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Abstract

A prosumer with an integrated heat source and load can produce and consume heat with
respect to the heat network; thus, carrying out bidirectional heat flow. For this thesis, heat
transfer to and from the network is performed by the means of the heat exchanger, which
every prosumer is equipped with. The water flow in the network is non-directional, mean-
ing that it could change the direction depending on the operating mode of prosumers. It
was revealed that two major challenges were restricting energy and medium flow in the net-
work: the exergy losses of the heat exchanger and the flow blocking caused by excessive
pressure difference. A computer model written in the Modelica language and simulations
performed in the Dassault Systemes Dymola environment were used to investigate the ther-
mohydraulic performance of three prosumers consolidated in the network. A stable heat flow
with respect to the network following the reference value was the condition for an appropriate
control strategy. As a response to the major challenges, a control strategy was suggested
and tested. Heating curve switching and “suppression controller” are key elements of the
developed control strategy. The first mechanism utilizes a heating curve with a higher supply
temperature at the heat source for production to compensate for the exergy losses. The sec-
ond is only activated in the blocking state, and it suppresses the shaft velocity of the feed-in
pump that is producing excessive pressure. It is done by transmitting the velocity reduction
signal. The control strategy was tested with a discrete heat flow reference with respect to
the network under various scenarios. The capability of the control strategy to respond to
the challenges is then demonstrated. However, some of the transient processes cause an
undesired indoor air temperature drop and short-time heat flow rate overproduction in the
network. The origin of these transient states was investigated for the future improvement of
the control strategy.
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1. Introduction

Innovative prosumer-based heat networks allow deeper integration of renewable energy and
waste heat sources for the heat supply of cities while remaining to be a cost effective so-
lution. A conventional district heating system unites big generation centres and consumers
by means of a heat network. However, with the prosumer technology, customers can par-
ticipate in heat production and distribution as well. Potentially, together with energy sector
coupling, widespread use of this technology can have the same impact on energy systems
of cities as electricity generation from PV panels are promoted by a feed-in tariff policy in
Germany.

With the state-of-the-art technology, the role of district heating in the future of the Eu-
ropean energy system is evaluated, and the concept of prosumers, which is beyond the
state-of-the-art, is then introduced in section 1.1. The problem definition, goals and objec-
tives are explained in section 1.2 and in section 1.3. Section 1.4 describes applied scientific
method. Finally, section 1.5 gives an overview about related works from the literature.

1.1. Context

This section provides a context for the topic of the thesis. The role of district heating in
decarbonisation is examined in section 1.1.1, and a basic description of prosumers is given
in section 1.1.2.

1.1.1. Role of District Heating in Decarbonisation

The European Union has been showing an intention to mitigate climate change. The goal is
to cut greenhouse gas emissions by 80% by 2050 compared to 1990. This imposes serious
challenges on the European energy system, since it is the main source of emissions [6].
Moreover, sustainability, energy security (reduction in import dependency), competitiveness
are the other objectives of the EU energy policy [6].

Taking a closer look at the EU energy system from 2015 in fig. 1, heating and cooling
accounted for the half of the final energy demand distribution. In this share, space heating
was the most prominent end-use with a of share 27%.

The energy carriers that covered the final energy demand are given in fig. 2. Natural gas
with a share of 42% was the main energy carrier for heating. In total, fossil fuels accounted
for 66% of primary energy consumption share. This share mostly represented heat produc-
tion in on-site boilers. Renewable energy covered only 13% of the total demand.
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Figure 1: Final energy demand by end use in EU28 in 2015 [7]

The large share of the fossil fuel usage clearly demonstrates that transformations in the
heating sector are necessary to reach the ambitious objective of decarbonisation. Special
attention should be paid to space heating, which is the main application of heat in the end-
use.
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Figure 2: Primary energy consumption for heating in EU28 in 2015 [7]

Drastic decarbonisation in heating supply could be achieved by various measures e.g. intro-
duction of a high share of renewable energy sources, reduction in final energy demand (en-
ergy saving) or building carbon capture storages. The main trend in literature focuses on
electrification with extensive energy saving as the main technological change in the heating
sector [5]. However, Colony et al. [5] investigates the role of a district heating expansion.



District heating expansion is relevant because of sufficient demand in many European
cities (in 2014 approx. 73% of residents lived in cities, towns, and suburbs [11]). In 2015,
district heating covered only 12% of final energy demand in EU28 as mention in fig. 2 and
approx. 14% in Germany [7], so there was an unrealized opportunity for growth. In addition,
46% of waste heat and 31% of the heat demand is concentrated within densely populated
areas [16]; therefore, cities possess one more potential heat source that can be effectively
used in the heat network in the future.

The future district heating systems imply the substitution of individual fossil fuel boilers
with a connection to the heat network [5]. As a consequence, customers could receive heat
from local renewable and waste heat sources. Another trait of the future district heating
system is decentralisation. Construction of new relatively small combined heat and power
(CHP) plants will be required since heat production must be located near heat demand in
urban areas [5].

According to [5], the motivation for the district heating expansion is the following. The EU
energy system would be able to achieve the goal of greenhouse reduction with costs for
heating that are 15% lower than without the expansion. Additionally, the annual costs would
decrease by 7%. The estimations done in the research were based on contemporary heat
supply technology.

In conclusion, district heating expansion complements the transition to renewable energy
in a way that it connects consumers and renewable and waste heat sources in cities. This
is a cost-effective solution that can be implemented with the current state-of-the-art in heat
supply industry. Nevertheless, there is an opportunity to further integrate local heat sources
by means of, so-called, prosumers.

1.1.2. Prosumers

Prosumer is a neologism made of the words producer and consumer, showing that a pro-
sumer can produce and consume heat with respect to the heating network [2]. While remain-
ing to be a cost-effective solution, the introduction of a prosumers-based heat network can
promote district heating expansion, utilization of a higher share of renewables, and waste
heat.

For example, a building with solar thermal collectors could be a prosumer if it was con-
nected to the network. When heat supply surpasses the demand, the surplus could be fed
into the network and vice versa. Other examples of potential prosumers, according to Kauko
et al.[10], could be buildings with large chiller and refrigeration facilities, such as data cen-
ters, office buildings, or food retail stores. Such buildings may have a demand for heat at



low ambient temperature and surplus of heat at high ambient temperature.

The following benefits of prosumers were mentioned in [17]. Heat networks with pro-
sumers could be especially relevant for densely populated areas since they lack areas for
large solar thermal plants. Combining heat supply and feed-in in a customer’s substation
does not require to build additional connecting points to the district heat network. Moreover,
existing hydraulic components of heating substations could be utilized. Thus, the introduc-
tion of prosumers is cost-effective.

A prosumer can produce and consume heat with respect to the heat network; thus, car-
rying out bidirectional heat flow. For this thesis, heat transfer to and from the network is
performed by the means of the heat exchanger, which every prosumer is equipped with.
The water flow in the network is non-directional meaning that it could change the direc-
tion depending on the operating mode of prosumers. To emphasize the requirements that
prosumers impose, a comparison between conventional and prosumer-based networks is
made in table 1.

Table 1: Comparison between conventional and prosumer-based heat networks, adapted
from [3]

Conventional Prosumer-based

Unidirectional energy flow Bidirectional energy flow

Supply station transfers heat to the net- Some customers produce, the others con-
work. Customers receive heat from the net- sume heat with respect to the network. Af-
work. ter some time their roles can interchange.

Directional medium flow Non-directional medium flow

Heat carrier is circulated in the network Flow direction is not determiner by the net-
driven by pressure difference from the work, but rather is determined by the oper-
pumps installed at supply stations. Flow ation mode of a customer.

is directed from the production center to

consumers; hence, the flow direction is the

property of the network.

To sum up, the introduction of prosumers can have some benefits, but it requires radical
changes in heat networks.

1.2. Problem Definition

Operation of a heat network with a prosumer can affect both the heat network and an inner
system of the prosumers [2]. The impact on the network can impair its ability to transmit the



required heat flow rate.

A review of the available literature, which will be given in later in this chapter, revealed
that a control strategy was already suggested and tested for a prosumer; however, it was
applied under the condition that the rest of the network consisted of conventional consumers.
Therefore, a control strategy for the network that fully consists of prosumers has yet to be
developed.

1.3. Goals and Objectives

The framework of this thesis is an experimental set up in the facilities of the center for
Combined Smart Energy Systems (CoSES) at the Technical University of Munich.

The functional scheme of the prosumer substation in the CoSES center is given in fig. 3.
Bidirectional heat flow takes place in the heat exchanger. The non-directional heat network
is presented by "hot" and "cold" pipelines, where corresponding temperatures are sustained.
A control valve on the primary side is modulated in consumption mode, and a feed-in pump
is activated in production mode. Two pumps on the secondary side are production and con-
sumption pumps that guarantee counter current flow at the heat exchanger with a respective
mode of operation.

Brimary Side =TT “Secondaryside = T
! Heat network side i Heat exchanger |: ;
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Figure 3: Functional scheme of the prosumer substation in CoSES center [19]

The goal of the thesis is to derive a suitable control strategy to provide a stable heat
injection/extraction flow with respect to the network that consists of three prosumers.
The objectives of the thesis are:

1. Literature researching on the current state of a control strategy development for heat
networks with prosumers



2. Modelling of a prosumer and a prosumer-based heat network

3. Developing and modelling control strategy

4. Performing simulations and investigation of thermohydraulic behaviour of the prosumer-
based heat network

5. Identification of critical operation and control states

6. Investigating the potential of improvement for the control strategy

1.4. Method

Computer modelling and simulation of physical processes is the research method applied
in the thesis. A model written in the Modelica language and simulations performed in the
Dassault Systémes Dymola environment were used to investigate the thermohydraulic per-
formance. Fritzson [8] describes the Modelica language in the following paragraph.

Modelica has a major application in virtual prototyping of complex, multi-domain cyber-
physical systems, which mix physical system dynamics with software. Based on the visual
design of lego-like model building blocks, it is easy to use. Last, but not least, an open-
source and free environment OpenModelica is used in academic and industrial environ-
ments. Although Modelica has certain benefits from other programming environments, it is
not yet well-known.

The methodology of the thesis consists of the following steps.

1. Carrying out a preliminary analysis of the prosumer-based heat network to formulate
a hypothesis

2. Developing the prosumer and prosumer-based heat network models

3. Investigating thermohydraulic performance to confirm the hypothesis from the prelim-
inary analysis

4. Developing control mechanisms and their modelling

5. Validation and evaluating of control mechanisms to formulate consolidated control
strategy

6. Investigating thermohydraulic performance under various scenarios to reveal critical
operation and control states for the developed control strategy

1.5. Literature Review

Control strategy of an individual prosumer has strong impact on flow, pressure, and temper-
ature of the network [2]. In this context, it is necessary to dedicate the literature review to
both prosumer (see section 1.5.1) and heat network (see section 1.5.2) levels.



