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Abstract: Newer buildings have a lower but smoother profile of indoor temperature, while older
buildings are less energy efficient. Sometimes, the indoor temperature is unreasonably high, being
25–30 ◦C. There are buildings where the indoor temperature does not correlate with the outdoor one.
Correction factors adjusting convective heat transfer coefficients are suggested. Energy demand is
defined using the rate of heat loss and internal heat gains for the given building construction and
design consumption profile. We suggest adjusting the setpoints of the secondary supply temperature
to keep indoor and return temperatures lower. Correcting a traditional approach when designing a
building may minimize energy consumption by 23.3% and increase the annual performance by up
to 14.1%. The reductions of thermal peak resulting from a new type of controller adjustment (for
instance, discrete) compared to the traditional operation range from roughly 10 to 30%, respectively. A
better understanding of the system operation is a necessary step to switch to fourth-generation district
heating (4GDH). This methodology is especially helpful in shaving daily peaks of heat demand.
Building envelopes ease the charging, maximum storage capacity, and balance of the given generation
and demand profiles, which are key factors in achieving the reduction in greenhouse gas (GHG)
emissions. Once the heat demand is covered according to the maximum storage capacity for the given
generation and demand profile, fewer efforts to modernize a district heating network are required.

Keywords: energy; building; demand; window; envelope; supply

1. Introduction

Excluding demand-side measures, there are other ways of suggesting optimal strate-
gies for the management of district heating (DH) systems. In [1], both temperature boosting
and thermal energy storage are considered. The capacity of a typical short-term energy
storage of a hot water buffer tank is usually up to 50 MWh. In [2], the sum of the energy
absorbed by the distribution system, the district heating (DH) substations, space heating
(SH) systems, and radiators, and the energy released by the sensible heat accumulator are
10 times higher—330 and 440 MWh, respectively.

In [3], the system is preheated well before the outdoor temperature is expected to
decrease below the design outdoor temperature (DOT). This results in continuous transient
processes and is associated with errors, meaning the DH network should not be ignored
as a thermal accumulator. Therefore, our novelty is that we begin our research from the
study of operational profiles on a primary side of the DH system; these operational profiles
have already taken all the transient processes into account. Some methodologies are able to
detect peaks happening due to the transient behavior [4] or internal heat gains [5].
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In [6], an office building is modeled and simulated in TRNSYS, inputting the solar
radiation and weather data from the local meteorological station. In the heat supply, flexibil-
ity is typically created by temporarily increasing the supply temperature [7]. Sun et al. [8]
report an indoor temperature deviation of 1 ◦C, while the correction range of a substation
supplying a radiator with no TRV is the largest, about 4 ◦C. They even impose an upper
threshold of adjustment and set it to 5 ◦C to ensure the stable operation of the DH system.
Similar equations and plots, as shown in [9] are used here to assess the daily fluctuation
of supply and indoor temperatures. Furthermore, Sleptsov et al. [10] compared these
controllers’ performance to find out the perspectives of suggested controllers in contem-
porary HVAC systems. The limitations of most of the control patterns are that they only
utilize setbacks (especially daily ones) to a very limited extent. On the other hand, there
are a lot of research attempts devoted to the wider use of operational data. For instance,
Ivanko et al.’s paper [11] again. They present the recorded SH and DHW consumption
profiles before and after the control point temperature is achieved to make the control
point temperature be recognized by visual analysis and the regression methods. For the
described case study, the structuration aids (control logic and transformation measure
prioritization) and the numeric values (temperature and pressure) describe the operational
strategy. It is generalized enough to be highly practical and being presented in this form, it
provides a good overview of the input and output data and its visualization. Previously,
the authors focused on the available technologies mainly applicable to a heat pump [12], of
which utilization showed that the energy-saving effect might be significantly improved but
did not deal with raw operational data on electricity and gas demands. Saletti et al. [13]
consider not only simulation results but also operational data derived from the substation
heat exchanger of the Skultuna buildings. It is a locality situated in Västerås Municipality,
Västmanland County, Sweden with 3133 inhabitants. They compare it to the design values
and apply operational data as a setpoint for the optimization. Braas et al. [14] present
normalized duration curves of energy consumption, i.e., the heat demand in each time step
of the year, divided by the peak load of the respective load profile. Unlike us, they study
buildings with and without thermal energy storage but focus on the duration curve of a
single building, comparing it with the duration charts for 100 superposed buildings of the
same type. Another difference is the emphasis on residential buildings and synthesizing
the heat demand profile for each of them, not with the same but with statistically varied
DHW draw-off profiles [15].

