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Abstract: District heating systems are almost always located in densely populated urban areas
where various heat sources are available, such as cooling and refrigeration systems in supermarkets,
shopping malls, and power transformers. These urban sources often have a large share of waste
heat, which is usually emitted into the environment. This waste heat could be used to partially
cover the thermal load in district heating systems. The biggest challenge for their integration is the
spatial distribution of urban heat sources in relation to the existing heat network and the temporal
distribution of the availability of waste heat energy throughout the year. In this paper, we have
developed an economic assessment model for the integration of urban heat sources into existing
district heating systems. By the hourly merit order of waste heat utilization technologies based on
pinch analysis, we have defined the most suitable integration of urban heat sources into existing
district heating systems. Different temperature regimes of the urban source and the existing heat
network have been considered. Finally, the method was tested on the case study of a supermarket
and power substation located in Zagreb, while the sensitivity analysis was carried out with a focus
on various technical and economic boundary conditions.

Keywords: district heating; waste heat; heat pumps; heat exchanger; pinch analysis

1. Introduction

The role of district heating and cooling in the reduction of greenhouse gasses and the
increase of energy efficiency has previously been emphasized by the EU [1]. These systems
can produce energy in the most efficient way using large-scale cogeneration [2], providing
power-heat sector coupling [3], integrating large shares of renewable energy, and even
recycling thermal energy from various waste heat sources [4,5]. The potential of the last
two features is heavily affected by the temperature regimes of thermal networks. The trend
of temperature reduction through the years is evident. The temperatures are decreasing
with each upcoming generation of district heating, reaching around 55 °C for the so-called
4th generation district heating [6]. Low-temperature networks are even commonly inte-
grated into existing high-temperature systems as a sub-network [7]. However, during the
last several years, the new generation has been defined, usually called 5th generation [8,9],
which enables the higher utilization of low-temperature waste heat sources and unlocks the
possibility of bidirectionality in thermal networks [10]. In other words, some customers can
serve both as end-users and suppliers of the network [11]. For example, by covering their
cooling demand with a thermal network, they inject thermal energy into the grid, which
is then used for heating substations of other users. Their integration into the system has
additional challenges as operating reliability [12] and shift from the classical pricing method
currently used [13]. The role of the central supply unit is to maintain the balance between
all of the final customers, while the waste heat from other sources presents a crucial matter
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which should be treated with care. The most important technology is central or booster heat
pumps [14]. Although district heating is a common topic of research, the district cooling
potential is usually left untapped [15].

There are numerous waste heat sources that can be utilized in thermal networks. The
most common, and currently the most often used, are industrial waste heat sources due
to their temperature levels, which are usually higher than temperature regimes in the
district heating networks [16]. Papapetrou et al. [17] provided an analysis of thermal energy
and temperature levels across different industries. The obtained results show that around
300 TWh/year is available on the European level, while one-third of it corresponds to
temperature levels below 200 °C. These temperature levels are excellent for utilization in
district heating systems or even for heat-to-power conversion processes, such as organic
Rankine [18] or Kalina [19] cycles. Mir6 et al. [20] carried out a similar analysis and
included mapping results. However, the mapping is carried out only on a national level
without considering the exact location of industry sites. Yuan et al. [21] analyzed the
trade-off between the integration of industrial waste heat and heat pumps in the future
energy smart systems using a multi-objective optimization approach. For the Aalborg
case study, they concluded that the most suitable solution is 40% of waste heat and 20%
of heat pumps in district heating systems, while obtaining a carbon-neutral system with
the least cost. Doraci¢ et al. analyzed the implementation of district heating wholesale
market pricing based on waste heat sources [22]. Wheatcroft et al. [23] stated that urban
waste heat recovery is not well spread, and it is still an immature technology. To boost
its implementation, investments should be encouraged, and a legal framework must be
created. The authors also emphasized that the development of different pilot projects must
be implemented to reduce the gap between potential investors and actual heat recovery
projects. Nielsen et al. [24] analyzed urban heat sources in a national energy system context,
while focusing on data centers, wastewater treatment plants, metros, and service sector
buildings. They also refer to these sources as “unconventional” due to their low temperature
levels, which require an a heat pump integration for their successful utilization in current
district heating systems.

Data centers are one of the first low-temperature waste heat recovery solutions that
are implemented in numerous projects. They are an excellent waste heat source due to
their constant operation throughout the year. However, due to their low temperature
regimes, heat pumps should be integrated for utilization in current district heating systems.
Ebrahimi et al. [25] provided an overview of all the commonly available waste heat recycling
technologies, while focusing on data centers. On the other hand, Huang et al. [26] focused
solely on data center waste heat utilization in district heating systems and how data centers
can act as prosumers in the energy system. Furthermore, the authors have provided cooling
system schematics of data centers, which could be water or air based. Finally, they have
suggested different heat recycling solutions depending on the cooling system. All of the
solutions are based on a heat pump that uses data center waste heat as a heat source
and district heating as a heat sink. Or¢ et al. [27] carried out a more detailed model of
data center waste heat utilization in district heating systems through the scenario analysis.
The authors modeled different combinations of temperature regimes and heat recovery
solutions. Finally, the solutions were compared based on investment and running costs,
and the payback period. Wahlroos et al. [28] presented a list of the data center waste
heat utilization projects in Nordic countries. Finland has been shown as a promising
country since they have the highest number of these projects. Furthermore, they listed
barriers to the expansion of waste heat utilization projects. Barriers are usually non-
technical and related to the economic feasibility of these projects for data center operators,
while existing business models are scarcely transparent. Khosravi et al. [29] analyzed the
integration of waste data center 5G smart poles to low-temperature district heating. The
case study is in Finland. The obtained results have shown that the levelized cost of energy
is 31-35 EUR/MWHh, depending on the source of electricity. On-site electricity production
through solar photovoltaic panels provides a 10% lower levelized cost of heat.