1.5.1. Control Strategy for a Prosumer

A control strategy for a prosumer was proposed by Rosemann et al.[17] The prosumer
included three fundamental components: a heat source, a heat sink, and a connection to
the network. The implementation of these fundamental components was the following.

» The heat source was a solar thermal system
» The heat sink was a consumer’s heat supply system — combined space heating and

domestic hot water supply
» Connection to the district heating network was made through a heat exchanger

The scheme of the prosumer is given in fig.4. The variable speed feed-in pump is re-
quired to overcome pressure difference and provide required mass flow rate in the network.
The control valve on the primary side sustains the necessary flow rate from the network.
The purpose of two supplementary valves is to guarantee counter flow with the respect to
the heat exchanger.
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Figure 4: Functional scheme of a prosumer from [17]

The prosumer has four operating modes that explain its basic functioning (see table 2).
Each mode is defined by heat flow from solar gain and the consumer’s heat demand, which,
in-turn, depends on the outdoor temperature.

A control mechanism of the feed-in pump has two differing tasks:



Table 2: Operating modes of the prosumer from [17]

Mode Description

Supply The demand is covered completely by the network

Combi-S The demand is covered by the internal heat source and the district heating
network

Feed-in  There is no demand from the consumer’s side. Heat flow from solar gain is fed
into the network

1. Overcoming the pressure difference of the heat network to generate mass flow rate
2. Controlling the feed-in supply temperature by varying the volume flow rate

A cascaded controller (see fig.5) was used to achieve both tasks. The set point for
the outer controller is given by a heating curve depending on the outdoor air temperature
i.e. Ty, .. = [(Yo). The outer controller finds a solution for the equation eq. (1) by adjust-

ing the volume flow set point V"% of the inner controller. The inner controller compensates
any changes of the pressure difference in the network, which act as a disturbance.

pri _ QSTS

pri
hot, set — Vp?“i oc + Tcold (1)
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where Qgrg is the reference heat flow rate with respect to the network.
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Figure 5: Cascade closed-loop controller of the feed-in pump [17]

The control strategy applied by Rosemann et al. was developed under the condition that
the rest of the heat network consisted of conventional consumers.
1.5.2. Influence of Prosumers on Heat Network

In order to identify critical operation and control states influenced by a prosumer in the
network, the following literature sources were found.



Heymann et al. [9] and Paulick et al.[15], identified crucial operating stages of decentral-
ized feed-in substations from solar thermal collectors into a heat network. It was observed
that when heat demand connected downstream lags feed-in output, a reversal of the flow
direction upstream occurs. A border between two opposite mass flow rates was called the
supply frontier [9]. In this region mass flow rate along supply and return lines is nearly zero.
This effect was independent of network topology.

The same effect as supply frontier, but in terms of differential pressure, as was men-
tioned by [2]. After a certain threshold of injected heat flow rate, a prosumer creates its own
pressure cone'. When a feed-in pump generates corresponding the mass flow rate that cor-
responds to the critical heat flow, the pressure difference in customers’ proximity increases.
Potentially, if a heat flow keeps on increasing, oncoming end of the pressure cone can even
suppress the central producer or other decentralized heat generators [20]. Under normal
operation, no pressure cone is created, and the network follows a pressure cone created
by a centralized heat source. As a result, differential pressure gradually decreases from the
source to the most distant point of the network.

A control mechanism of the main circulating pump typically utilizes differential pressure
as a measured variable. The measurement of the pressure can be performed directly at the
source or at some point in the network, usually, the most distant one. When the latter is
performed, and a prosumer influences the pressure at this point. Thus, the main circulating
pump decreases differential pressure at the source to keep to the reference. This has a
negative effect on the areas of the network that are not reached by prosumers: differential
pressure in these nodes also decreases [2].

Water stops in the supply frontier and cools down due to thermal losses in the network.
There is no pressure gradient along the supply and return line in a network between con-
sumers, but the pressure difference between supply and return pipelines is present. Supply
frontier is not a static point in the network, but a movable one depending on the performance
of feed-in’s pump or pumps interaction in a particular network. When pressure conditions
change, cool water volume in supply frontier starts to move along the network.

Finally, another problem was noticed in the pilot projects. Pump-to-pump interactions be-
tween prosumers might cause pressure and mass flow oscillations [20]. The problem is es-
pecially prominent when the prosumer with a larger feed-in pump affects another prosumer
with smaller feed-in pump.

'Pressure cone represent pressure in supply and return lines along pipelines and can be used to indicate
pressure difference



2. Fundamentals

This chapter presents essential background on hydronic heating systems mainly focusing
on components of the prosumer given in section 1.3.

Governing equations of fluid dynamics are given in section 2.1, heat exchanger thermal
analysis is presented in section 2.2, fundamentals for control valves and circulating water
pumps are summarized in section 2.3 and section 2.4. 'Flow — head’ diagram analysis for
determining flow conditions in the network is described in section 2.7

In addition, a short introduction on heating load and heat supply are given in section 2.5
and section 2.6. At the end of this chapter some insights on modelling and simulation within
the Modelica language are given in section 2.8.

2.1. Governing Equations of Fluid Dynamics

Dynamic modelling of a hydronic heating system, and especially a heat network requires at
least a basic understanding of fluid dynamics. Three equations: material balance, momen-
tum and energy equations describe the physics behind the liquid flow in hydronic systems.

For most applications in district heating, the heat carrier is water, and it can be considered
incompressible i.e. p = const. The resulting material balance for every hydronic component
is then simply:

0= mm - mout (2)

Obviously, the one-dimensional flow was enough for consideration since the thesis fo-
cuses on the overall hydro- thermodynamic behaviour. Under this assumption, the momen-
tum equation of a finite liquid volume can be written as:

P\ot T dr ) T " or M\ 22 ps

where ¢ is time; x is spatial coordinate; v is mean velocity; p is mean pressure; p is mean
density; u is kinematic viscosity.

The term s in eq. (3) represents acceleration due to body forces. The body forces acting
on the liquid volume are:

» Gravity. Gravity does not act along the x-axis, but when a single pipe undergoes
elevation, the gravitational term can be formulated as:

dz
Sg = g@ (4)

10



Here, z is the elevation above the horizon.
« Friction. Friction can be expressed as a body source:

5f= —%v!vl (fpS+0) (5)

Fanning friction factor fp depends on relative roughness of the pipe and Reynolds
number: fp = f (5, Re). Fanning factor can be found in the literature depending on
a specific task. Here ¢ is absolute roughness, S is the circumference of a pipe, and
( is local loss coefficient.

Heat networks are characterized by turbulent flow region [4]. This means that the flow can
be considered as inviscid where net viscous forces in eq. (3) are negligible i.e. (%) ~ 0,
and the final version of the differential equation for momentum is obtained as:

v ov? Op
P(aﬁdx)—‘ax*’” ©

The general form of the energy equation for a finite liquid volume is:

ou ov (u+ %) dp 92T .
E‘FT —’U@—F’UpSf—ka‘FQ (7)

where u is specific internal energy; k is thermal diffusivity; @ is the source term that repre-
sents heat inflow or outflow to the liquid volume.

It is worth mentioning, that eq. (7) describes the effect of outlet temperature growth when
the volume of the pipe is filled with liquid that temperature is different from the inlet.

2.2. Heat Exchangers

For the set up, a heat exchanger is responsible for bidirectional heat flow. The basic equa-
tions that describe its performance are given in this section. Exemplary flow scheme of the
heat exchanger is shown in fig. 6.

The energy balance for primary and secondary side [1]:

dUpri

dt
dUSeC . .
= (T — i)+ Q

The terms on the left side demonstrate the change in internal energy with time:

= T =T + Q
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dU  dT,y < 1
= My Cp + 9

I d —MHEXCp, HEX) (9)

where m,, is the mass of water volume; m gy g x is mass of the heat exchanger without water;
cp, HEX 18 specific heat capacity of heat exchanger material.

m mm The heat transfer rate ) can be calcu-
" o lated as following:
secondary .
Q = hAATLyTD (10)
primary
_ ‘_ where Atrarp is logarithmic mean tem-
‘I’)“} ?ﬂ_ perature difference (LMTD); h is overall
l,ilpn thpr

heat transfer coefficient, and A is heat
Figure 6: Heat exchanger flows scheme transfer area.

The counter flow arrangement was al-
ways applied in the considered prosumer set up. With this arrangement, LMTD for counter
current flow is:

ATy — ATy

in (ATl/ATQ) (11)

ATryrp =

where ATl = Thot7 n T’cold7 out and ATQ = Thot7 out — T’cold7 in-

The problem with using eq. (10) and eq. (11) is that the temperature at minimum three
nozzles must be known. However, for a prosumer, only two temperatures are known: inlet
temperature on the secondary side and inlet temperature on the primary side. To avoid the
problem, NTU-effectiveness (NTU-¢) method can be applied.

In NTU-e method, heat transfer rate is expressed as:
Q =€ Cmm (Thot,in - Tcold, m) (12)

where ¢ is the effectiveness; C,,.;,, is the smaller heat capacity rate.
For a counter-flow arrangement, the effectiveness is:

1 — e~ NTU(1-R)

€T 1 Re-NTU(I-R) (13)

The variables in eq. (13) are clarified below.
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Number of transfer units NT'U is given by:

hA
NTU = 14
Heat capacity rate ratio R is calculated as:
R— Cmin _ 'r.r.Lma:ECp7 max (15)
Cmaz MminCp, min

where 11,4, i bigger mass flow rate; 1, is smaller mass flow rate; cp, maz @and ¢, min
are specific heat capacities for the flows.
With R = 1, the effectiveness is:

NTU

STI1FNTU

2.3. Control Valves

A regulating or control valve is another essential element of the set up. It regulates the
flow rate coming from the heat network to fulfil heat demand in consumption mode of the
prosumer. The flow properties of regulating valves are summarized in this subsection.

The volumetric flow rate through the valve can

|t~ be determined as:

/
” V=k,. 2P (17)
/ P/ po

_HJ
=}
Pen
]
]

o
“ g0 2 /J 2y 7
2 50 / 5 =7 where K, is flow coefficient; Ap is the pressure
40 { %q?/ loss at the valve; p is actual density of water flow;
30 Q&’ po is water density at 20 °C.
20 / v Depending on the characteristic curve, the
" = flow rate is changed with the valve’s opening in
O 10 20 30 40 50 60 70 80 90 100 a different way (see fig. 7). A control valve used

Valve Lift, %

in the set up has an equal percentage character-
Figure 7: Typical = characteristic curves jstic curve. For this curve, the following relation
of control valves (source:

could determine the actual flow coefficient [14]:
www.flowserve.com)

K’L}S — eC(Op/Opnom_l) (1 8)

Kvs, nom

where K, nom is nominal flow coefficient; op is actual opening; op,.n is nominal opening.
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Parameter c is calculated as [14]:
c=InR,

where R, is the regulating ratio.