The prosumer is the consumer, which may also produce heat; it could be an office
building and a hospital, or a typical mixed-use district comprising also residential build-
ings [16]. Unlike us, Sommer et al. [16] input pre-set hourly energy consumption profiles
for space heating SH, domestic hot water DHW, and space cooling for each prosumer.
These demands are covered by the heat pumps HPs and heat exchangers in the prosumers.
If the primary supply temperature is relatively low, its level at the demand side can be
boosted with the help of a heat pump (HP), using the heat distribution network as a heat
source. However, this will increase electricity consumption from a power grid or require
installing additional equipment, e.g., heat pumps.

Kauko et al. [17] used Dymola for simulations, which stands for Dynamic Modeling
Laboratory. It is a dynamic simulation tool, based on the object-oriented modeling language
Modelica. Although the object-oriented approach implies an equation-based modeling
language, it requires declaring relations among every variable within a class of a procedure.
Moreover, its re-usability, as well as the extensibility and adaptability of the created models,
is limited in case any other parts are developed in other languages, e.g., in Python. In [18],
the model is developed in Modelica as well, but with the help of the models from the
AixLiblibrary, while the Python tool uesgraphs is used to input the network data. Unlike
us, energy production and consumption models are adapted primarily for interaction with
the MPC and are established with the help of a traditional degree-day approach. In [19],
NetSim software is applied. Each scenario is simulated for 10 temperature intervals ranging
between −18 and +30 ◦C. These temperatures are the average ones of each temperature
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interval. In addition, simulations in NetSim are static. Compared to these papers, we
use Python, study many more factors than just outdoor temperature, do not use such an
artificial categorization, and do not use commercial software (e.g., NetSim).

Another limitation is reasoned to the specific features of a DH system. For the DH case,
a reference group-based approach cannot be directly used by the individual substations to
run any sort of automatic control mechanism when a problem is detected. Substations are
also operated not obligatorily smoothly, but sometimes in a discrete manner, which makes
energy consumption also discrete in its distribution throughout the year or even a day.
Such behavior is reasoned to the very nature of PI and PID controllers and temperature
setpoints. To adjust to the change in energy consumption, Chertkov et al. [20] vary the
temperature setpoints during the day. In their model, it generates a heat wave moving
with the speed of the mass flow, which is also different. It might be a tenth of a meter or
a few meters per second depending on the scale of a DH system. The difference is their
attention to only one factor of energy distribution, which is also mostly true for large DH
systems only. They study the transient behavior and the delay, which takes minutes to
hours and depends on the location of a consumer. It also does not necessarily reflect any
correlation, because heat demand depends not only on the time of day but also on the type
of day (weekend or weekday) and season.

To compare, Farouq et al. [21] detected more random behavior compared to its refer-
ence group, comprised mostly of residential buildings, and reasoned it to a malfunction or
inadequate setpoints for some control parameters at the target regulators. Synthetic heat de-
mand profiles are also useful for removing clearly visible errors—indistinct measurements
or apparently incorrect readings (utterly high or low values) [22].

Siuta-Olcha et al. [23] highlight the importance of operational data and discuss it in
comparison to actual heat consumption before and after the modernization of DH area
substations in Warsaw (Poland) from 1999 to 2002.

A deep reinforcement learning agent based on adaptive variables was compared with
an agent trained with more classic non-adaptive variables. The comparison was performed
by modeling the deployment of the two agents in four different scenarios. The issue is
that they all deal with theoretical inputs and assumptions such as DOT, the control point
temperature, the indoor temperature setpoint, and the constant occupancy schedule. Our
contribution to the pool of knowledge is an emphasis on operational data and results from
visual and technical inspections of existing buildings.

Another work about energy transfer stations and operational data is [24]. However,
the aim of Jangsten et al.’s [24] paper is to reveal reasons for high return temperature and
suggest potential solutions, augmented with an attempt to increase the knowledge about
the operation of DH substations.