Energies 2022, 15, 1666

30f29

Supermarkets have also been recognized as excellent sources of waste heat. The
constant refrigeration load for frozen food products and cold beverages represents waste
heat, which is usually emitted into the ambient air. Furthermore, the temperature of this
waste heat is usually relatively high, more than 50 °C. Therefore, it causes supermarkets
to be great urban waste heat sources, which could be integrated into district heating
systems. Giunta and Sawalha [30] carried out a techno-economic analysis of economic
profitability by considering various parameters, such as heating demand, price ratios,
and temperature levels of the district heating network. Mateu-Royo et al. [31] carried out
a similar analysis of integrating supermarket waste heat into district heating, through the
heat pump. However, the authors focused on industrial consumers and the operation of
high temperature heat pumps. In other words, district heating has been used as a heat
sink (at the supermarket location) and as a heat source (at the industrial customer location).
Arnaudo et al. [32] analyzed the integration of supermarket waste heat with geothermal
energy storage. They obtained the techno-economic and environmental impact of a control
strategy. The scenarios were developed for a district in Stockholm. Gross et al. [33] studied
supermarkets as prosumers in low and ultra-low temperature district heating networks.
They modeled the district heating network using the graph theory. It has been shown
that the implementation of prosumers greatly reduces demand from a central heat source.
A crucial issue that should be considered during the analysis of supermarket waste heat
utilization in district heating systems is the on-site recuperation of waste heat. In some
cases, supermarkets are recycling part of the waste heat for internal space heating demands.
A detailed analysis of this recuperation was carried out by Maouris et al. [34]. They have
shown that using integrated heating and cooling systems in the supermarkets results in
17-18% of energy and 12-13 greenhouse gasses reduction.

Power transformers are part of the electrical transmission and distribution systems
that enable change in voltage levels between two electrical circuits. This process is highly
efficient, reaching more than 95%. The losses represent heat that should be taken away
from the power transformer, usually using oil-based cooling systems. In other words,
power transformers are also waste heat sources that could be utilized in district heating
systems. According to our knowledge, not many research papers have been published on
this topic. Petrovi¢ et al. [35] developed a simple model in order to calculate the potential
of using power transformers in Danish district heating systems. Around 50% of the total
waste heat could be recoverable in district heating systems. A more detailed technical
analysis was published by Trbusic et al. [36]. They performed a numerical investigation or
150 MVA 220/115 kV transformer unit, cooled by an oil-water heat exchanger. Moreover,
they analyzed different waste heat recuperation schemes based on heat pumps and heat
exchanger units. Furthermore, they estimated that the available waste heat capacity of
a 150 MVA power transformer is around 450 kW. Gilfanov et al. [37] carried out a detailed
numerical analysis of electromagnetic and thermophysical processes in the power oil-filled
power transformer. They obtained the temperature and heat flux fields of the transformer
and calculated the potential waste heat, which could be utilized for the heating purposes of
a building. The district heating network has not been studied.

Urban rail transport systems are also a significant source of waste heat that is available
for use in district heating systems. Waste heat from these systems due to the constant
load is available throughout the year, while its temperature is relatively high as shown in
the following studies. In [38], Nikas et al. studied an installation of a water source heat
pump (WSHP) to utilize heat from wastewater in the subway system in order to support
an eco-friendly heating system. The study showed not only the financial benefits, but also
the energy and carbon reduction of this trial. The authors in [39] demonstrated that the
performance of a typical air source heat pump (ASHP), exploiting a stable air temperature
within a subway environment is high, even during the peak heating months.

Another notable waste heat source in densely populated areas is different urban wa-
ter networks. For example, Guo et al. [40] analyzed the urban water network potential
for heating and cooling in thermal networks. The analysis was carried out on the case



Energies 2022, 15, 1666

4 0f29

study of Paris. Somogyi et al. [41] focused on wastewater treatment plants as a waste heat
source in urban areas. They have calculated the potential for district heating networks
in Hungary. The obtained aspatial results have shown that systems under a 14,000. pop-
ulation equivalent are not possible. The major issues include the distance from existing
district heating networks, expenditures for heat pumps, and the required pipelines. Finally,
Nagpal et al. [42] carried out a detailed review of using wastewater on different scales
within sewer systems in the component, building, sewer network or wastewater treatment
plant level. They have considered various technical, economic, and environmental aspects,
while focusing on attributes, such as temperature and flow dynamics of the sewer system.

According to the literature carried out, we have noticed that many papers do not
consider a detailed analysis of waste heat sources, thus neglecting the hourly variations
of thermal load and temperature levels throughout the year. Furthermore, some authors
neglect the importance of different temperature regimes in the district heating network and
do not investigate the minimum temperature difference between a waste heat source and
thermal network using pinch analysis. Although all of the papers consider heat pumps and
heat exchangers as heat recycling technologies, some authors do not consider cascading
utilization. Finally, we have not found a paper that considers the optimization of the
connection pipe between the waste heat source and thermal network. Therefore, we have
defined the scientific contribution of this paper as follows:

e  Development of the detailed hourly model based on the pinch analysis for different
waste heat sources: Supermarkets and power transformers.

e  Optimization of waste heat connection to the district heating network by considering
different connection pipe diameters and the calculation of system cost in correlation to
the distance between the waste heat source and district heating network.

e  Costanalysis of optimal connection and comparison of waste heat sources with respect
to temperature regimes in the network.

The paper is organized as follows. Section 2 presents the method based on hourly
modeling of waste heat sources and pinch analysis. Section 3 demonstrates the input data
used for a case study, while Section 4 demonstrates the obtained results and discusses the
main findings. Finally, Section 4 concludes the paper.

2. Materials and Methods

An overview of the method is shown in Figure 1. The overall procedure can be divided
into several steps. First, a waste heat source is modeled using various input data obtained
in the literature and the available databases. In this step, the available heat and temperature
regimes of the waste heat source are obtained. This information serves as input data for
pinch analysis, which enables the calculation of actually utilized heat through the heat
exchanger and heat pump. This process is repeated for different DH network connection
capacities to define the optimal one. Finally, economic analysis is carried out and the results
are compared.

load,
ambient

temperature

Utilised heat through
heat exchanger and
heat pump

waste heat Waste heat source PInCh
temperatures and )
source model available heat analysis

Levelised Economic Optimal Analysis of
cost of heat ) connection connection
(LCOH) ana|y5|5 capacity capacity

Figure 1. Method overview.