Result from eq. (18) does not show the minimal leakage value from the valve’s data sheet
when the valve is fully closed [14]. A polynomial function is required to fully describe the
dependency of flow coefficient on the valve’s opening for an equal percentage characteristic
instead of eq. (18).

2.4. Circulating Water Pumps and Affinity Laws

A pump generates pressure difference to move water, which acts as a heat carrier, in a
hydronic system. An overview of the main properties of circulating water pumps is provided
in this subsection.

The performance of a pump is defined by em-
pirical characteristic curves. The most important

one is known as a volume flow — head curve. It
HPL’MPI

— describes the pressure generated by a pump as
§ a function of the volume flow rate.

Hyp* n, It is common practise to use the head, 'me-

ters of water column’ (mWC), as a measure for

P n, the pressure generated by a pump. The ratio

/\ n, between Pascals and mWec is:
N
p
Pk =2
/mz_\n n, ryg

1
/—\n2

A general view of a pump characteristic dia-

V[m'h]  gram is given in fig.8. A first group of curves
Figure 8: Pump characteristics determines the characteristic of the pump under

nominal shaft velocity n;. Among them are a
curve Hpyrp1 that determines the head of the pump, a curve Ppyjrp1 that represents

electric power consumption, and n — efficiency.

Pumps in the set up are equipped with variable frequency drive (VFD) to vary shaft speed.
The affinity laws allow prediction of the pump characteristics depending on the speed. They
are given by the following equations:

14



H _ <”1>2 (19)
Hy n2
Py n\°
n ()
where index 1 corresponds to nominal rotational speed, and index 2 for lower rotational
speed.
The effect of speed reduction is also shown in fig. 8: Hy;,,py @and Py, py are the head

characteristic and electric power consumption for slower velocity ns.
The energy balance of the pump as a control volume can be written as:

dU in ou T
— =m <<Uz'n + p) - <Uout + 2 t)) + Wflow (20)
dt p p

where U is internal energy of the water volume inside a pump; 7 is mass flow rate generated

by a pump; u;, and u.,: are inlet and outlet specific internal energy, which determines
temperature of the flow; p;,, and p,,; are inlet and outlet pressures; Wflow is flow power.

2.5. Heating Load and Heat Supply of Buildings

Heating load varies with weather. In order to sustain comfortable indoor air temperature, a
heating system must counteract these variations.
For every type of hydronic device that is used for space heating, the heat flow rate can be

expressed as [18]:
Tin — Vi
1 1
AT 2

.1
mep
where T;, is inlet water temperature; 1J; is the room’s air temperature; h — overall heat
transfer coefficient for the heater; A is the heat transfer area of the heater; i — mass flow
rate through the heater.

As a rule, design heating load Ql,d for a building is known. This value is determined for
design outdoor and indoor air temperature, which are 9, 4 and ¥; 4. They are prescribed by
building codes and regulations. In the thesis, ¥, 4 = —16 °C and ¥; 4 = 23 °C is taken.

The main influence on actual heating load Q); has outdoor air temperature J,. Thus, the
actual heating load can be determined as:

Q= Q1aQ (22)
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Here Q is relative heating load that can be calculated as:

¥ —

©= Vi.d — Vo, d

where 4, is current outdoor air temperature.

2.6. Heat Supply Regulating and Heating Curve

This section is dedicated to weather compensation regulation and gives an overview of the
heating curve, the technique to regulate heat input.

In practice, only two parameters from eq. (21), namely, T;,, and 1 are used for regulating
heat input to a building [18].

In contemporary systems, mass flow rate rn through the heater is adjusted individually
by means of thermostats; thus, the flow rate regulation is out of the scope of the collective
control strategy for a prosumer-based heat network. For this reason and for simplicity, it is
assumed that flow rate through the heater does not vary i.e. 1 = const.

The heating curve is the graph of the supply T{"C' and return T2h-c- water temperature
depending on the outdoor air temperature for heat input regulation. The heating curve can
be expressed as [18]:

_1 1 _
T =i+ Ma Q7 + 50T, Q (24)

T =T — 6T, Q (25)

where m is the exponent for heat transfer, which depends on the type of a heater, for radia-
tors m = 1.3 can be taken; the other variables are described below.
The design temperature difference between supply and return temperatures 67} is given
by:
6Ty =TG- T

)

The design temperature difference between the heating surface and the room’s air tem-
perature A4, can be calculated as follows:
T+ T

Aﬁd: _ﬁid

)

Heating curves go by the names of their design supply and return temperatures. For
instance, heating curve 50/30 °C has T 4 = 50 °C and 15 4 = 30 °C.
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Two heating curves 70/30 °C and 50/30 °C are shown in fig. 9.

70
Supply, 50/30°C' heating curve, T}
65 - Supply, 70/30°C' heating curve, T; i
Return, Ty
60 [ T
55 T

6]
o
T

Heat carrier temperature [°C|
© IS S
& S o
T T T
1 1 1

w
o
T

n
o
T

1

23 20 17 14 11 8 5 2 -1 -4 -7 -10 -13  -16
Outdoor air temperature 7 [°C]

Figure 9: Heating curves: parameters are ¥; 4 = 23 °C , ¥, ¢ = —16°C, m = 1.3

2.7. ’Flow — Head’ Diagram

Combination of a pump and network characteristic in the volume flow — head diagram (Q-H
diagram) brings an intuitive way to estimate flow conditions in the network. This method of
analysis is presented in this section.

Pressure loss of the network with respect to flow rate is called network characteristic.
For steady state, eq. (6) integrated over the finite length define a relation for calculating the

network characteristic:

_ 4plip .

2
Ap= TPV (26)

where d is a diameter of the pipeline.
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Figure 10: Prosumer-based heat network, configuration1:

prosumer1 is in production

mode; prosumer 2 is in idle mode (disconnected); prosumer 3 is in consumption

mode

An exemplary flow — head diagram for the
network from fig. 10 is given in fig. 11. The in-
tersection of network characteristic for the sec-
tor A1-B1-B2-A2 H,.;; and the pump charac-
teristic Hpyprp1 is called the working or oper-
ating point. The working point determines the
head and flow rate of the pump: AHpros1 and
Vprosi. It must be enclosed within allowable
operating range to prevent overheating of the
pump, excessive vibration, and cavitation on the
impeller.

2.8. Modelling and Simulation in Modelica

H[mWc]

allowable

operating range

a

I_Inetl

<<

AH PROSI

I/I’R()SI

VI "ROS3

Figure 11: Exemplary

¥ [m’/h]

flow—head dia-
gram for the configuration 1
(see fig. 10)

Extensive libraries, written in Modelica, include components for modelling hydronic systems

and components for other domains e.g controllers. Every component in the libraries de-

scribed with equations.

A diagram of the exemplary model in fig. 12 is built with IBPSA and Standard library com-

18



ponents. The components linked together with connectors. Between hydronic components,

connectors transfer thermodynamic properties, €.g. mass, pressure, enthalpy. A common
connecting point forms a node.

The following three conditions can be applied for the nodes.

— Mass balance:
Fiped n
c > i =0 (27)
b, - id =
o™ Fiped Pressure at all connectors connected to
& I g the same node is constant:
|I = p; = const (28)
3 Energy balance:
1 a1 € .
be Pipe? f Fipeb Z mz hz —_— 0 (29)
=1
T S . .
where ¢ is a connector number; n is the
Pipesd

number of connectors in the node.
Figure 12: Exemplary heat network model in

: The mass balance from eq. (27) can be
Modelica rewritten as:

n n
S o= Y wdt =0
i=1 i=1
Energy balance can also be expressed as:
n n
i=1 i=1

The system of equations that describes the heat network model in fig. 12 is then:

dvi  pa—py+ Ap 11
s - peme _§U1|U1’fD151

p lpipel
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d —pin + A 1
ﬁ _ Pout — Pin + Ppump k _ *'Uk‘vk‘kaSk
dt P lpipe k 2

p1 = const (boundary condition)

lpipel dTl out
V1 dt

= Tl in Tl out

Loine k. A1
pivek kout = Tk in Tk out
Vg, dt

vrds + vsds + vidi =0

vid; + vod3 + vadi = 0

vad3 + v3d; + vodi = 0

v3d3 4 vsds +vadi =0

veds + vsds + vsdi = 0

vedi + vgd: 4+ vsdz = 0

V72T out + V8daTs out — V1d3T1in = 0
Tout1 = Tina = Tin2

02d3T out + v9d3To out — v3d3T5in = 0
04d3T3 out + v3d5T0 out — V52T in, = 0
Touts = Tine = Tins

Toutﬁ = Ting = En?

(30)

where k is pipe number; Ap,.m, is the pressure difference generated by the pump in the

branch.

There are 30 unknowns and 30 equations in the system. It belongs to non-linear differen-

tial algebraic equations (DAE) system type.
The system of equations in eq. (30) can be written in general as:

x(t) = £ (x(t),z(t), p, t)
0=

R
o
—
~
~
N
—
~+~
~—
o~
S~—

where x is a vector of differentiable variables:

x(t) = [v1(t) - .. e (t); Trout(t) - - - Thoour (£)]T
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z is a vector of algebraic variables:

2(t) = [pa(t) .-y (8); Trin(t) - Toin(t); ADpump ()]

p is a vector of parameters, i.e. values

that do not change during simulation:

Equation based
model

v
Formulate DAE system P = [dl cen dg; l1 cen lg; 51 v Sg; fDl ce ng]

X(=f(x(t), 2(1), p, 1)
0=g(x(t), z(1), p, t)

Eqg. 31 represents DAE system in semi-

v - o
Index reduction explicit form.  The bottom equation is
Dummy derivatives method called the algebraic constrain. It arises
v from conservation laws.
Apply initial conditions
x(0)=x;, Modelica utilizes DASSL solver to find
'niﬁa'izz in steady-state numerical solution for the system of equa-
X* = . .
dat O tions [13]. Two equations from eq. (31)
v must be combined in implicit DAE form for
X(t)=f(x(t), z(t), p, t . ing:
"(Olgﬁiﬁg o : b —= G0, (0, 00 solving .
: F(y,y,t)=0 (32)
Set number of intervals where y is a vector of unknown variables
Set start (t,,.) and stop (t,,,) time T
Calculate simulation time steps y = [X, Y] i
ksm kstup y . .
Newton’s method is used in DASSL al-
k=K, gorithm for solving y from nonlinear sys-
tems [13]:

yhtl — gk _g-lg ( y" —1}?L7“€(}’)7 k¢
(33)

where k is time step number; h is time

step length; pre(y) is a function of known

values of y from the previous steps; J ! is

Figure 13: Simulation algorithm in Modelica  the matrix inverse of the Jacobian matrix.
The Jacobian matrix of f is [13]:

jdf _or Lot
dy 0Oy hoy
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An intermediate stage in between formulation of DAEs and applying DASSL algorithm is
index reduction. Index of DAE is the minimum number of times the system eq. (31) needs
to be differentiated to become an ordinary differential equations (ODE) system, which has
index-0. The general form of ODE system is:

X(t) = £ (x(t),z(t),t)
a(t) = g (x(t),z(t))

Index reduction algorithm brings the DAE system to index-1 by replacing original constrain
with the differentiated one. Numerical differentiation of constrains tends to drift and thereby
cannot fulfil the original constrain. To prevent drifting, original constraints are added to the
system, but it leads to the overdetermined system. The solution is to add more variables by

replacing some of the derivatives with algebraic variables (dummy derivatives) i.e. djti —

derx;.