To compare objects of a case study, analyzing Luc et al.’s [25] and Harney et al.’s [26]
papers was worthwhile. Luc et al. [25] study a new office building and conclude that
there is some period when the internal heat gains may alleviate the reduction in indoor
temperature. Unlike that study, Ivanko et al. [11] studied the SH heat use in a hotel and
concluded it to be different from the typical theoretical assumption. Harney et al. [26] draw
attention to residential buildings. A flat detailed in their paper belongs to the reference
dwelling described by the Irish Department of Housing, Planning, and Local Government,
as part of the public hearing for novel, tightened legislation on construction in Ireland.

The size of an accumulator is currently defined by analyzing the profiles for heat
generation and demand. Excessive generation is evaluated by assuming all the surplus
heat to be dumped into the building envelopes and all the difference to be covered by
an accumulator. However, this is not correct because infiltration and internal heat gains
are highly variable, not to mention the appliance of this method is limited at the design
stage since there is no operational data. Hence, the obtained results are representative and
principal since the model addresses these challenges and supports cutting off these peaks.
The novelty is in defining excessive generation as the point where the energy generated
exceeds the sum of the heat consumed and energy losses considering the heat gains.
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Since the demand-side phenomena become increasingly crucial, the energy perfor-
mance of the building envelope increases with every year of construction. To make our
paper clear in the description of the scientific novelty, in comparison to what has previously
been published in the literature on the same topic, the methodology is compared to the
closest papers—Sun et al. [8], Ren et al. [27], and Camci et al. [28].

2. Materials and Methods

Qin heat gain [W] (Adopted from SP 50.13330.2012 Thermal protection of buildings Sc.
and research institute of the construction physics of RAASN, Moscow, 2018),

Qin = qin·Ain, (1)

where Ain is an indoor area [m2], qin is the specific heat gain according to the list of gadgets,
machines, and equipment [W/m2]; for residential buildings, empirical formulae might be
applied 1

qin = 17 − (Ain/N − 20)·7/25, (2)

where N is the number of inhabitants.
The amount of heat released from radiators to keep infiltrating air warm is [W], 1

Qinf = 0.28·Ginf·ca·A·(tin − tout
d)·k, (3)

where Ginf is the amount of air infiltrating [kg/(hm2)], ca is the specific heat capacity of air;
ca = 1.006 kJ/(kg·◦C), k is the adjusting factor, set to:

• 0.7 for triple-glazed doors (both main and emergency) and windows.
• 0.8 for double-glazed doors (both main and emergency) and windows.
• 1 for other doors (both main and emergency) and windows.

The amount of air infiltrating [kg/(hm2)] is as follows: 1

• for windows,

Ginf = (1/Rinf.wind)·(∆P/∆Po)2/3, (4)

• for doors,

Ginf = (1/Rinf.door)·(∆P/∆Po)1/2, (5)

where Rinf.wind is the specific infiltration rate of a window for a design pressure difference
of 10 Pa [hm2/kg], typically input according to the manufacturer’s information, Rinf.door is
the specific infiltration rate of a door (both main and emergency) [hm2/kg], set to:

• 0.85 for triple doors and two airlocks between and for double doors, if an air door
(curtain) is installed 1,

• 0.7 for double doors and one airlock between 1,
• 0.47 for residential buildings and revolving doors, if an air door (curtain) is installed 1,
• 0.16 for four-wing revolving door 1,
• 0.14 for three-wing revolving doors 1,
• 0.07 for a single (incl. balcony) door 1.

∆P is the pressure difference for a specific location and terrain [Pa];
∆Po is the design pressure difference, set to 10 Pa.
To ensure a more accurate assessment of energy consumption, a method should be

able to predict the heat demand affected by air pressure distribution, 1

Qvent = 0.28·Lvent·ρin·ca·(tin − tout
d), (6)

where Lvent is the ventilation flow rate [m3/h], ρin is the specific air density of indoor
air [kg/m3].
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The temperature of air coming out of a vent [◦C] is typically defined as 1

tcom = tin + (Qenv − Qin)/(Lvent·ρin·ca). (7)

All the calculations of heat demand and temperature profiles were performed by
Temper-3d© (6.14.01, Russia, Omsk) software.

