0,057 0,056 0,055 0,053

() 4

0,052
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N 0,057 0,055 0,055 0,055 0,054 0,054 0,054 0,053
M 0,057 0,056 0,055 0,055 0,055 0,054 0,054 0,053
3 0,058 0,056 0,056 0,055 0,055 0,054 0,054 0,054
‘8 0,058 0,056 0,056 0,055 0,055 0,055 0,054 0,054
: 0,059 0,057 0,056 0,056 0,055 0,055 0,055 0,054
. I8 0,059 0,058 0,057 0,056 0,056 0,055 0,055 0,054
N 0,060 0,058 0,058 0,057 0,057 0,056 0,055 0,055
A8 0,062 0,060 0,059 0,058 0,057 0,057 0,056 0,055
8 0,065 0,062 0,061 0,060 0,059 0,058 0,057 0,056
0 0,067 0,066 0,064 0,063 0,061 0,060 0,058
0 0 0 0,4 0 D,6 0 0,8
0 0 D p

N 0,063 0,062 0,061 0,061 0,061 0,061 0,060 0,060
3 0,064 0,062 0,062 0,061 0,061 0,061 0,060 0,060
3 0,064 0,063 0,062 0,062 0,061 0,061 0,060 0,060
‘¥ 0,065 0,063 0,062 0,062 0,062 0,061 0,061 0,060
= 0,065 0,064 0,063 0,063 0,062 0,062 0,061 0,060
. M 0,066 0,064 0,064 0,063 0,063 0,062 0,061 0,061
RN 0,067 0,065 0,065 0,064 0,063 0,063 0,062 0,061
8 0,069 0,067 0,066 0,065 0,064 0,063 0,063 0,062
ey 0,072 0,069 0,068 0,067 0,066 0,065 0,064 0,063

0 0,075 0,073 0,072 0,070 0,069 0,067

CO, factor-Individual_ASHP [tCO,/MWh,]

() 4

—
I
9
=)
@©
S
=)
o
a.

0,2

0,3

0,4

Space heating share [-]

0,5

0,6

0,7

0,065

Faculty of Mechanical Engineering and Naval Architecture

92



Edi Kirasi¢

Master’s thesis

The Lowest CO, factor [tCO,/MWAh,]

—
—_
o
]
©
-
el
=
a.

0,3

0,4

Space heating share [-]

0,5

0,040 0,039 0,039 0,039 0,039 0,039 0,039 0,039
3 0,040 0,039 0,039 0,039 0,039 0,039 0,039 0,039
3 0,040 0,040 0,040 0,039 0,039 0,039 0,039 0,039
‘¥ 0,041 0,040 0,040 0,040 0,040 0,040 0,039 0,039
= 0,041 0,040 0,040 0,040 0,040 0,040 0,040 0,039
. N 0,041 0,040 0,040 0,040 0,040 0,040 0,040 0,040
RN 0,042 0,041 0,040 0,040 0,040 0,040 0,040 0,040
N 0,042 0,041 0,041 0,041 0,041 0,040 0,040 0,040
a 0,043 0,042 0,042 0,042 0,041 0,041 0,041 0,040
0 0,045 0,044 0,044 0,043 0,042 0,042 0,041
0 0 0 0,4 0 D,6 0 0,8
0 0 0

I8 0,049 0,049 0,049 0,049 0,049 0,049 0,049 0,049
A 0,049 0,049 0,049 0,049 0,049 0,049 0,049 0,049
3 0,049 0,049 0,049 0,049 0,049 0,049 0,049 0,049
23 0,050 0,049 0,049 0,049 0,049 0,049 0,049 0,049
: 0,050 0,049 0,049 0,049 0,049 0,049 0,049 0,049
. M 0,050 0,050 0,050 0,050 0,049 0,049 0,049 0,049
N 0,051 0,050 0,050 0,050 0,050 0,050 0,050 0,049
8 0,052 0,051 0,051 0,051 0,050 0,050 0,050 0,050
8 0,053 0,052 0,052 0,052 0,051 0,051 0,051 0,050

0 0,055 0,055 0,054 0,053 0,053 0,052

() 4

0,051
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