The summary of the simulation algorithm is shown in fig. 13.
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3. Preliminary Investigation

Before starting the modelling, the fundamental traits that belong to prosumers heat network
are presented in this chapter.

The toolbox that was used for the investigation was volume flow rate — head diagram
(see section 3.1) and exergy analysis (see section 3.2). The first addresses medium flow
conditions, the second analyses conditions for energy flow.

It is worth to mention what exergy is. In a nutshell, exergy in space heating can be
interpreted as the ability of the heat carrier to warm up the air in the building. Exergy is
associated with temperature: the higher the temperature is, the higher exergy is.

3.1. '’Flow - Head’ Diagram Analysis

In this section, a volume flow rate — head diagrams for a prosumer-based heat network with
radial topology are presented. A few operating modes were analysed, and critical states are
pointed out.

The scheme of the heat network with the analysed flow conditions is shown in fig. 14.

Al Bl
Prosumerl Prosumer? Prosumer3
T Tl T | ': T 7
I . | | . | . I
| Q'\» | | Q’\» [ | Q«A I
| | I ' I |
| | I ' I |
| | I ' I |
| | I ' I |
| Pump1 | | Pump?2 : [ |
o | I I
A2 B2

Figure 14: Heat network with three prosumers: prosumers 1 and 2 are in production mode;
prosumer 3 is in production mode. Sizing of the pump 2 is bigger than the pump 1

The flow — head diagram for this case is shown in fig. 15. Characteristic curves of two

pumps Hpyarp1(V) and Hpyarpe (V) were added together to get a total characteristic

Hpyapr pUMpg(V) since the pumps are working in parallel.
However, before addition, a characteristic curve of the feed-in pump 1 Hpparpi (V) was

reduced with respect to the network characteristic of the segment A1-A2 H 41 42(V):

HI{’UMPI(V) = Hpyyp1(V) — Har—a2(V)
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Figure 15: Flow—head diagram for the example in fig. 14: nominal state

The working point at the prosumer?2 (point c) is then given by the intersection of the

segment B1-B2 network characteristic Hp1—p2(V') and the total characteristic of the two

pumps Hpyarpr puape(V). Individual working points for feed-in pumps 1 and 2 are given

by the points a and b respectively.

2
£
= |l b

a  Huw) l op

Honip ponaer™(V)
A i ) Hyn*0)
H,yy (V) AH s,
Hynel (V)
Vios: Votos: ¥ [m'/h]

PROS3

Figure 16: Flow—head diagram when the feed-in pump 2 is gaining speed
When the feed-in pump 2 is gaining speed, the overall flow — head characteristic under-

goes changes, which can be seen in fig. 16. Characteristic curve of the feed-in pump 2 is
increased according to the affinity law. This increase can reach the degree when feed-in
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from prosumer 1 is not longer possible (working point a). The characteristic of the feed-in
pump 2 that corresponds to this critical state is H;,, po (V). The total working point (point
c) coincides with individual working point of the feed-in pump2 (point b). For this critical
state, we define blocking point (point b.p.) as a local minimum on the total characteristic of
the two pumps. At the intersection of blocking point and a network characteristic, the feed-in
from a prosumer with a lower pump characteristic becomes blocked.

Up to this moment, the net-

work characteristic at B1-B2 pipe 2
section was assumed to be con- % o
stant. This is only true if the con- b
trol valve at prosumer 3 is not a HPW,NP Hy,0*(V)
modulated. If the valve is being ‘ ool W)
closed, the network characteristic

. H,.(V) /
Hpi-p2(V) shifts to the left to be- / Hophs(V)
come Hi,_ (V) as can be seen  Aros
in fig.17. The new total work- / AH 5,
ing can be found at the block- / Hy15V)
ing point (point b.p.). Thus, the
feed-in from the prosumer1 can Hyuri (V)
be blocked again. VP,?O ) V::j; V [m’h]

To sum up, operating of the pro-

sumers heat network has the fol- Figure 17: Flow—head diagram when the control valve

lowing properties: a) Operation of at prosumer 3 is closing

feed-in pumps strongly influence each other: an increase in volume flow rate from a pro-
sumer with bigger pump can block feed-in from other prosumers, and a working point of
smaller sized pumps might shift away the from recommended area; b) Modulation of control
valves influence pumps performance.

3.2. Exergy Analysis

For prosumers, the secondary side of the heat exchanger is connected to the space heating
system. Heating system, in turn, is assembled for design inlet 77 ; and outlet T3 4 tempera-
tures. For a conventional heating system, heat input from a source, e.g. a boiler, is controlled
by the appropriate heating curve that is calculated for 17 4 and T3 4 as well.

If conventional control concept is utilized, the heat transmission between prosumers is be
limited due to the exergy losses in heat exchangers. Let us consider two prosumers con-
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nected in a heat network (see fig. 18): one is in production mode, the other is in consumption
mode.

Producer Consumer
o) 0
n./lprod mc‘ons
T[y d TZ, d TI 7—;
secondary secondary
HEX1 HEX2
primary primary
priout prijin
]/hpri mpri

[

Figure 18: Functional scheme of two prosumers in the network: the first one is in production
mode, the second is in consumption mode

The relation between exergy that is created and must be delivered to the prosumer in
consumption mode is:

Ty 4+ 273,15
Ty 4+ 273,15)

Ti,q+ 273,15> (35)
Ty g + 273,15

E$p7‘od = mprod Cp (Tl,d - T2,d - ﬁo,dln
El'cons = 7/hcons Cp <T1,d - T2,d - 19o,alln
Exprod = EZcons

The exergy balance is:
Exprod - A-Exlass,HEXl - AE‘fEloss,HEXQ = EZcons (36)

where AEx,ss HEX1, AE2105s, HEX2 are the exergy losses in the heat exchangers that
belong to prosumers. The graphical representation of the exergy balance is shown in fig. 19.

As a result, with a conventional control strategy, the heat demand of prosumer cannot be
fulfilled because of finite temperature difference between primary and secondary sides of
the heat exchangeri.e.Ty <Ti 4.

Theoretically, there are two solutions to compensate the exergy losses:
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T,
o[wj
Figure 19: Q-T diagram of the exergy balance for the functional scheme in fig. 18

» Create more exergy in production mode:

Emprod = Excons + (AExloss,HEXl + AE'wloss, HEX2)

+ Add exergy to the system from an exergy source, e.g. a heat pump (Exjcq, pump)-
Emprod + (Exhea,pump - AExloss, HEX1 — AE,xloss,HEXQ) = Emcons
The set-up given in the task was not equipped with a heat pump, so the only way to

solve the exergy losses problem for the model was to increase exergy production at the heat
source.
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4. Modelling

This chapter presents mathematical modelling for this thesis. The approach to modelling
is following bottom-up principle. The section 4.1 gives an overview of some important ele-
mentary blocks used in the model and assumptions. The section 4.2 describes a prosumer
model. Finally, at the top of hierarchy stands the model of a heat network with prosumers
formulated in section 4.3.

To avoid confusion, terms blocks and models are interchangeable. However, due to hier-
archical approach, models on the lower level of hierarchy are called blocks.

4.1. Models of Basic Components

Most of the components used in the model were taken from public domain Modelica libraries:

« Standart Library (MSL), version 3.2.3
* Buildings library (IBPSA), version 6.0.0
« Library for district heating network (DisHeatLib)

Assumption taken for the prosumer and heat network models were expressed through
parameterization of the components. The blocks that were developed especially for the
thesis are described in more details.

4.1.1. Pipe

A pipe model is essential for modelling the heat network. Dynamic pipe model from MSL
was used. This model is described with three equations: material balance (see eq. (2)),
momentum (see eqg. (6)) and energy (see eq. (7)) equations.

Assumption 1. The heat losses to the environment were considered negligible. Thus,
‘'use_HeatTransfer’ flag was set to ‘false’. These assumptions simplified heat flow analysis
between prosumers, and allowed to evaluate control strategy with less computation difficulty.

4.1.2. Pump

A water centrifugal pump model was taken from the IBPSA library. It can be described by
the energy balance equation from eq. (20). The following assumptions were applied to the
pump model.

Assumption 2. The inner volume of all pumps was small compared to that of a pro-
sumer and a heat network. As a result, the volume of the pumps was permanently in a
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quasi steady-state, so in eq. (20) the term % ~ 0, and ’energyDynamics’ flag was set to
‘SteadyState’.

Assumption 3. The heat dissipation from the pumps was neglected, and the pumps were
assumed to be isentropic. This meant that u;, =~ sy, SO ’AddPowerToMedium’ flag was
set to 'false’.

Electric power of the pumps is given by:

(37)

where 1,0 is the motor efficiency; 1,4 is the hydraulic efficiency. Both coefficients were
taken as npya = Nmot = 0.7.

The pumps on the secondary side were implemented through the mass prescribed pump
block 'FlowControlled_m_flow’, and do not require a characteristic curve. On the contrary,
the feed-in pumps used normalized speed pump models 'SpeedControlled_y’, and require
characteristic curves to describe their performance.

The pump curves are shown in fig. 20. Actual curves were approximated with linear func-
tions that are put above. A curve feedin1 represents a hypothetical feed-in pump for pro-
sumer 1.

'NMT PLUS 15, 20, 25/40, 60, 80 - 180

* ’/ 12"'/

ﬁv,;,’ | S0 | So

o/
2 AN
feedint \ ’ ‘ S
0
0 1 2 3 4 5
Q (m¥h)

Figure 20: Characteristic curves of feed-in pumps (source: IMPPumps catalogue)

The pump characteristics assigned to the prosumers are shown in table 3.
The dynamics of the pumps is modelled through the following differential equation:

dn
Tpumpd—tf =nfg—n; (38)
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where 7., is the time constant that depends on the sizing; n is the modulated rotational
speed; n; is the initial rotation speed.