3. Results and Discussion

Figure 1 indicates the temperature profiles of window and balcony doors resulting in
additional heat consumption during the coldest period of the year.
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Figure 1. Temperature profiles and visual imagery: (a,b) actual, (c) modeled as traditional. The tem-
perature profiles are even and smooth and all the borders between temperature zones are represented
by straight lines; (d) simulated setting of actual temperatures as boundary conditions and applying
β-factor for a door.

For the same boundary conditions and the same structural construction, Figure 1
shows the distribution of indoor temperature according to the novel methodology that
also includes an increased heat demand compared to the reference scenario. Around 10%
of heat (excessive amount of energy above the design threshold) is lost according to this
calculation. In the case of an old building used for commercial purposes, it is covered by
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an even higher heat demand increase (up to 20%) between 7 a.m. and 5 p.m. Otherwise,
the drop in indoor temperature is expected at 17:00, which corresponds to the reduction
in internal heat gains in office buildings and the same energy consumption at that time.
Secondly, the approach based on adjusted variables (Rinf.door and k) was only able to indicate
the variation of temperature fields closer to the thermography. Temper software also adapts
to the change in indoor temperature requirements, maintaining more accurate boundary
conditions within the zone, despite any learning that goes on during static deployment. For
instance, Figure 1d shows the surface temperature of 19.9 ◦C rather than 4.9 ◦C in Figure 1c.

The next step of the methodology is to study the edges of the wall and ceiling with
different temperatures, as displayed in Figure 2.
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Temper-3d© simulation and linear temperature model applied to a typical window (c).

To enhance the thermal performance of worn-out structures and consequently decrease
energy consumption, the integration of the actual temperature distribution of inner surface
wallboards or furniture elements is a promising decision. In the present research, taking
the contents of the apartment into account may increase the U-factor by 1.56 and 1.17 times
in the cases of low-insulation and high-insulation light-structure houses, respectively.

As mentioned above, the performance of the envelopes is the key factor defining
the heat demand of a building. When R is fixed at 3.15 or 0.54 m2 ◦C/W with β set to
0.1 or 0.05, the effected heat consumption is up to 444 W, which is purely according to
the characteristics described in Figure 2. The average error is found then to be in the
range of 5%, with some values above, indicating that the suggested methodology is more
correct when assessing heat demand. In response to the increasing factors of insolation and
internal heat gains to 51 W/m3 and 68 W/m3, respectively, the prediction errors for the
linear temperature model increase. Correcting a traditional approach when designing a
building may minimize the peak energy consumption by 23.3% and increase the annual
performance by up to 14.1%.

To compare, Ren et al. [27] assume a specific heat transfer of 34 W/m3 with a U-value
below 0.063; the maximum error is then 20%, which is much lower compared to those
presented here. This results in a 5% or less discrepancy, indicating that their model has a
low error when forecasting indoor temperature. According to Johra et al. [29], furniture
with advanced analysis could increase the heat demand by up to 87 and 30% in the cases
of low-insulation and high-insulation light-structure houses, respectively. Ren et al. [27]
conclude when setting heat transfer to 51 and 68 W/m3, the prediction errors for a linear
model increase.

Table 1 indicates that the heat demand is much lower before adopting factors for
thermal inertia, and the variation is also large for different offices, with a total difference of
6952.6 and an average of 54.7 W.
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Table 1. The adjustment factors and heat consumption corresponding to different zones. There is one main entrance and several emergency exits on the ground- and
first floors, in addition to fire escapes on the second, third, and fourth floors. Walls adjacent to the indoor spaces with colder design indoor temperature (e.g., a
staircase or a vestibule) contributing to overall heat losses are titled ‘internal partitions’.

# Office (Zone)

Target
Indoor

Temperature
[◦C]

Properties of Envelopes
R-Value
[m2K/W] tin

d − tout
d

Design
Heat

Demand
[W]

Corrections Adjusted
Heat

Demand
[W]

Total Heat
Demand

[W]

Wall Title
(According to the

Blueprints)
Orientation

Adjustment
Factor β

Adjustment
Factor k

Overall
Correction

(1 + Σβ)