The time variable approach is presented in the next sub-section.
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The time variable is considered as shown in Figure 2. The analysis and calculation
were conducted for over 1 year with a time step of 1 h. Therefore, 8760 time steps were
considered, which represents the number of hours in 1 year. For the time variable in the first
step, the first hour in a year is associated with input data, i.e., load and ambient temperature
in the first hour. The model uses input data to calculate utilised heat, Q(t),;/iseq, USING
pinch analysis and considering the waste heat source temperature and available waste heat.
Utilised heat is the sum of the heat utilised with HP, Q(f);p ., and heat utilised with
HE, Q(t)yg, .- The following time variable for calculating utilised heat is obtained by
adding the time step on a previous time variable. With a new time variable, the calculation
is repeated. The calculation is repeated until the time variable reaches a value of 8760 h.
Finally, all of the calculated amounts of utilised heat are added to obtain the amount of
utilised heat in 1 year. The amount of utilised heat is necessary for further calculation,
i.e., sensitivity and techno-economic analysis.

Next time

START

First time
variable:t =1

variable: t + 1

8760

Z QO utitisea

t=1

e ™
Onp i)
temperature QP yiisea
data Q(OHEycitisea
l RN t
~

4 N

Load, ambient
= Q(O)utitisea

13!

Waste heat source
temperature and =1
available heat

Pinch analysis

& J

Figure 2. Time variable method overview.

2.1. Time Variable Approach

This time variable approach allows for the knowledge of conditions of heat exchange,
such as load, ambient temperature, waste heat source temperature, and available heat, at
any time of the year.

2.2. Supermarket Refrigeration

The main source of waste heat in supermarkets originates from refrigeration cycles.
In the EU, refrigeration systems are usually based on the transcritical CO, (R744) thermo-
dynamic cycle. For this paper, we have developed a model for the reference refrigeration
system, which is shown in Figure 3. The main system components are low-temperature
and mid-temperature evaporators, i.e., refrigeration and cooling cabinets, low-stage and
high-stage compressors, gas cooler, receiver, and expansion valves. Gas coolers are used
for waste heat rejection into the atmosphere, usually using ambient air heat exchangers.
This is also a location where heat recuperation can take place, as shown in Figure 3.

As previously mentioned, a supermarket refrigeration system usually has two tem-
perature levels. The first is for chilled food on the temperature levels and the second is for
frozen food [43]. To secure food safety standards, the temperature of CO, evaporation for
low-temperature cabinets is between —40 and —30 °C and for mid-temperature cabinets
is between —15 and —5 °C. In this paper, we have used an evaporation temperature of
—30 and —5 °C for LT. The assumed refrigeration loads are 20 kW for low-temperature
evaporators and 120 kW for mid-temperature evaporators [44]. The assumed temperature
difference for superheating of CO; (to ensure the avoidance of liquid phase in the com-
pressor) is taken as 10 °C [45]. The receiver is an existential part for high efficiency and
controlling the liquid content in evaporators.
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Figure 3. Scheme of CO, transcritical system.

The refrigeration cycle is also represented in p-h diagram, as shown in Figure 4. The
thermodynamic cycle has been modeled using CoolProp in combination with Excel VBA.
The developed model was used to obtain a correlation between ambient air temperature
and the following:

e  Temperature levels of waste heat source (points 1 and 13);
e Available waste heat load (enthalpy difference between points 1 and 13);
o  Coefficient of performance (COP) of refrigeration cycle.

Of note, the discharge pressure of high stage compressors has been optimized to
secure the maximum refrigeration cycle COP for different ambient air temperatures. In this
case, the efficiency of compressors had to be considered. The efficiency of compressors is
a function of the compressor ratio modeled using Equation (1) [46].

n =1003. — 0121224, )

plﬂ

where p;, is the pressure on the compressor inlet side, while p,;; is the pressure on the
compressor outlet side. The numeric coefficients in Equation (1) are data obtained by
an experimental examination by Danffos A/S.

To optimize the compressor discharge pressure, the exit temperature in the gas cooler
had to be assumed as shown in Equation (2), where T; is the gas cooler outlet temperature
and ATj, is the pinch point temperature difference.

20 °C, | Tymp < 20 °C

, 2
Tamb + ATpp, | Tamp > 20 °C @)

T :f(Tamb) = {
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Figure 4. Transcritical CO, system represented in p-h diagram, for specified boundary conditions.

Finally, heat recovery is a very common practice in CO; refrigeration systems in order
that the ratio of recovered heat for space heating is modeled by data, as shown in [31].
Heat recovery exists in the heating period, i.e., when temperatures are below 10 °C. Heat
recovery could be in the range between 5% and 45% of the overall thermal loads of the
refrigeration system.

The result of the model is heat source temperature (compressor discharge and gas
cooler exit temperature) and amount of heat (thermal load of gas cooler reduced by recov-
ered heat) for various ambient air temperatures.

2.3. Power Substation

Power substations, i.e., power transformers, are used to transfer electrical energy
from one electrical circuit to the other. The efficiency of this process is relatively high,
reaching around 98% for high-power transformers. This small loss is heat that must be
dissipated to the environment and represents a potential for its recuperation in nearby
district heating systems.

The model of waste heat for power substations is represented by the referent power
transformer and referent power substation. The used referent power transformer is a high
voltage (220/23.8 kV) with nominal power of 63 MVA. Waste heat is adopted as the total
losses of the transformer in the function of load [36], as shown in Equation (3).

Qrot’ (K) = Qo' + K2Qy/, ®3)

where Q' represents the total load losses, K is a relative load of the transformer, Qo
are no-load losses, while Q;’ are load losses. No-load and load losses are defined for
each power transformer, while relative load can be obtained from the transmission or
distribution of grid operators for a specific power substation.

To convert data losses from the referent transformer to the transformer from a case
study, the property of similarity electrical machinery is used as shown in Equation (4).

3
P\ 2
/
- il 4
o -0o(5)" @
where P/, P is the nominal power of referent and case used transformer (kW), and Q’, Q
are the losses (no-load and load) of referent and case used transformer (kW).
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Oil-immersed transformers are most commonly used. Their main characteristic is oil
temperature stratification by their height, as shown in Figure 5. The considered referent
transformer is oil-natural and air-natural cooled (ONAN) with radiators. To calculate heat
source temperature regimes, the thermal model from [35] is adopted. Source temperature
is the sum of rise and ambient temperatures, as shown in Equations (5) and (6).