Table 3: Feed-in pumps installed at the prosumers

Prosumer Pump model Pump curve from fig. 20
Prosumer 1 Hypothetical pump feedin1
Prosumer2 IMP NMT PLUS ER 25/60 180 NMT -60
Prosumer3 IMP NMT PLUS ER 25/40 180 NMT -40

4.1.3. Control Valve

The control valve model was taken from the IBPSA library and is called "TwoWayEqual-
Percentage’, which, obviously, describes an equal percentage opening characteristic.
The control valve requires time to open or shut down. lts dynamic behaviour is expressed
as: J
Tvalve% = opy — op; (39)
where 7,45,¢ is the time constant that depends on the valve’s actuator and thread lead; op
is the opening modulated by the actuator; op; is the initial opening.

4.1.4. Heat Exchanger

Assumption 4. It was assumed that the heat exchangers was operating under quasi steady-
state. Considering a plate heat exchanger, the inner volume was low compared to that of
the prosumer and heat network, and consequently, the water m,, and empty heat exchanger
mass mggrx from eq. (9) were negligible. Therefore, the dynamics of the heat exchanger
can be neglected: Cfi—[t] =~ 0. Rewritten energy balance is then:

mpm'cgm (Tglm N Tpri) _ mseccsec(Tﬁlec _ Tsec) — Q (40)

out D out

For this reason, a static heat exchanger model ’PartialEffectivenessNTU’ from the IBPSA
library was used. However, it has a disadvantage that it does not calculate overall heat
transfer coefficient h under various flow rates through the heat exchanger. To solve this
problem, a model '"HAPlateHE’ was written (see fig. 21).

'HAPIlateHE’ determines the product of convection heat transfer coefficient and heat trans-
fer area for primary alphaA_1 and secondary alphaA_2 side of a heat exchanger. These
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Figure 21: Diagram of '"HAPlateHE’ block

values are required for 'PartialEffectivenessNTU’ block. The product is calculated in expres-
sions alpha1A and alpha2A. The derivation for these expressions is given below.

Usually, characteristics of a heat exchanger are given in the specification sheet in the
nominal mode as it is shown in table 4.

Table 4: Main characteristics of a heat exchanger for nominal mode

Qnom
hnom
A
Primary side Secondary side
o g
ng:n in Trfgfn out
Tﬁz:n out nggn mn

A prosumer operates in large variety of mass flow rates and temperatures. It means that
all parameters in table 4, except for the heat transfer area A, vary.
The overall heat transfer coefficient is given by:

1 1
h = R

1 A 1 1 1
+ Tx + asSec aPri + asec

aPri

(41)

where o™ and «%¢¢ are convection heat transfer coefficients; Ax is the wall thickness; & is
the thermal conductivity of the wall.

The thermal resistance due to conduction % is small compared to the convection terms,
so it can be neglected in eq. (41).
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With the existing correlations between Nusselt Nu, Reynolds Re, and Prandtl Pr num-
bers, a can be determined. Considering that the set up is equipped with the heat exchanger
with the chevron angle? 60° for the plates, the appropriate correlation is [21]:

Nu = %l = 1.112Re%6 P95 (42)

where [ is the characteristic length.

For a that is changing with respect to its nominal value ay,om, the following is relevant:

Nu o Re 0-6 Pr 0-5 (43)
Ntnom B Anom - Renom Proom

Prandt number represents physical properties of the liquid in eq. (43). It is reasonable

to assume that the physical properties do not change significantly in the operating range of

Pr
Proom

Re = % and leaving « on the left side, eq. (43) can be rewritten as:

v 0.6 m 0,6
& = Qpom < > ~ Qnom ( - > (44)
Vnom Mnom

where v and vy, are the average water velocity in the channels of the heat exchanger

prosumers. Therefore, the ratio between Prandt numbers is

~ 1. Reminding that

under current and nominal conditions.
At nominal conditions, o, and o5 can be derived from h,,,,,, as [12]:

nom

e T
Sec T + 1 (45)

nom Thnom
where r is the ratio between convective heat transfer coefficients:

apri mpri 0,6
= nom nom (46)

sec 1 Sec
anom mnom

In conclusion, to calculate the overall heat transfer coefficient k for every flow rate, con-
vective heat transfer coefficients auon, for nominal mode has to be found with the help of
eq. (46) and eq. (45). Then, « for the current flow rate must be calculated with eq. (44) and,
finally, & is given by eq. (41).

To validate the proposed approach, a comparison with the reference results that were
obtained from the manufacter is made in fig. 22. The tendency between proposed formula

2TH designation in the specification sheet corresponds to high chevron angle 60°
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and the reference, in general, is aligned. The coefficient of determination R? is closest to
unity for relatively high flow rates on the secondary side, but for lower flow rates the values
predicted by the formulas eq. (44), eq. (41) are less accurate.

9000 T T T

O  Reference, my = 0,1 kg/s
%  Reference, my = 0,3 kg/s
0  Reference, my = 0,5 kg/s
8000 Proposed formula, 1y = 0,1 kg/s
Proposed formula, 1y = 0,3 kg/s
Proposed formula, rhy = 0,5 kg/s

7000

6000

]

w
m?K

h

5000
D
i
4000
*
R;Z'nz:O,l =073
3000 thzz(,ﬁ =0.92 -
R?m:o,s =0.97
2000 ! ! ! ! ! ! ! !
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

my [kg/s]

Figure 22: Overall heat transfer coefficients under various flow rates. The heat exchanger’s
model is HH08-32-16/1-11-TL, manufacturer is Danfoss. Indices 1 and 2 stand
for primary and secondary sides. The nominal conditions are: Qnom = 33.9kW;
Bom = 6116 W/(m2K); A = 0.76 m?; hom = m, = 0.358 kg/s

nom

4.2. Prosumer Model

The prosumer model is presented in appendix A. The model is complex, so it was reasonable
to split it into parts that perform a specific function within the individual prosumer. The
following six modules were distinguished:

1. Thermal model of the building imitates the heat losses and dynamics of the room’s air
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temperature.

2. Mode definer receives the reference heat flow rate with respect to the network and
transfers it further. Moreover, this module defines the operating mode of a prosumer.

3. Domestic heat input defines thermal power of the heat source depending on the cur-
rent heat losses and the reference with respect to the network. It uses outdoor air
temperature as an input for calculations. The active heating curve is chosen in this
module as well.

4. Heat source — sink forms inner hydronic system of the prosumer. It consists of the
heat sink and the heat source.

5. Secondary side module includes every hydronic component on the secondary side
from the heat exchanger.

6. Primary side module is connected directly to the heat network. It includes a feed-in
pump and a control valve.

In sections 4.2.1 — 4.2.6, the modules given above, are described in more details. Please,
go to appendix A when particular components are mentioned.

4.2.1. Thermal Model of the Building

A simple differential equation can be used to describe the room’s air temperature ¥; dynam-

ics:
dUair dﬁl . .
= ai’rVaiT air—, — &r — 47

where 9J; is indoor air temperature; QT is heat flow rate from the radiator; Ql is the current
heating load; V,; is the inner air volume of the building.
The current heating load for the radiator block rad is expressed as:

Q=G (9; — V) (48)
where G is a parameter that determines thermal conductance:

Q1,4

¢= Vi,d — Vo, d

where Qlyd is design heating load; ¥; 4 is design indoor air temperature, 23 °C was taken;
¥, 4 IS design outdoor air temperature, -16 °C was taken.

A block volBuilding represents the air volume V,;.. Heat outflow Ql is generated by a
block thermallLosses, and heat inflow Qr is received from the block rad.
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4.2.2. Mode Definer

The main reference for the prosumer model is the heat flow rate Qnet, ref With respect to the
network. Positive value corresponds to heat extraction, negative — to heat injection, and the
prosumer operates in consumption or production mode respectively. The third mode, when
the reference is zero, is called idle mode. The summary of the modes is given in table 5.

Table 5: Prosumer operating modes

Mode Logical blocks
modeProd modeCons
Production True False
Consumption False True
Idle False False

The module mode definer imitates thermal inertia of the heat source by imposing the
w/ inert
net, ref

first order system between the reference Qnet, ref @and the value of heat flow rate Q
transferred to the domestic heat input module. The dynamics are modelled through inertiaQ
block, and is given by the following differential equation:

Q‘w/ inert
" - w/ inert .
TbQ% = Q:e/thrlZ; - Qnet,ref,i (49)

where 7, is the time constant; Qnetﬂaef,i is the initial value of the reference.

w/ inert
net,ref

In addition, mode definer uses simple algebraic clauses to evaluate () for deter-
mining operating mode. Threshold value (§ = 0.1 W) was necessary to avoid the influence

of numerical noise around zero.

4.2.3. Domestic Heat Input

The first task for the domestic heat input is to compute the thermal power set point for the
heat source:
Qb set = Qu — QU (50)

Since the current heating load Q) varies linearly with the outdoor temperature ¥,, the
range of available values for Qnet’ ref 18 Naturally limited (see fig. 23).

The second task for this module is to provide the temperature set points from the heating
curves. The blocks heaCurve70_30 and heaCurve50_30 calculate supply 77-¢ and return
TQ’L'C‘ temperatures for the "upper" and "lower" heating curves. These values are used as the
temperature set point for heatSource (T

set

) and "heat extraction controller" (contExtr block).
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W]

Heat flow rate [

Qh, nom /Q/\

Qnel, ref Q[Y d
Qb, set
0
T T4 Ty

" Outdoor air temperature, © [°C]

Figure 23: Diagram for determining thermal power of the heat source (here va nom 1S NOMI-
nal thermal power of the heat source)

4.2.4. Heat Source — Sink

The source — sink module represents the core hydronic elements where heat flow rate

targeted to the network is generated.
Heat sink for hydronic part of the prosumer model is a radiator block rad. Heat flow rate

from the radiator can be written as following:
Qr = (W A)y (Thpy = 9:)" (51)

where T, . ; is the mean temperature on the radiator surface; m is the exponent for the heat
transfer, which depends on the type of the radiator (m = 1.3 was taken).
The product (h A), of the overall heat transfer coefficient and area is conveniently deter-

mined through the design values:

(hA), = Q1,4 (52)

Tlr,d+T2T,d 19
2 — Vi d

where 17 ,, T5 ; are design inlet and outlet temperatures for the radiator. The following
values were taken: 77 ; = 50 “Cand T3 ;, = 30 °C . This is the most widespread temperature
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span for the floor heating.

In the model, the heat source is the hypothetical element that is not tied to a specific
technology and uses heat flow rate Qb, set @S an input. This assumption has a benefit that it
brings a compatibility with external models for a heat source, e.g. gas boilers, solar thermal
collectors, heat pumps, etc.