1 Tool shop

16 Internal partition #1 2.1 53 2862 0 n/a 1.0 2862

6325

16 Internal partition #2 4.3 53 1361 0 n/a 1.0 1361

16 Internal partition #3 8.6 53 724 0 n/a 1.0 724

16 Internal partition #4 14.2 53 676 0 n/a 1.0 676

16 Window NE 0.54 53 424 0.1 0.8 1.1 466.6

16 Door SW 0.54 53 235 0 1 1.0 235

2

Storage room
for household

chemical goods.
garage

16 Internal partition #1 2.1 53 3408 0 n/a 1.0 3408

7835

16 Internal partition #2 4.3 53 1935 0 n/a 1.0 1935

16 Internal partition #3 8.6 53 876 0 n/a 1.0 876

16 Internal partition #4 14.2 53 814 0 n/a 1.0 814

16 Window NE 0.54 53 494 0.1 0.8 1.1 544

16 Door NW 0.54 53 235 0.1 1 1.1 258

13 Office
20 Load-bearing wall SW 3.15 57 235 0 n/a 1.0 235

708
20 Load-bearing wall NW 3.15 57 430 0.1 n/a 1.1 473
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Table 1. Cont.

# Office (Zone)

Target
Indoor

Temperature
[◦C]

Properties of Envelopes
R-Value
[m2K/W] tin

d − tout
d

Design
Heat

Demand
[W]

Corrections Adjusted
Heat

Demand
[W]

Total Heat
Demand

[W]

Wall Title
(According to the

Blueprints)
Orientation

Adjustment
Factor β

Adjustment
Factor k

Overall
Correction

(1 + Σβ)

12 Exhibition hall

20 Load-bearing wall SW 3.15 57 860 0 n/a 1.0 860

8569

20 Window SW 0.54 57 912 −0.1 0.8 0.9 821

20 Window SW 0.54 57 912 −0.1 0.8 0.9 821

20 Load-bearing wall SE 3.15 57 664 −0.05 n/a 0.95 632

20 Window SE 0.54 57 1158 −0.05 0.8 0.95 1103

20 Load-bearing wall NW 3.15 57 704 0.1 n/a 1.1 774

20 Door NE 0.54 57 456 0.1 1 1.1 502

20 Load-bearing wall NE 3.15 57 521 0.1 n/a 1.1 573

20 Window NE 0.54 57 336 0.1 0.8 1.1 370

20 Load-bearing wall NE 3.15 57 391 0.1 n/a 1.1 430

20 Door NW 0.54 57 456 0.1 1 1.1 502

20 Window SW 0.54 57 912 −0.1 0.8 0.9 821

Staircase/
Vestibule

16 Load-bearing wall SW 3.15 53 182 −0.1 n/a 0.9 164

1102
16 Load-bearing wall NW 3.15 53 448 0.1 n/a 1.1 493

16 Load-bearing wall NE 3.15 53 182 0.1 + 0.27 × 3.6 n/a 2.072 377

16 Door NE 0.54 53 206 0.1 1 1.1 227

2 Vestibule

20 Load-bearing wall SW 3.15 57 278 0 n/a 1.0 278

93620 Door SW 0.54 57 329 −0.1 1 0.9 296

20 Door SW 0.54 57 329 −0.1 1 0.9 296
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Table 1. Cont.

# Office (Zone)

Target
Indoor

Temperature
[◦C]

Properties of Envelopes
R-Value
[m2K/W] tin

d − tout
d

Design
Heat

Demand
[W]

Corrections Adjusted
Heat

Demand
[W]

Total Heat
Demand

[W]

Wall Title
(According to the

Blueprints)
Orientation

Adjustment
Factor β

Adjustment
Factor k

Overall
Correction

(1 + Σβ)