2\ X
1+ RK ) ’ 5)

AGto = A‘9tor (1—0—R

where Afy, is the steady-state top oil rise temperature, Aby, is the rated steady-state top
oil rise temperature, R is the load losses-to-core losses ratio at the rated load, K is the load,
while y is the oil exponent.

1+R1<2>’C

AOpy = Abro — (Abror — Abpyy) <1+R

(6)
where Afy,, is the steady-state bottom oil rise temperature and Afy,, is the rated steady-state
bottom oil rise temperature. The second term on the right side of the equation Afyor — Aby,
represents the rated top-to-bottom oil temperature gradient.

S
AB,, _
T oil
L L L
¥ - 4 3
[ )
' ]
- - ' r
- =i AL
| (g winding
i ARUBU R
a n A0 ABy,
;—.—.L i -— - — -— -— -
Tamp Temperature

Figure 5. Temperature distribution in power transformer.

The result of this model is a heat source temperature (bottom and top oil rise tempera-
ture) and amount of heat (losses in function load of the grid) in correlation with ambient
air temperatures.

2.4. Pinch Method Analysis

In this paper, the waste heat utilization model is developed, as shown in Figure 6.
Waste heat could be injected into the district heating network through two different
technologies—heat exchanger (HEX) and booster heat pump (BHP). District heating return
flow is brought to the waste heat source location and is heated in the direct heat exchanger.
If the temperature reaches the supply temperature, it is injected into the supply pipe of
the thermal network. If the supply temperature is not reached, the flow is sent back to
the return pipe to pre-heat for the central thermal supply unit, which is not analyzed
in this paper. The rest of the available waste heat is utilized in the booster heat pump,
which always provides the required supply temperature. Of note, the heat exchanger has
a higher waste heat utilization priority than the booster heat pump. In other words, high
temperature waste heat is first used in the heat exchanger, while the remaining heat (if
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available) is used in the booster heat pump. To calculate how much of the available heat
could be used in which technology, the pinch analysis has been implemented.

oy

BHP

0 O 8

. -

A X o

_r\_E'E,_Tl _qCJ

(0]

w0

1<l L 8

_ A S B

El = HEX

o 2
)]

Figure 6. Heat utilization scheme: Heat exchanger (HEX) and booster heat pump (BHP).

Pinch analysis is visualized in T-Q), i.e., temperature-heat diagrams. Figure 7 shows
all of the possible outcomes of the pinch analysis. The X-axis presents the available heat
load in correlation with temperature levels (Y-axis). The dark blue line presents a waste
heat source, orange is the heat utilized in heat exchanger, while green is the heat injected in
the district heating network through the booster heat pump condenser.

In Figure 7A, there is no waste heat utilization since the temperature regimes of the
network (dashed blue and red lines) are higher than the heat source (HS) temperature. On
the other hand, part of the waste heat is utilized in the heat exchanger (HE_DH) since the
temperature regimes are suitable, as shown in Figure 7B. In Figure 7C, a booster heat pump
(BHP) utilizes low temperature waste heat and increases the temperature of return flow,
until the required supply temperature is reached. As previously mentioned, the green line
shows the T-Q diagram for the condenser of a booster heat pump. Finally, Figure 7D shows
a situation where the waste heat potential is utilized both in a direct heat exchanger and
booster heat pump.

The temperature regimes shown in Figure 7 are district heating network temperature
regimes taken from a case study region, the City of Zagreb. The temperature regimes
shown in Figure 7 are selected to show the different ways of utilizing waste heat using
a heat pump and a heat exchanger. It can be seen that the temperature regimes presented
in Figure 7A,B,D, where the medium temperature regime is shown, are different than in
the case of Figure 7D, where the high temperature regime is shown. In [47], the different
temperature regimes shown in Figure 6 are due to the temperature regimes’ dependence
on the outdoor temperature.

Pinch analysis has been performed using the decision-making workflow shown in
Figure 8. The most important input data are the temperature regimes of district heating
and waste heat source, the amount of available waste heat, and the thermal capacity of the
district heating connection. The last parameter is directly correlated to the size (diameter) of
the connection pipe, the larger the pipe diameter, the higher the thermal capacity of the flow
entering the waste heat utilization system. Using this principle, it is possible to compare
the results for various temperature regimes and to determine the optimal connection pipe
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Temperature [°C]
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diameter for each temperature regime. An explanation of the labels shown on Figure 8 is
shown in Table 1.

1
Temperature [°C]
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g 60 g 60
v )
2 40 & 40
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C Heat load [KW] D Heat load [kW]
—e—HS HE_DH BHP supply return

Figure 7. Possible pinch analysis results: (A) No waste heat utilized; (B) only heat exchanger
utilization; (C) only heat pump utilization; (D) both heat exchanger and heat pump utilization.

Depending on the combination of input parameters, different results could be obtained,
such as the amount of heat utilized and the temperature increase of the district heating flow.

2.5. Booster Heat Pump

In the proposed waste heat utilization system, a booster heat pump is used to boost
the temperature of the district heating flow using a waste heat source. In other words,
waste heat represents the heat source (evaporator), while district heating flow represents
the heat sink (condenser). In this paper, the Lorenz efficiency model enables the calculation
of booster heat pump COP without detailed heat pump modeling. The model is explained
in detail in [48]. Equation (7) shows the general approach, where COP is the calculated
COP of the booster heat pump, while COPy, is the theoretical Lorenz COP of the heat
pump. To obtain the realistic value, Lorenz efficiency #y,, is used. Lorenz COP COPp,
can be calculated using Equation (8), where Ty is the mean heat sink temperature and
ATy, + is the mean heat sink and heat source temperature difference, sometimes called the

temperature lift. Finally, Tc is the mean temperature of the heating source. Visualization of
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all the parameters is shown in Figure 9. Of note, Lorenz efficiency 7, is not constant, but

directly correlated to the temperature lift, as shown in Equation (9) [48].