The heatSource block is based on the model from the DisHeatLib library. The inner struc-
ture of this block is given in fig.24. The heater block is a control volume model with pre-
scribed outlet temperature 7%, received from the input connector TSet. The heater imitates
thermal inertia with regard to the outlet temperature Tb?:

dTS

T = Ty — stet,i (53)

where 7, 7 is the time constant; 7%, , is the initial value of the reference.

set, 1

A block conPID receives the set point Qb, set through QSet connector and adjusts mass
flow rate of a pump block, so that it follows the formula:

. b Qb, set . b
m Cp (Tb2 - le) — mmaa: ( )

i=tal
BEL

conPID

i) uit)
—
PID

i)

mazsFlowRate

port_a - 'E > port_h

Figure 24: Diagram of the heatSource block

The thermal power of the source was limited by its nominal value. Since heater has
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unlimited capacity, heat flow that water receives was limited by the mass flow rate:

. b Qb nom
m = (55)
e Cp (le,d - T2b,d)

Water circulation through the radiator block rad is driven by the radiator pump pumpRad.
The mass flow rate is sustained permanently :

. Q1,d

i = (56)
CP(TLd - T2,d)

The crossover connection around the radiator, a bypass, imitates a hydraulic separator.

4.2.5. Secondary Side

Secondary side module includes two more pumps: a production pump pumpProd and a
consumption pump pumpCons. To formulate operating model of these pump, the analysis
of the flow streams on the secondary side was required.

The scheme of flow streams in secondary side module is shown in fig. 25: 7in” and r° are
mass flow rates generated by the production pump and the consumption pumps.

In production mode, pumpProd is active. The mass flow rate through the boiler is then:

b = 1P 4 gipheaSys (57)
In consumption mode, on the contrary, pumpCons is activated, and the mass balance is:
heaSys _ b 4 e (58)
For idle mode, the mass balance in the system is simply:
b — ppheaSys (59)
Mass flow rate through the heating system is:
pheaSys — v s bypass (60)

As can be seen from eq. (60), water flows through the bypass only if 1€5%5 £ 1i" . For
the prosumer model, this happens if the inlet radiator temperature 77 does not coincide with
the outlet heat source temperature T9.
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Figure 25: Scheme of mass flow streams on the secondary side

By solving for 7in? and m¢ from eq. (57) and eq. (58), mass flow control model for produc-
tion and consumption pump can be formulated. Notice that m? is measured by a flow meter
block massFlowRate from fig. 24, and the signal is transmitted to the secondary side pumps
controller contSecPumps (see fig. 26).

The content of contSecPumps controller is given in fig.26. It uses simple algebra to
calculate the set point for the pumps. The input from two boolean connectors u_modeCons
and u_modeProd defines which pump is currently on.

4.2.6. Primary Side

The main components located on the primary side are a control valve mainVal and a feed-in
pump feedPump.

Heat extraction from the network is regulated by varying the mass flow through the control
valve mainVal. The control valve, in turn, is operated by "heat extraction controller" contExtr,
which is described in section 5.2.1. The feed-in pump (feedPump) is a normalized speed
pump. The input to the block can vary with a range 0...1, where one corresponds to the
nominal rotational speed.
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Figure 26: Diagram of production and consumption pumps controller contSecPumps

4.3. Heat network model

The heat network model was the final part of the modelling.

Two network topologies were modelled: radial and meshed. They are given in fig. 27.

Al Bl Al L BI
Pipeline “Hot” —— =
I
Prosumerl Prosumer?2 frgs‘lﬂnﬁrj’ _ | : Cl
[ [ | L | | l
I I I I I I ol | ——d__
I I I I I I ;“ ‘: § I | I |
I I I I I I I | n | [
| | | | | | | l 21 L5l |
I I I I I I | I g | g1 |
I | I I I I T I L— 21 [
I I I I I I 2 | N |
—‘ —‘ 3 LA B2 |
S
A2 B2 & | L

,_
|

Pipeline “Cold”

Figure 27: Investigated network topology: radial (left), meshed (right). A1, B1, C1 and A2,
B2, C2 are the segments with the following lengths: 141, 42 = 50m, Ip1 B2 =
100m, and lc1,c2 = 127m; all the segments have the same inner diameter
din = 22mm

The network model for radial topology is given in fig. 28. Prosumer model developed in the
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appendix A is enclosed in a form of the block (prosumerl ... prosumer3). According to the
hierarchical approach, two fluid connectors port_a and port_b were added to the prosumer
model in the appendix A, so it could be connected on the higher level of the hierarchy.

outTem = =
pipeCold1 pipeCold2
k=-16 + 273.15 - 2 2 =
g o g
5 5 5
E 2
£ £
system g
defaults N
3 1
7 & s

e e
pipeHot1 pipeHot2
pros1_Qnet prosZ_Qnet pros3_Qnet

£ =2 B

offset=0 offset=0 offset=0

Figure 28: Prosumer-based heat network with radial topology

The heat network model utilizes unified outdoor air temperature ¥, for all prosumers. lIts
value is given by constant outTem. The reference heat flow rate with respect to the network,
Qnet,re ¢ is provided by the time-series tables pros1_Qnet ... pros3_Qnet. The block bou
determines the static pressure in the network.
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5. Control strategy

In this chapter, a summary of the control strategy development is presented. Challenging
states for proper operation of prosumers are identified in section 5.1. As a response to
the challenges, appropriate control mechanisms are offered in section 5.2, then validated
in section 5.3. In section 5.4, control mechanisms are evaluated, and the eventual control
strategy is adopted.

5.1. Challenging operating states

Two fundamental properties of prosumer-based heat networks were formulated in section 3:
a) the exergy losses restrain energy flow; b) flow conditions put a bound on feed-in pumps.
In order to demonstrate how these properties affect the heat transfer, simulations were per-
formed.

To show the exergy losses problem, a heat network model with two prosumers was mod-
elled (see fig. 29), and the prosumer model from appendix A is modified in fig. 30.

system
— Vo
rrrs

outTem pipeCold1

prosumer]
/=
prosumerz

k=-16 + 273.15 I
.

— pros2_Qnet

pipeHot1
bou

starfTime=25 min
starfTime=25 min

Figure 29: Diagram of the network with prosumers for the exergy losses problem

pros1_Qnet

For simplicity, the outdoor temperature, outTem, was set to the design value, i.e. 9, 4 =
—16°C, so that the current heating load was QL 4 = 28000 W. The reference value Qnet,mf
of heat flow with respect to the network was given by time-series in pros1_Qnet and pros2_Qnet
blocks. A single heating curve 50/30 °C was used for prosumer 1 and prosumer2 as a set
point temperature for heatSource block in appendix A.
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Figure 30: Modified fragment of the prosumer model for demonstrating the exergy losses
problem (the remaining components are consistent with appendix A)

The heat flow rate plot obtained from the simulation is shown in fig. 31. Initially, the pro-
sumers were in idle mode. Starting from 25min, prosumer1 was switched to production
mode with Qnemef = —17500W, and prosumer 2 inversely, was turned into consumption
with Qnet, ref = 17500 W. As it can be seen, at the steady state, the reference values were
not met. This is due to the exergy losses in the heat exchangers.

It is not shown in the plots, but according to multiple preliminary simulations, the extent to
which actual heat flow rate Qnet deviates from the reference Qnet, ref depends on the value
of the reference itself. For small Qnet,ref compared to the load Ql, the deviation can be as
low as one Watt.

The exergy losses are caused by water temperature degrading. It is seen that the temper-
ature is degrading from the secondary side (curve "Pros. 1, temSecHot") of the producing
prosumer to the secondary side (curve Pros. 2, temSecHot") of the consuming prosumer in
the temperatures plot in fig. B.4. The temperature was falling from 50 °C to 38.7 °C. Again,
the required temperature at the radiator’s inlet was 77 = 50 °C. Thus, the "heat extraction
controller" contExtr in appendix A could not meet the reference at prosumer 2, and the heat
demand was not fulfilled.

The diagram of the heat network model for the flow conditions problem is given in fig. 28.
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Figure 31: Heat flow rate with respect to the network for the exergy losses problem

This setting imitates conventional flow control strategy with a constant head as a set point.
A feed-in pump at prosumer 2 has bigger sizing, so it develops higher nominal pressure and
volume flow rate. The feed-in pump that belongs to prosumer 1, in turn, had lower sizing and
lower nominal performance. The characteristic of both pumps were given in section 4.1.2.
The design heating load for prosumer 1 is Ql,d = 17500 W; for the other two prosumers,
it is Ql,d = 28000 W. Outdoor temperature outTem was the same as for demonstrating
the exergy losses problem above. The reference Qnet’ net Was provided by time-series from
pros1_Qnet, pros2_Qnet, and pros3_Qnet time tables.

The heat flow rate plot for the flow conditions problem is shown in fig. 32. Starting from
0 min, the prosumers were in idle mode. At 25 min, prosumers 1 and 3 were switched to pro-
duction and consumption modes respectively with the reference Qnet, ref = —15000 W and
Qnet’ref = 15000 W. At 540 min, prosumer 2 joins the network with Qnet,,nef = —4000W
in production mode and stays in this mode until 1000 min. It is seen that the heat flow rate
from prosumer 1 is interrupted and falls to zero, so the heat demand of prosumer 3 was not
fulfilled between 540 min and 1000 min.

Note that the solution for the exergy losses problem was already applied in the model for
the flow conditions problem. That is why between 120 min and 540 min Qnet finally arrives
at the reference value.

A short explanation dedicated to this problem is accompanied by the plot in fig. 33. At
25min, a feed-in pump at prosumer 1 starts to generate mass flow. Target head for the
pump was 26 kPa. At 540 min, a feed-in pump from prosumer 2 cuts in. The target for the
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Figure 32: Heat flow rate between prosumers and heat network for the flow conditions prob-
lem

second pump is 50kPa. As a result, the feed-in pump of prosumer 1 cannot overcome the
pressure difference in the network. The check valve cheVal1 in appendix A closes to prevent
flow reversal, and the flow becomes blocked, and the heat transfer from prosumer 1 is not
longer possible. At 1000 min, the feed-in pump of prosumer2 is switched off, and prosumer 1
comes back to normal operation.

Through the multiple preliminary simulation, it was found that the flow blocking is a spe-
cial case of flow reduction problem. For the feed-in pumps that were already in operation,
switching-on of prosumers with a head set point led to shifting of their pump working points
to the left. This caused mass flow rate reduction, not necessary to the extent where the flow
was blocked. A specific outcome depended on a pump curve and a characteristic of the
network.

To sum up, it does not seem possible to avert the exergy losses and the flow blocking or
reduction problem without new control mechanisms.
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Figure 33: Head and mass flow rates of the feed-in pumps for the flow blocking

5.2. Proposed control mechanisms

This section is dedicated to the control mechanisms that target challenging operating states.

In the network, mass flows can be maintained by feed-in pumps and control valves. For
the proposed control strategy, flow controllers provide a range of hydraulic conditions for all
prosumers to operate in production mode. Then "heat extraction controllers" by means of
control valves adjust this range to a more narrow one. Eventually, the two form a thermohy-
draulic state that satisfies goals of the control strategy.