3 Office

20 Window NE 0.54 57 1900 0.1 0.8 1.1 2090

4720

20 Window SE 0.54 57 1900 −0.05 0.8 0.95 1805

20 Internal partition #1 2.1 57 543 0 n/a 1.0 543

20 Internal partition #2 4.3 57 90 0 n/a 1.0 90

20 Internal partition #3 8.6 57 2 0 n/a 1.0 2

Staircase

16 Load-bearing wall NW 3.15 57 418 0.1 n/a 1.1 460

1334
16 Load-bearing wall NE 3.15 57 300 0.1 n/a 1.1 330

16 Load-bearing wall SW 3.15 57 300 0 n/a 1.0 300

16 Door NW 0.54 57 222 0.1 1 1.1 244

4 Exhibition hall

20 Load-bearing wall NW 3.15 57 391 0.1 n/a 1.1 430

17,294

20 Load-bearing wall SW 3.15 57 521 0 n/a 1.0 521

20 Window SW 0.54 57 897 0 0.8 1.0 897

20 Window SE 0.54 57 7600 0.05 0.8 1.05 7980

20 Load-bearing wall NE 3.15 57 1368 0.1 n/a 1.1 1505

20 Door NE 0.54 57 329 0.1 1 1.1 362

20 Window NE 0.54 57 1368 0.1 0.8 1.1 1505

20 Load-bearing wall NW 3.15 57 782 0.1 n/a 1.1 860

20 Window NW 0.54 57 684 0.1 0.8 1.1 752

20 Door NW 0.54 57 456 0.1 1 1.1 502

20 Internal partition #1 2.1 57 1357 0 n/a 1.0 1357

20 Internal partition #2 4.3 57 504 0 n/a 1.0 504

20 Internal partition #3 8.6 57 119 0 n/a 1.0 119
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Table 1. Cont.

# Office (Zone)

Target
Indoor

Temperature
[◦C]

Properties of Envelopes
R-Value
[m2K/W] tin

d − tout
d

Design
Heat

Demand
[W]

Corrections Adjusted
Heat

Demand
[W]

Total Heat
Demand

[W]

Wall Title
(According to the

Blueprints)
Orientation

Adjustment
Factor β

Adjustment
Factor k

Overall
Correction

(1 + Σβ)

12 Office

20 Window SW 0.54 57 8312 0 0.8 1.0 8312

16,82220 Window NW 0.54 57 3958 0.1 0.8 1.1 4354

20 Window SE 0.54 57 3958 0.05 0.8 1.05 4156

Staircase

16 Load-bearing wall NE 3.15 53 379 0.1 n/a 1.1 417

1955

16 Window NE 0.54 53 368 0.1 0.8 1.1 405

16 Load-bearing wall SW 3.15 53 561 0.05 n/a 1.05 589

16 Load-bearing wall NW 3.15 53 126 0.1 n/a 1.1 139

16 Window NW 0.54 53 368 0.1 0.8 1.1 405

6 Hallway

20 Load-bearing wall NW 3.15 57 426 0.1 n/a 1.1 469

2001

20 Door NW 0.54 57 259 0.1 1 1.1 285

20 Load-bearing wall NW 3.15 57 122 0.1 n/a 1.1 134

20 Load-bearing wall NW 3.15 57 122 0.1 n/a 1.1 134

20 Load-bearing wall NE 3.15 57 277 0.1 n/a 1.1 305

20 Window NE 0.54 57 285 0.1 0.8 1.1 314

20 Load-bearing wall SE 3.15 57 144 0.05 n/a 1.05 151

20 Window NW 0.54 57 190 0.1 0.8 1.1 209

11 Office 20 Window SW 0.54 57 2375 0 0.8 1.0 2375 2375

19 Office

20 Load-bearing wall NE 3.15 57 271 0.1 n/a 1.1 298

1164
20 Window NE 0.54 57 190 0.1 0.8 1.1 209

20 Load-bearing wall NW 3.15 57 407 0.1 n/a 1.1 448

20 Window NW 0.54 57 190 0.1 0.8 1.1 209

1 Office
20 Load-bearing wall NW 3.15 57 407 0.1 n/a 1.1 448

657
20 Window NW 0.54 57 190 0.1 0.8 1.1 209
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Table 1. Cont.

# Office (Zone)

Target
Indoor

Temperature
[◦C]

Properties of Envelopes
R-Value
[m2K/W] tin

d − tout
d

Design
Heat

Demand
[W]

Corrections Adjusted
Heat

Demand
[W]

Total Heat
Demand

[W]

Wall Title
(According to the

Blueprints)
Orientation

Adjustment
Factor β

Adjustment
Factor k

Overall
Correction

(1 + Σβ)