COP = COPror NLor
ATy

T Ty in( 382
AT Ta—Tc Ay _

H{O
h1< Ths )

Mor = 0.1312111(AT,W) — 0.0406

COPror =

ATC

Ttp
hl( T, )

@)

®)

©)

T_DH_s, T_DH_r,
fi_loss, T_HS_1,
T_HS_2, mcp_DH

No heat
exchange

Else if

|-Yes

Yes —P>]

k_HS,
mcp_HS,
1_HS, k_DH

T_DH_s <=
T_HS_1 - dT_pp &
T_DH_r <= T_HS_1 -
dT_pp
Else if
—|

/

~.>[

T_HE_ DH_ 1, T_HE_DH 2, fi HE DH_1, fi HE_DH_2, T_HE_HS_1, T_HE_HS_2, fi HE_HS_1, fi HE_HS_2

Figure 8. Overview of the pinch analysis procedure.

Table 1. Labels in Figure 8.

Label Unit Description
T_DH_s °C Supply temperature of DH
T_DH_r °C Return temperature of DH
fi_loss kW Available heat after heat recovery
T_HS_1 °C Inlet temperature of heat sources
T_HS_ 2 °C Outlet temperature of heat sources
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Table 1. Cont.
Label Unit Description
mcp_DH W/K DH-Thermal capacity
fi HS_1 kW Inlet heat of heat sources
k_HS K/W Inverse value of thermal capacity-HS
mcp_HS W/K HS-Thermal capacity
1_HS K Temperature drop of HS as a result of heat exchange
k_DH K/W Inverse value of thermal capacity-DH
dT_pp Pinch temperature difference
T _HE_DH_1 °C Inlet temperature of HEX-DH side
T_HE_DH_2 °C Outlet temperature of HEX-DH side
fi HE_ DH_1 W Inlet heat of HEX-DH side
fi HE_DH_2 \V Outlet heat of HEX-DH side
T_HE HS 1 °C Inlet temperature of HEX-HS side
T_HE_HS_2 °C Outlet temperature of HEX-HS side
fi HE_HS_1 kW Inlet heat of HEX
fi HE_HS_1 kW Outlet heat of HEX
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Figure 9. Booster heat pump scheme and overview of Lorenz efficiency parameters.

2.6. Connection Pipe Diameter Analysis

As shown in Figure 1, after the calculation of utilized heat through the heat exchanger
and booster heat pump, the analysis of connection pipe diameter is applied to select the
optimal one.

The analysis of connection capacity is carried out for the pipe’s diameter in the range
from DN 25 to 150. For each diameter in the range, the yearly amount of utilized heat
is calculated, as illustrated on the left diagram in Figure 10. In this diagram, the X-axis
presents the pipe diameter, while the Y-axis presents the total yearly utilized waste heat. It
can be seen that with the increase of connection pipe diameter, the total yearly utilized heat
also increases. However, the increase of total yearly utilized heat becomes saturated with
the increase of pipe diameter. In other words, for the pipe diameter DN;, we can utilize
Q1 amount of heat, while for the larger pipe diameter DN,, we can utilize more waste
heat, marked as Q. It is evident that Q; is larger than Q;. However, this represents the
higher cost of pipe connection investment [49]. Here, we should ask ourselves whether it is
optimal to significantly increase the connection pipe capacity for a small increase of utilized
waste heat. In other words, which connection capacity provides the highest amount of
utilized waste heat for the given connection pipe diameter. For this purpose, we propose
the following approach, which is illustrated on the right diagram in Figure 10. First, we
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should calculate the ratio of utilized heat and pipe diameter Q/DN, as shown on the Y-axis
of the mentioned diagram. This ratio implicitly presents the connection pipe investment
efficiency, which is the ratio of energy obtained and the required investment (which is
directly correlated to the pipe diameter).

Qopt/
DN op
g
4
Q@
O DN,
O 1
é o Pe >
DN. DNOPt DNopt DN.
! DN [mm] DN, DN, DN [mm] :
— >

Figure 10. (Left) Utilized heat to the DH network in relation to the connection pipe diameter;
(right) optimal DH network connection pipe diameter.

Once we plot the Q/DN ratio with respect to the pipe diameter DN, it can be seen
that the maximum value could be obtained. The optimal pipe capacity DN, is the one
which provides the highest Q/DN ratio, called Qopt/ DNypt. Moreover, it can be seen that
Q1(DN1) < Qopt(DNopt) < Q2(DN3y). These values are illustrated on the right diagram
in Figure 10.

The value of the optimal pipe diameter will be used for techno-economic analysis.

2.7. Techno-Economic Analysis

The economic feasibility of the waste heat utilization solution is measured using
the levelized cost approach. The levelized cost of heat (LCOH) is defined as shown in
Equation (10), where LCOH is the levelized cost of heat, CAPEX are the capital cost, OPEX
are the operational expenditures, and QpH, recover is the amount of heat recovered from
a waste heat source and injected into the district heating network.

LCOH — CAPEX + OPEX (10)
QDH, recover

CAPEX includes all of the capital costs which occur during the start of the projects,
such as investment in heat exchangers, heat pumps, and district heating networks. Of note,
capital costs have been discounted using the capital recovery factor CRF and predefined
discount rated, as shown in Equation (11).

d(1+d)"

APEX = CRF-inv = ———-"—
C CRF-inv A+d’ -1

-inv (11)

On the other hand, OPEX is an operational cost that is paid every year and is not
discounted. It consists of variable and fixed parts. The variable part includes the variable
operational and maintenance (O and M) costs of equipment and electricity consumption
for driving the booster heat pump compressor. The fixed part includes the fixed O and M
costs of equipment.

2.8. Case Study and Input Data

The method was tested on the case study of a supermarket and power substation
located in the City of Zagreb, Croatia.

The referent supermarket refrigeration system based on transcritical CO; is modeled,
according to the data presented in [50]. Table 2 shows data for the referent supermarket
refrigeration system: Low- and medium-temperature refrigeration load conditions (tem-
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perature, pressure, and load). The superheating temperature difference of CO, is equal to
10 °C to secure the operating conditions for low-stage and high-stage compressors. Using
the specific electricity consumption data for supermarket refrigeration, which is available
in [50], the hourly waste heat potential has been obtained.

Table 2. Referent supermarket refrigeration system data.

Tr (°C) ppr (bar) Ty (°C) Py (bar) ®r1 (kW) @7 (kW)
—30 147 -5 30.5 20 123

To identify the referent power substation for the City of Zagreb, a publicly available
national report [51] was used. The referent power substation data are shown in Table 3.
The relative load for the transformers is taken from the national grid operator [52].