An overview of "heat extraction controller" is given in section 5.2.1. Solution for the ex-
ergy losses problem is addressed in section 5.2.2. Three different control mechanisms are
proposed for the flow condition problem in section 5.2.3.

5.2.1. "Heat extraction controller"

The task of "heat extraction controller" (contExtr block in appendix A) is to sustain heat flow
Qnet,ref from the network to cover the heat demand created by the source — sink module.
This type of controllers is widely used in contemporary heating systems. The implementation
in Modelica is given in fig. 34.

The controller becomes activated through the modeCons_u connector only in consump-
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Figure 34: Diagram of "heat extraction controller"

tion mode. Supply temperature Tlh'c' of a "lower" heating curve 50/30 °C in appendix A
serves as a set point. Outlet temperature 77 on the secondary side of the heat exchanger
is received by temMeasured connector. The opening of the control valve (valve y) acts as
a manipulating variable.

5.2.2. Heating curve switching

The proposed control mechanism that targets the exergy losses problem is heating curve
switching. By utilizing a "higher" heating curve, more exergy is generated at the heat source
to compensate its losses in the heat exchangers. Note that it corresponds to the inlet tem-
perature 77 increase in the exergy generation formula (see eq. (35)).

Heating curve switching has been already implemented in the general prosumer model
in appendix A. Heating curve 50/30 °C (heaCurve50_30) is used in consumption and idle
modes, and for production mode, heating curve 70/30 °C (heaCurve70_30) is used instead.
The switching between the two is controlled by the mode definer module and performed in
the heaCurveSwitch block in domestic heat input module.

The heating system require to undergo changes at heat source — sink module. The issue
was that the outlet temperature of the heat source is higher that the required inlet of the
radiator, i.e.the radiator permanently operates with the "lower" heating curve 50/30 °C. This
led to overheating of room air temperature in production mode. To avoid this problem, the
inlet water temperature is cooled by mixing with outlet water from the radiator. In the model
in appendix A, it is done though a bypass. From the exergetic view, this is equivalent to
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exergy destruction.
In production mode, mass flow rate through the heating system 71/°*5%5 was less than
design mass flow though the radiator /n". The ratio between the two is the following:

T, T3, ., 50—30

- heaSys
m b m
T, T3, 70 - 30

=0,5m" (61)

="
where Tlh‘g' is design supply temperature of the "higher" heating curve.

5.2.3. Flow control mechanisms

Three flow control mechanisms are proposed. The first is a controller by Rosemann et.
al. in section 5.2.3. The second and the third control mechanisms, which were developed
for this thesis, are the "minimal flow controller" (see section 5.2.3), and the "suppression
controller" (see section 5.2.3). All the flow control mechanisms are only active in production
mode.

Rosemann’s controller The Rosemann’s controller was initially designed for bidirectional
heat transfer between a single substation and a conventional heat network [17]; however, in
this thesis, an attempt was made to apply it in the prosumer-based heat network. A com-
prehensive description of this controller was already given in section 1.5.1.

The Rosemann’s controller utilizes thermodynamic equilibrium to operate. For small de-
viations from the steady state, heat flow Qnet with respect to the network can be expressed
as:

Quer = cp?™ (Thoy — Th) (62)
where mP" is the mass flow rate though a feed-in pump.

When a flow from one of the prosumers is blocked, heat demand becomes higher than
supply, and the temperature Tcpo’ZI in a "cold" pipeline decreases. Since temperature T,fgti
in a "hot" pipeline is kept constant by the controller, to transfer the same Qnet, inner con-
troller decreases m?". As a result, the new working point with lower pressure difference is
obtained, and the blocked prosumer is released.

An implementation of Rosemann’s controller is presented in fig.35. In Rosemann et
al. notation, the inner controller is contTem, the outer is contFlow. Connector FlowRate u
receives measure mass flow rate, and TemOut_u receives "hot" outlet temperature on pri-
mary side of a prosumer. TemOutRef_u receives a set point from a heating curve. Output
connector feedPump_y transmits the manipulated variable (normalized shaft speed y) to a
feed-in pump. Finally, the controller becomes activated through modeProd_u connector.
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Figure 35: Diagram of the Rosemann’s controller

FID PID

Since pumps usually demonstrate unstable flow at low shaft velocities [18], the bottom
output of contFlow controller was limited to 0.1. The reset was added to the PID controllers
due to the integration wind up caused by switching between the modes.

"Minimal flow controller” The idea behind the "minimal flow controller" is the following.
of the flow exists on the primary side that sustains heat

The certain minimum value 7!’

transfer for the reference Qnet,ref. For this controller, mass flow through the primary side
mP" is sustained lower than mass flow ri? on the secondary side.

min
Keeping m{j’{fn at every prosumer, brings about the flow conditions when excessive pres-

sure difference tends not to appear in the network. In order to calculate 72" | the following

formulas are used.

To begin with, the maximum allowed inlet temperature was derived for the heat source
from eq. (54) and (55): '
o Qget

b
Mmaz

b _ b
Tl,maz - Tset

(63)

As a reminder, T?,, is determined by the supply temperature Tlh'c' of the heating curve.

€

In production mode, the inflow for the heat source is a mixture of the heating system flow
m/¢@5¥s with the flow 7P from the secondary side of the heat exchanger (see the scheme
in fig. 25 and eq. (57). The energy balance expressed for the outlet water temperature on
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the secondary side is given by:

b = b heaSys . heaSys
TP _ Tl,ma:r Mipaz — T2 m Y (64)
ld, max — b _ nheaSy:
«© Mmaz mreasys
where T7“*¥* is equal to the temperature T of the heating curve.

According to eq. (40) and assuming that ¢, ., = ¢, sec, the energy balance for the heat
exchanger can be expressed as:

d b P
. pri mP(TS@f - Tcold,maz)
TPri _ T
hot cold

Combining eqgs. (40) and (13), the effectiveness can be formulated in terms of tempera-

tures: , ,
Tprz o Tpm

e = fzot ;(:nlid (66)
Toer — cold

While 7! is declining compared to m? as described in the beginning, it can be written

for heat capacity ration from eq. (15) that R — 0 (see eq. (15)). Thus, expression eq. (66)
can be rewritten as:
Tiot = Tour (67)

By substituting eq. (67) into eq. (65), the minimum value of the mass flow can be calcu-
lated as following:

. b /4
. pri mp(Tset B Tcoldmam) (68)
min Tb _ Tpm'
set cold

b

Minimal flow mf;;’n depends on heat flow rate Q", outlet temperature T, at the heat

S

source, and inlet temperature on the primary side of the heat exchanger TCIZZ- Note that
Tb

set

Jo.

is given by the heating curve, and; consequently, is defined by the outdoor temperature

In order to evade deviations from above mentioned assumptions, a set point for the mini-
mal flow is taken with a redundancy coefficient &, :
P Ky inf" (69)

man, set min

Coefficient k, can take values between 1 and k; ,,4., Which is defined by the nominal
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mass flow rate of the feed-in pump m{iom:

o f
m
kr, maxr — T, ;:Zn (70)

m

min
It is expected that prosumers with high values of &, will tend to block or reduce the flow
from feed-in pumps with smaller sizing. In turn, k. = 1 will worsen heat transfer to the

network.

An implementation of "minimal flow controller" is demonstrated in fig.36. A block min-
MassFlow utilizes eq. (63) — (68) to calculate minimum flow m%fn The block takes 7l .
from eq. (55) and r/*°*5¥s from eq. (61) as parameters. The description of input variables
for minMassFlow is shown in table 6. A PID controller is used to sustain mf;’n set- INput

connector flowRate _ transfers measured variable (mass flow rate 7”™) to contFlow.

wia1e|uxH
ajey ol J1EaHa]loq
wiauinal
walhddns

 JSSepUIL

contFlow k=flowMargin

switch?

feedPump_y /fqi

PIDv

[

A A gain madeProd_u

<

constl

gt
2

k=0

flowRate_u

Figure 36: Diagram of "minimal flow controller"
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Table 6: Description of input connectors to minMassFlow block

Connector Variable Description
HXInletTem ™ Inlet water temperature on secondary side
boilerHeatFlowRate Q" Heat flow rate set point for the heat source
returnTem T?5YS  Return temperature from the heating system
supplyTem T, Outlet temperature from the heat source

"Suppression controller” This controller suppressed shaft velocity of the feed-in pumps
that generate excessive pressure to keep other prosumers away from blocking. Out of the
blocking states, the feed-in pumps operate with nominal shaft velocity, i.€. y,om=1. The "sup-
pression controller" becomes activated when pressure difference in the network becomes
bigger or equal than shut-off head of the pump. The controller switches to inactive mode
when an "event impulse" is received. The "event impulse" is formed when flow conditions
change in the network, namely, a feed-in pump is commanded to shut off regardless of its
location and blocking status.

A A A A A A reduction
signal
bus
r Y A 4 A 3
event |
impulse

bus \ , Y -
| = ol

Figure 37: Diagram of communication lines between prosumers for the "suppression con-
troller"

The "suppression controller" is based on a PID control mechanism. As a measured vari-
able, it utilizes mass flow rate 7n”"* on the primary side of the prosumer undergoing blocking.
As a set point, the controller uses minimal mass flow rate 71”’: from "minimal flow con-
troller". The manipulated variable is shaft speed velocity reduction signal. Reduction signal
and "event impulse" are transferred to all other prosumers through the communication lines
(see fig. 37).

The working principle of "suppression controller" is shown in the following volume flow —
head diagrams. Network configuration from fig. 14 is considered. At first, prosumer2 was
in production mode (point b) with nominal shaft velocity (y,om). Shortly after, prosumer 1
with smaller pump sizing switches from idle to production mode. The working state of the
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feed-in pumps for this case is shown in fig. 38. Prosumer 1 immediately becomes blocked
due to the excessive pressure difference (point a). The head at the point a is shut off head;
therefore, the suppression controller becomes activated.

H [mWc]

H, PUMP2

H [mWc]

H,
Ve Hm,'w’/ Hw- 72

¥ [m'/h] ¥ [m’/h]

Figure 38: Volume flow — head diagrams before activation of "suppression controller": pro-
sumer 1 (left); prosumer 2 (right)

The volume flow — head diagram after the activation is shown in fig. 39. The "suppression
controller" sustains flow rate mfrffn et (POINt ¢) at prosumer 1. It is sending the reduction
signal to prosumer 2 to, and thus, the pump’s curve is lowering, and a new working point
(point d) with lower pressure difference is achieved in the network as it shown in fig. 39.
Now, both prosumers can generate mass flow to the network, and required heat flow rate is
received by the load.