2.3 Office
20 Load-bearing wall NE 3.15 57 814 0.1 n/a 1.1 895

1731
20 Window NE 0.54 57 760 0.1 0.8 1.1 836

4 Office

20 Load-bearing wall NE 3.15 57 339 0.1 n/a 1.1 373

2224
20 Load-bearing wall NE 3.15 57 611 0.1 n/a 1.1 672

20 Load-bearing wall SE 3.15 57 407 0.05 n/a 1.05 427

20 Window NE 0.54 57 684 0.1 0.8 1.1 752

5 Office 20 Window SE 0.54 57 2375 0.05 0.8 1.05 2494 2494

10 Office
20 Window SE 0.54 57 4750 0.05 0.8 1.05 4988

8155
20 Window SW 0.54 57 3167 0 0.8 1.0 3167

14 Office
20 Load-bearing wall NW 3.15 57 407 0.1 n/a 1.1 448

646
20 Window NW 0.54 57 180 0.1 0.8 1.1 198

20 Office

20 Load-bearing wall NW 3.15 57 407 0.1 n/a 1.1 448

3976
20 Load-bearing wall SW 3.15 57 204 0 n/a 1.0 204

20 Window NW 0.54 57 1583 0.1 0.8 1.1 1741

20 Window SW 0.54 57 1583 0 0.8 1.0 1583

14 Office

20 Window NW 0.54 57 3132 0.1 0.8 1.1 3445

12,754

20 Window SW 0.54 57 3132 0 0.8 1.0 3132

20 Window SE 0.54 57 3569 0.05 0.8 1.05 3748

20 Window NE 0.54 57 1821 0.1 0.8 1.1 2003

20 Internal partition 4.18 57 426 0 n/a 1.0 426

5 Office

20 Window NE 0.54 57 2404 0.1 0.8 1.1 2644

634120 Window NW 0.54 57 3205 0.1 0.8 1.1 3526

20 Door NW 0.54 57 155 0.1 1 1.1 171
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Table 1. Cont.

# Office (Zone)

Target
Indoor

Temperature
[◦C]

Properties of Envelopes
R-Value
[m2K/W] tin

d − tout
d

Design
Heat

Demand
[W]

Corrections Adjusted
Heat

Demand
[W]

Total Heat
Demand

[W]

Wall Title
(According to the

Blueprints)
Orientation

Adjustment
Factor β

Adjustment
Factor k

Overall
Correction

(1 + Σβ)

1 Security room 20 Window NW 0.54 57 874 0.1 0.8 1.1 961 961

13 Hallway

20 Window NW 0.54 57 947 0.1 0.8 1.1 1042

137620 Door SE 0.54 57 222 0.05 1 1.05 233

20 Window SW 0.54 57 101 0 0.8 1.0 101

9 Lounge
20 Window SE 0.54 57 3350 0.05 0.8 1.05 3518

4975
20 Window SW 0.54 57 1457 0 0.8 1.0 1457

6 Exhibition hall
20 Window NE 0.54 57 4443 0.1 0.8 1.1 4887

6990
20 Window SE 0.54 57 2003 0.05 0.8 1.05 2103

Vestibule 20 Window SW 0.54 57 2185 0 0.8 1.0 2185 2185

7 Vestibule 18 Window SE 0.54 55 422 0 0.8 1.0 422 422

3 Vestibule 18 Window NW 0.54 55 351 0.1 0.8 1.1 386 386

15 Vestibule 18 Window SW 0.54 55 351 0 0.8 1.0 351 351

2 Principal’s
office

20 Window SW 0.54 57 1710 0 0.8 1.0 1710

456920 Internal partition 4.18 57 246 0 n/a 1.0 246

20 Window NW 0.54 57 2375 0.1 0.8 1.1 2613

1 Reception

20 Internal partition 4.18 57 246 0 n/a 1.0 246

456520 Window NE 0.54 57 1786 0.1 0.8 1.1 1965

20 Window ЮB 0.54 57 2242 0.05 0.8 1.05 2354

4 Bathroom 20 Window NE 0.54 57 456 0.1 0.8 1.1 502 502

3 Lounge area
20 Window NE 0.54 57 1425 0.1 0.8 1.1 1568

2509
20 Window NW 0.54 57 855 0.1 0.8 1.1 941
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When assessing a big mall, an office building, or an ice-skating rink with multiple
doors, the difference is expected to be much larger. After adopting the suggested method-
ology, the standard deviation is 1404.1 W, the variation amplitude for each space is small,
with a maximum value of 2.072, a minimum value of 1.05, and an average of 1.07. Thus,
compared with the traditional approach, the new one may ensure better indoor comfort.
At the same time, it decreases energy consumption for the operation of the DH network.
Currently, the heat demands of the closest rooms to the windows oriented to the south
do not result in 26 ◦C, while the heat demands of the other spaces are still mostly affected
by the internal heat gains due to the consumers’ behavior (previously obtained when the
consumption was still detected).