Table 3. Referent power substation data.

u (kv) u; (kV) S, (MVA) Qi (kW) Qp (kw) Qror kW)
220 23.8 63 200 36 236

In this paper, three different temperature regimes of the district heating network have
been defined: A, B, and C. Figure 11 shows all of the temperature regimes as a function of
ambient temperature. The highest temperature regime is obtained in Scenario A, which is
equal to 120 °C for the supply side of the DH network. The lowest temperature of supply is
in Scenario C, which is equal to 70 °C. Table 4 shows the input data required for the district
heating connection pipe, which is necessary for pinch analysis.

District heating temperature regimes

120

¥ 100

8

3 80

5

o, 60

&

(D]

= 40
20

20 15 -10 -5 0 5 10 15 20 25 30 35 40
Ambient temperature °C

—— A - supply A -return - = =B -supply
— —==B-return — -C-supply — -C-return

Figure 11. District heating temperature regimes.

Table 4. Input data for district heating connection pipe.

Label Value Unit Name
p 4187.00 ] kg_1 K1 Specific thermal capacity of water
Ow 1000.00 kg K1 Water density
Wy 1.00 ms~! Water flow rate
DN 25-150 mm Connection pipe diameter

The ambient temperature for Zagreb is taken from [53] for an average meteorological
year on the hourly level. As the referent period of observation is the taken period between
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2007 and 2016, the precise location is 45°48°25.2” N latitude, 15°58'04.8” E longitude, and
120 m above sea level.
Finally, Table 5 shows the different input data required for techno-economic analysis.

Table 5. Input data for techno-economic analysis.

Label Value Unit Name
d 0.10 - Discount rate
n 20 year Life expectancy
0.04 B Part operative expenditures for HEX into
v ’ an investment [54]
CBHP 1.24 MEUR MW1 Specific price of BHP [55]

DBHP, nom - kW Nominal power of BHP, from load duration of source
O& My 2.000 EUR kWh™! Fixed operative expenditures for BHP [55]
O&Myar 2.7 EUR MWh—! Variable operative expenditures for BHP

Ecomp - MWh Electricity for BHP, from calculation
Celen 0.1 EUR kWh™! Electricity price for non-households [56]
Specific price for HEX
. —0.1234 -1 P p ’
CHEX 0.26-PHEX, nom MEUR MW Dpgx nom Nominal power for HEX
3. Results

The obtained results are presented as follows. Section 3.1 presents the connection DH
network optimization results for the supermarket refrigeration waste heat source, while
Section 3.2 is focused on the power substation as a waste heat source. Both sections present
the analysis for the heat exchanger and heat pump utilization technology. Section 3.3
demonstrates the techno-economic results of the obtained solutions, while Section 3.4
provides the sensitivity analysis for investment and electrical energy prices. The hourly
results of waste heat utilization are shown in Section Appendix A.

3.1. Supermarket Refrigeration

As previously explained in Section 2, the size optimization of the connection pipe
between the DH network and heat source is carried out using the serial hourly merit order
analysis for different DN pipe diameters, ranging from DN 25 to 150.

Figure 12 shows the pinch analysis for the supermarket refrigeration system—Scenario
A if the connection pipe diameter is DN 150. Figure 12A shows the waste heat utilization
for the winter period (h = 1000, month: February). It can be seen that the heat source
temperature level is lower than the temperature regime of DH. In the case of Figure 124,
BHP is used for heat utilization. Figure 12B shows the utilization for the summer period
(h = 4600, month: July). Compared with Figure 12A, it can be seen that the temperature
regime during the summer period is lower than in the winter period due to the higher
ambient temperature (see Figure 11). The temperature level of the heat source in Figure 12B
is higher than the temperature regime of DH. In the case of Figure 12B, waste heat utilization
is possible with BHP or HEX.

Figure 13 presents the amount of thermal energy injected into the grid from the super-
market waste heat source for different connection pipe sizes and DH network temperature
regimes. The left diagram demonstrates the yearly thermal energy utilized through the
heat exchanger. The right diagram demonstrates the thermal energy injected into the DH
network using a heat pump. In other words, it presents the thermal energy released into
the thermal network (sink) from the heat pump’s condenser. As expected, the increase of
connection pipe size allows for the higher amount of thermal energy to be recovered from
the waste heat source and injected into the DH network. However, saturation occurs with
pipe sizes larger than DN 80 for the given waste heat boundary conditions. Of note, the
reduction of DH network temperature regimes (from A to C) enables the higher utilization
of heat exchangers for the given connection pipe size. However, this is not noticeable for
the heat pump. Therefore, the proposed merit order-heat exchanger comes first in the
utilization of the available thermal energy, while the heat pump can utilize the remaining
waste heat available.



Energies 2022, 15, 1666

16 of 29

Heat [GWh]

HEX - supermarket refrigeration

3.5
3
2.5
2
1.5
1
0.5
0

120

100

o]
]

temperature, °C
B o
e} e}

N
o

o

120

100

x©
o

temperature, °C
B o
e} e}

N
o

o

hour=1000; DN 150; COP=5.252; 96.02/64.0175 °C

e HE_DH
o o= e e e - - - - - - - = = = = = - - ® BHP_HS
—o—HS

0 200 400 600 800 1000

heat, kW

hour=4600; DN 150; COP=6.358; 80/50 °C

e HE DH
e BHP _HS
--------- e ———— = — @S

0 200 400 600 800 1000

heat, kW

Figure 12. Pinch analysis results—Scenario A. (A) BHP utilization; (B) BHP and HE utilization.
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Figure 13. Waste heat from the supermarket refrigeration system injected into the DH network in
relation to the connection pipe size, DH temperature regimes, and utilization technology. (Left) Heat

exchanger; (right) heat pumps.
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From the results shown in Figure 13, we have obtained the optimal connection pipe
size. Figure 14 shows the ratio of recovered heat in the heat exchanger and connection
pipe size (Y-axis) in a correlation with the connection pipe size (X-axis). It can be seen
that the ratio reaches a maximum value for the specific connection pipe size. This value
also presents the optimal value that will be used for the techno-economic analysis. The
connection pipe size increases with the reduction of DH network temperature regimes. The
optimal value is DN 65, 80, and 100 for temperature regimes A, B, and C. The optimal pipe
diameter, together with the maximum ratio values, are indicated in Figure 14.