Therefore, an additional study at a residential building has been performed to quantify
the contribution of the faulty components of a SH system or additional heaters in the
creation of the peaks of return temperature; the results are shown in Figure 3.
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Figure 3. A radiator of a SH system: (a,b), an old one, which is not even hot; (c,d), the same conditions
and the same location but another room where a new radiator was installed. Note that although the
maximum temperature is only 2.8 ◦C higher, it is the same for the whole radiator surface.

This results in lowering the temperature difference between the supply and return
lines, which is an average of 16.5 ◦C. Hence, a larger amount of hot water inflows, although
less heat per radiator is absorbed, much lower than regulated by the DH design guidelines
to ensure 25 ◦C. This keeps the secondary return temperature high, consequently increasing
the return temperature for a DH plant receiving return water from such a substation. This
trend has been recorded in 31% of the inspected buildings. This results in the overheating
of some spaces, the lowering of the indoor temperature (from the design one) in others,
and also goes hand in hand with poor hydronic balancing being either a reason or a
consequence. Even once a SH system is perfectly balanced, the return temperature after
the substation may be still higher by 10–15%, and to address this issue, modernizing a
substation is required. This could be also reasoned by consumers who install additional
radiators to their SH systems to ensure comfort considerations. The issues reported by
Kristensen et al. [4], such as ensuring warm feet on tiled bathroom floors by ordinary SH
systems instead of maintaining the overall indoor temperature, are difficult to encounter in
Russian cities such as Omsk or Krasnoyarsk.



Sustainability 2023, 15, 14908 17 of 19

To compare, Jangsten et al. [24] detected a trend of running at higher return tem-
perature with an error of more than 1–2 ◦C, which is prescribed by the district cooling
design guidelines. This behavior has been detected in 59% of the inspected buildings. The
same was detected by Luc et al. [25], with the influence of internal heat gains also being
visible for both new and old commercial buildings, where the temperature starts to increase
after beginning a working day when the internal heat gains intensify. When looking at
the graphs with the daily resolution, the same trend can be justified by considering the
shortages of heat delivery due to the supply temperature being limited to 118 ◦C instead
of the design upper threshold of 150 ◦C [30]. During these periods, the deviations are the
largest ones (about 10–20 ◦C), while there is a threshold of outdoor temperature when the
correct profile is achieved (about −15 ◦C). Thus, at −15 ◦C and above, no additional energy
consumption is recorded. Once again, compared with Luc et al. [25], the increase in indoor
temperature is caused by consumer’s changes in the SH system such as changing radiators,
installing or demounting electronic devices, and heat gains coming from electric heaters
rather than from electronic device use and from occupants.

4. Conclusions

Newer buildings have a lower but smoother profile of indoor temperature, whereas in
older buildings, the indoor temperature might be unreasonably high, being 25–30 ◦C. The
methodology suggests correction factors to enable a more thorough technical and economic
review of a DH system. A better understanding of the system operation constitutes a
necessary step in the process of switching to the 4GDH. An ordinary design approach
results in the maximum possible demand of 299.7 kW. We suggest dumping heat with an
indoor temperature of 20–25 ◦C by using the storage capacity of building envelopes, with
no peak units (e.g., a heat pump) at all. Correcting a traditional approach when designing
a building may minimize the energy consumption to 262.9 kW and increase the annual
performance by up to 14.1%. The expected operation of both optimal designs (with the
condition of optimal management of the substation) was analyzed with the help of the
thermograms and modeling software. This means that the substation is assumed to be
managed perfectly in line with design conditions, with no faulty equipment or any other
operational issues such as increasing return temperature.

As suggested by the literature review, all the data-driven approaches agree on further
tightening regulations of energy performance and a step-by-step conversion to 4GDH.
Eventually, huge advantages may be achieved by the modernization of a conventional
controller at a DH substation before two other primary steps (installing TES and running
in low-temperature mode). The reductions in the thermal peak resulting from a new type
of controller adjustment (for instance, discrete) compared to the traditional operation range
from roughly 10 to 30%, respectively. This methodology simplifies all the implementations,
accelerating the transition of district energy systems to new generations.
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