Optimal connection pipe - supermarket refrigeration

35
30
25
20
15
10

Q/DN [GWh/mm]

25 32 40 50 65 80 100 125 150
DN [mm]

A B C

Figure 14. Optimal DH network connection pipe for supermarket refrigeration waste heat utilization
concerning different DH network temperature regimes.

A comparison of total thermal energy injected for different temperature regimes and
utilization technologies is shown in Figure 15. As expected, the amount of thermal energy
which could be directly used in heat exchangers is gradually increasing with the reduction
of temperature regimes. However, the amount of heat released in the thermal network
through the heat pump’s condensers remains almost the same. One of the reasons behind
this is an increase in the pump’s seasonal COP (SCOP), which is also shown in Figure 15. In
this case, it increases from 6.2 to 7.0 for temperature regimes C. In other words, consumption
of the compressor’s electrical energy is reduced for the given conditions, while the available
energy in the evaporator is also decreased due to the priority of the heat exchangers in the
merit order.

Total thermal energy injected - supermarket refrigeration

6 9
= 4 7 =
= )
g 50
g 2 2

T 3

0 1

A B C

Temperature regimes ® HEX mHP xSCOP

Figure 15. Seasonal COP and total supermarket refrigeration waste heat used concerning different
DH network temperature regimes, for the selected connection pipe size.
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3.2. Power Substations

The display of results obtained for power substation waste heat follows a similar
structure, as shown in Section 3.1.

Figure 16 shows the pinch analysis for the power substation system—Scenario A if the
connection pipe diameter is DN 100. Figure 16A shows the waste heat utilization for the
winter period (h = 1000, month: February). It can be seen that the heat source temperature
level is lower than the temperature regime of DH. In the case of Figure 16A, BHP is used for
heat utilization. Figure 16B shows the utilization for the summer period (h = 4600, month:
July). Compared with Figure 16A, it can be seen that the temperature regime during the
summer period is lower than the winter period due to the higher ambient temperature (see
Figure 10). The temperature of the heat source in Figure 16B is lower than the temperature
of the supply side of DH, but higher than the return side of DH. In the case of Figure 16B,
waste heat utilization is possible with HEX.

A hour=1000; DN 100; COP=3.718; 96.02/64.0175 °C

120

100 HE_DH
O ¢ BHP_HS
5 80 —e—HS
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= 20 -~ - -TDH.r

0
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Figure 16. Pinch analysis results—Scenario A. (A) BHP utilization; (B) HE utilization.

Figure 17 shows the amount of heat injected for different connection pipe sizes and
temperature regimes. Of note, the utilization of heat exchanger (left diagram) is significantly
smaller than the heat pump (right diagram). The reason behind this is the temperature
regimes of power substation waste heat source, as shown in Appendix A in Figure A5.
However, as the temperature regimes of the DH network are reduced (from A to C), the
heat exchanger can utilize more available waste heat, thus reducing the thermal energy
available for heat pumps. This is also visible in the hourly thermal load diagrams shown
for DH temperature regimes B and C, as shown in Annex in Figures A6—A8. During
the summer period, when waste heat source temperatures are high and DH network
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temperatures are low, heat exchangers can use most of the available heat. This is not the
case for temperature regime A, when heat exchangers have low utilization. Furthermore,
it is worth mentioning that the increase in pipe connection diameter has a small effect on
heat pump utilization. However, this is not the case for the heat exchanger. Its utilization
rises with the increase of connection pipe size. Nevertheless, it reaches saturation at DN 80
for all of the temperature regimes.
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Figure 17. Waste heat from power substations injected into the DH network in relation to the
connection pipe size, DH temperature regimes, and utilization technology: (Left) Heat exchanger;
(right) heat pumps.

Figure 18 shows the optimal connection pipe size for the power transformers waste
heat source. Similar to the case with supermarkets, we also defined a parameter called
the ratio of injected heat and connection pipe site. It can be seen that the ratio reaches
a maximum value for a specific connection pipe size, while the optimal connection pipe
size does not change drastically with a change of DH network temperature regimes. It is
equal to DN 80 for temperature regime A and DN 65 for temperature regimes B and C.
Once again, these values are indicated in Figure 17.
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Figure 18. Optimal DH network connection pipe for power substation waste heat utilization in
relation to different DH network temperature regimes.

Figure 19 shows the total thermal energy injected into the DH network for the selected
connection pipe size and different temperature regimes. As previously explained, heat
exchanger utilization increases with temperature regime reduction and reduces the waste
heat available for the heat pump evaporator. Furthermore, the reduction of temperature
regimes increases the SCOP of the heat pump. It increases from 4.5 to 5.7 for lower
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temperature regimes. Consequently, thermal energy injected into the DH network through
the heat pump condenser is reduced.
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Figure 19. Seasonal COP and total power substation waste heat utilized in relation to different DH
network temperature regimes, for the selected connection pipe size.

3.3. Techno-Economic Analysis

To compare the obtained results, we have performed a techno-economic analysis
which is based on the levelized cost of heat (LCOH). It represents the cost of thermal energy
injected into the thermal grid using the analyzed waste heat sources. The overall expen-
diture includes capital investment costs of heat utilization technologies and connection
pipe. In addition, there are numerous operational costs, such as operation and maintenance
(fixed and variable), electrical energy to drive the heat pump compressor, etc.

Figure 20 shows a comparison of supermarket waste heat LCOH for the different
utilization technologies and temperature regimes. It can be seen that the cost of thermal
energy increases with the distance between the waste heat source and DH network, the so-
called connection distance. Of course, an additional investment is required for every meter
of connection distance. In the case of utilizing waste heat only through a heat exchanger,
LCOH is relatively low and around 9 EUR/MWh. However, this price could rise to around
30 EUR/MWh if the connection distance is 1000 m. Adding the heat pump into the system
increases LCOH four times, reaching 50 EUR/MWHM, i.e., 70 EUR/MWHh in the case of high
connection distance. Of note, the reduction of DH network temperature regimes lowers
LCOH, but the impact is limited. For example, for the 1000 m connection distance, the price
reduction is around 20% for the heat exchanger and around 15% if a heat pump is added.

Similarly, Figure 21 shows LCOH for power transformers waste heat for different
temperature regimes and utilization technologies in relation to the connection distance.
As expected, due to lower waste heat temperatures, LCOH for power transformers is
higher than for supermarkets. For heat exchanger technology, the price is between
30 and 70 EUR/MWHh, depending on the temperature regimes. If a heat pump is added,
the cost could rise to around 120 EUR/MWh, depending on the temperature regimes. If
the connection distance rises to 1000 m, LCOH can increase almost four times, depending
on the temperatures in the DH network.

Finally, it can be seen that the reduction of temperature regimes declines the slope of
the diagrams shown in Figures 20 and 21. In other words, it makes waste heat utilization
projects less sensitive to the connection distance.

Figure 22 shows a LCOH comparison for supermarkets and power transformers waste
heat sources for different temperature regimes. The assumed connection distance is 100 m.
As previously mentioned, supermarkets are less expensive waste heat sources, even if heat
pumps are integrated. Moreover, it can be seen that power transformers waste heat projects
are more sensitive to the temperature regimes of the network.
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Figure 20. Levelized cost of heat and connection distance for supermarket refrigeration waste heat
and different utilization technologies—Scenario A: Heat exchanger and heat pump.
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Figure 21. Levelized cost of heat and connection distance for power transformers waste heat and
different utilization technologies—Scenario A: Heat exchanger and heat pump.

Although integrating waste heat sources into the DH network is a relatively inexpen-
sive option, there are some issues that should be discussed. As shown in Section 2, the
heat exchanger usually is not capable of increasing the DH return to the required supply
temperature. Most of the time, for the given temperature regimes, a waste heat exchanger
is capable of only preheating the return line of the DH network. On the other hand, a heat
pump is usually capable of providing the required supply temperatures. However, the
maximum temperature lift should be considered. Although the integration of heat pumps
is more expensive, it provides flexibility for the district heating operator and opens differ-
ent possibilities for system optimization, such as integration of thermal storage, different
pre-heating configurations, etc.
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Figure 22. LCOH comparison for different DH network temperature regimes (connection distance
100 m) and utilization technology: (Left) Heat exchanger; (right) heat exchanger and heat pump.

3.4. Sensitivity Analysis

The sensitivity analysis of the levelized cost of heat was carried out for the invest-
ment cost and price of electrical energy, which drives the compressor heat pump. The
analysis was carried out for both waste heat sources with different utilization technologies.
Figures 23 and 24 show the sensitivity analysis for supermarket waste heat utilization with
the heat exchanger and heat exchanger combined with heat pump, respectively. It can be
seen that the heat exchanger investment increase of 20% increases LCOH to 14.5 EUR/MWh
or 12 EUR/MWh, depending on the temperature regime of the DH network. If a heat
pump is added, the change of specific investment can cause a relatively high LCOH equal
to 58 EUR/MWh for specific temperature regimes. Of note, LCOH is less sensitive to
electricity prices than to investment change.
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Figure 23. Sensitivity analysis for different DH network temperature regimes—supermarkets waste
heat, utilization technology heat exchanger.
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Figure 24. Sensitivity analysis for different DH network temperature regimes—supermarkets waste
heat, utilization technology heat exchanger and heat pump.

A similar analysis was carried out for power transformers waste heat source. Figure 25
shows the analysis carried out for the heat exchanger, while Figure 26 shows the sensitivity
of LCOH if a heat pump is integrated. In the case of DH network temperatures, LCOH of
waste heat utilization through a heat exchanger can reach around 120 EUR/MWh. However,
in the case of temperature regime C, LCOH is not higher than 45 EUR/MWh. If a heat
pump is added to the system, costs can increase even higher to 170 EUR/MWh. Once again,
the investment cost shows significantly higher sensitivity than the specific investment. The
reason behind this is the relatively high seasonal COP, even for high temperature levels of
the network.
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Figure 25. Sensitivity analysis for different DH network temperature regimes—power substation
waste heat, utilization technology heat exchanger.
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Sensitivity analysis - Power transformers, HEX and HP
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Figure 26. Sensitivity analysis for different DH network temperature regimes—power substation
waste heat, utilization technology heat exchanger and heat pump.

4. Discussion and Conclusions

Integration of waste heat sources into existing district heating networks is crucial
to increase energy efficiency and decarbonize energy systems. Waste heat recovery was
usually limited to high-temperature industrial processes. However, with the reduction of
temperature regimes in the thermal networks, the new potential was unlocked in the shape
of urban heat sources, such as data centers, supermarkets, power transformers, wastewater
treatment plants, metro stations, and other tertiary buildings. In this paper, we have carried
out an economic assessment of supermarket and power substation waste heat integration
into existing district heating networks. We have focused on supermarkets and power trans-
formers since they have excellent potential in terms of relatively constant hourly availability
and high temperature. We developed an hourly merit order model based on pinch analysis,
which considers both waste heat source and district heating network temperature regimes.
We proposed two utilization technologies: Heat exchangers and heat pump. By carrying out
a series of simulations with different connection pipe sizes, we have obtained an optimal
connection capacity for each waste heat source and thermal network temperature regime.
We have selected one supermarket and power transformer substation in the city of Zagreb
as the case study. The obtained results have shown that the optimal connection pipe size
for supermarket waste heat source is DN 65 for high temperature regimes, while it is
gradually increasing with the reduction of temperature regimes, reaching DN 100. On the
other hand, the optimal connection capacity for power transformers waste heat source is
between DN 65 and 80 and it is not that sensitive on temperature regimes. Cost analysis
has shown that supermarkets are a relatively inexpensive waste heat source, with prices
starting at 122 EUR/MWh and reaching 55 EUR/MWh if a heat pump is added. Reduction
of temperature regimes has shown to not have a significant impact on the cost of heat. Due
to the lower waste heat source temperatures, power transformers are a more expensive
waste heat source, starting at 100 EUR/MWh and reaching 160 EUR/MWh for heat pump
integration. However, the cost of heat can be significantly lowered with a reduction of ther-
mal network temperatures reaching 40 and 101 EUR/MWh, depending on the utilization
technology implemented. Finally, we have also carried out the sensitivity analysis, which
has shown that investment cost change has a significantly higher impact than a change of
electrical energy price.
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Figure A2. Waste heat utilization per technology, DH temperature regime A—supermarket.
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Figure A3. Waste heat utilization per technology, DH temperature regime B—supermarket.
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