The model of "suppression controller" is shown in fig. 40. The reduction signal is received
from (bus_u). A block const_y nom defines nominal shaft velocity (y,0m), Which the feed-in
pump achieves without a reduction signal. Addition of velocity reduction signal from in-
put bus_u and Yy, is performed in addBus. An input connector dp_u receives measured
pressure difference Ap from the network. A block activator, developed for this theses, iden-
tifies if the feed-in pump approaches blocking state. Once Ap crosses shut off value H,,4,
contPID becomes unleashed from short circuit by a switch switchCont. The PID controller
uses mﬁ:jn ¢ Value calculated in minMassFlow as a set point. The measured value of flow
rate 7P on the primary side is received through flowRate u connector. Reduction signal
(manipulated variable) is sent through bus_y to other prosumers.

When activated, the controller ignores the input reduction signal by multiplying it with zero
value from trueOFalse1. When the controller is inactive, the output reduction signal is zero.
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Figure 39: Volume flow — head diagrams before activation of the "suppression controller" for:
prosumer 1 (left), prosumer 2 (right)

A block fallingEdge generates the "event impulse" when production mode is not longer
on. The "event impulse" is received through reset_u, then activator is switched from ’true’ to
false’ if it was previously activated. Through reset_y the "event impulse" is sent to the other
prosumers.

Note that pressure differences H,, .. corresponds to point a in fig. 38.
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Figure 40: Diagram of "suppression controller"
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5.3. Validation of control mechanisms

For validation, a general prosumer model was equipped with offered control mechanisms.
A conclusion on how successfully they cope with the challenges is then based on compar-
ison between simulation results from section 5.1 and simulations performed in this section.
Input parameters and Qnet,ref time-series for both simulations were identical.

Heating curve switching Heating curve switching was validated with the heat network
model for the exergy losses problem from fig. 29.

The heat flow rate for the case with the switching ("case 2" curves) and the case without
switching ("case 1" curves) are given in fig. 41. It can be seen that heating curve switching
mechanism can evade energy flow limitation: the actual heat flow rate Q... finally meets the
reference Qneme 1 in the steady state.

2.0E4
= = = Pros. 1, Qnet, ref.

1.5E4 = = = Pros. 2, Qnet, ref.

Pros. 1, case 2, Qnst

Pros. 2, case 2, Qnet
1.0E4

Pros. 2, case 1, Qnst
5.0E3

1

1

1

I

1

: = Pro=. 1, caze 1, Onet
1

1

1

1

0.0E0

Heat flow rate [W]

-5.0E3

-1.0E4

1,564
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Time [min]

Figure 41: Heat flow rate between prosumers with and without heating curve switching

The temperatures on the secondary and primary sides are shown in fig. B.5. Compared
to fig. B.4, the values from two different heating curves are observable. Outlet temperature
coming from the heat source was set according to the heating curve 70/30 °C (curve "Pros. 1,
temSecHot"). Thus, "heat extraction controller” that utilizes the heating curve 50/30 °C, can
achieve its reference (curves "Pros.2, temSecHot" and "Pros. 2, contExtr, ref."), and the
required heat demand is fulfilled.
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Rosemann’s controller Heat flow rate for prosumers equipped with the Rosemann’s con-
trollers is given in fig. 42. The reference flow rate was finally reached.
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Pros. 3, Gnet

-1.5E4+ + Y = == Pros.1, Gnetref. .|
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T T
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Figure 42: Heat flow rate between prosumers for the Rosemann’s controller

Comparing the flow conditions from fig. 43 and fig. 33 in between 540 min and 1040 min,
the Rosemann’s controller restricts head developed by the first feed-in pump to 15.4 kPa.
This allows prosumer 2 to operate in the network.

The Rosemann’s controller does not control prosumers undergoing blocking. The set
point temperature and mass flow were not met (see fig. 44) for the prosumer facing blocking.
Consequently, it cannot be a part of a comprehensive control strategy for prosumer-based
heat networks. However, with the help of prosumer2 where the Rosemann’s controller
governed its operation, the minimum mass flow rate mﬁf}n <e+ Was achieved at prosumer 1,
and the reference heat flow rate Qneh ref Was met. This was due to the thermodynamic

balancing of Rosemann’s controller.
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Figure 43: Head and mass flow rates for prosumers operated by the Rosemann’s controller
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Figure 44: Set point and measured value for inner controller (above); set point and mea-
sured value for outer controller (below) for the Rosemann’s controller of pro-
sumer 1
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Minimal flow controller Adequate operation of "minimal flow controller" depends on re-
dundancy coefficient k.. As expected, the simulations showed that k, = 1 restrained heat
transfer from prosumer 1. The value k. = 3 provoked undesirable flow reduction from pro-
sumer 1.

Electricity consumption was increasing with decreasing k, as it is demonstrated in ta-
ble 7. Although energy consumption of the feed-in pump was low for &k, = 1, the simulations
showed that low mass flow rates on the primary side causes large mass flow on the sec-
ondary side according to eq. (54). It was founded that the value k. = 1.15 was the least
from blocking risk and energy consumption view.

Table 7: Electric energy consumption depending on redundancy coefficient &, for the "mini-
mal flow controller”

Redundancy coefficient, k.  Total power consumed [W h] Power consumed by a
feed-in pump [W h]

1 1841 83

1.15 1352 119

3 1208 122

Heat flow rate with respect to the network is shown in fig. 45 for the "minimal flow con-
troller". The plot is distinguished by long-lasting transient states between 540 min and
680 min.

As well as the Rosemann’s controller, the "minimal flow controller" did not follow the mass
flow rate set point for prosumer 1 as it can be seen in fig. 46, so it cannot be a part of
the comprehensive control strategy. Despite this fact, the required heat transfer was pos-
sible due to maintaining minimal flow rate. That is because this controller is also driven by
thermodynamic equilibrium.
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Figure 46: Set point and mass flow rate of "minimal flow controller" for prosumer 1
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"Suppression controller” A validation of "suppression controller" required communica-

tion lines between prosumers. A corresponding heat network model is given in fig.47. A
block commutator, developed in this thesis, was responsible for transferring control signals
between prosumers. The diagram of commutator is given in fig. B.1.

defaultts — P
g pipeCold1 pipeCold2
TITTT

const

|
o
.
|
o

k=-16 + 273.15

<
9

ommutater

|
proSuppr
74—
Prosuppra2
/=
Prosuppra

pipeHot1 pipeHot2
timeTable1 timeTable2 bou timeTable3

E EH' @

offaet=0 offset=0

g=

offset=0

Figure 47: Diagram of the prosumer-based heat network with "suppression controllers”

The reference and actual heat flow rates are shown in fig. 48 for the "suppression con-
troller": the reference was met with extremely brief transient states.

The plot of control signals for the feed-in pump of prosumer 2 is given in fig. 49. Reduction
signal is coming from prosumer 1 and have negative sign. At 540 min, it starts to slow the

second feed-in pump. The state of the controller is in the same plot: it is active during 'true’
value.
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Figure 48: "Suppression controller": heat flow rate with respect to the network
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Figure 49: Control signals for the feed-in pump of prosumer 2 (above) and state of the con-
troller at prosumer 1 (below)
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5.4. Evaluation of flow control mechanism

While heating curve switching mechanism and the "heat extraction controller" had no al-
ternatives in the considered control strategy development, the flow controllers were repre-
sented by three different options: the Rosemann’s controller, "minimal flow controller", and
"suppression controller". For the next stage, it was reasonable to select one type of the flow
controllers.

Evaluation of controllers with respect to the various criteria are given in table 8. As it was
mentioned before, the Rosemann’s controller relied on thermodynamic equilibrium, which
might take a long time to reach, especially for a big network. The "minimal flow controller"
was also driven by thermodynamic equilibrium, but with lower flow rate 7i?": . This made it
even longer to reach the equilibrium as can be seen in fig. 45.

In addition, the Rosemann’s controller and the "minimal flow controller" do not control
prosumers undergoing blocking, so they cannot be a part of the comprehensive control
strategy for prosumer-based heat networks.

Along with other physical quantities, only the "suppression controller" uses pressure,
which propagates much faster than temperature change, as a measured variable. It means
that the "suppression controller" reacted faster to flow conditions, which is demonstrated by
the least disruption to the room air temperature in fig. 50).

Table 8: Evaluation of flow controllers

Control Measured Error w.r.t. the Error w.r.t. Total power
mechanism quantities reference Qnet room air consumption
temperature [Wh]

Rosemann’s T, m Identical Fair 1086
controller
"Minimal flow T, m Poor Worst 1352
controller"
"Suppression T, m, Ap Identical Best 986
controller"

To conclude, the "suppression controller"” demonstrated the finest performance, and was
accepted as a part of the developed control strategy.
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Figure 50: Room air temperature for the flow controllers, the reference is 23 °C : Rose-
mann’s controller (above), "minimal flow controller" (middle), "suppression con-
troller" (bottom)
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6. Simulation results

This chapter presents a comprehensive hydrodynamic and thermodynamic analysis of a
prosumer-based heat network under the developed control strategy. A specific sequence
of alternating states of the system was achieved by applying scenarios. A description of
scenarios and their results are given in section 6.1.

Transient states that were observed during simulations were divided into two groups. The
first, generic states, present intrinsic properties of prosumers. The second, non-generic
states, present properties that could only be observed within interactions between pro-
sumers. The first group is described separately in section 6.2. The analysis of the second
group of the transients is given along with scenarios in section 6.1.

6.1. Scenarios

The following scenarios are suggested for thermohydraulic analysis:

1. Reaching targeted number of prosumers operating in production / consumption mode
(Scenarios A.1-A.2)

2. Unbalanced heat distribution (Scenarios B.1 — B. 3)

3. Influence of network topology (Scenario C)

For all scenarios, the outdoor air temperature ¥, = v, 4 = —16 °C was taken. The
overview of network configuration is shown in fig.28. Applied network topology model is
radial, except for scenario C. Parameters of the model are given in appendix C.

6.1.1. Reaching targeted operating modes

Scenario A.1 A goal of scenario A.1 was to reach a state when two prosumers were
operating in consumption mode simultaneously. In addition, prosumer1 and prosumer 2
exchanged their roles in this scenario. Fig. 51 demonstrates a reference heat flow rate
time-series for this scenario.

Heat flow rate Qnet with respect to the network is given in fig. 52. After transient processes
faded away, a desired operating state was successfully achieved at 430 min. Generic tran-
sient states are marked in the plot and have the following designation: R — "heat transfer
reversal”, O — "overproduction”, "C-On" and "C-Off" — onset and "fading" transient state for
consumption mode, "P-On" and "C-Off" — onset and "fading" transient state for production
mode. These transient states are described in section 6.2. Point a represents a hon-generic
transient state that clarified later in this scenario.
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Figure 51: Scenario A. 1: the reference heat flow rate time-series
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Figure 52: Scenario A. 1: heat flow rate with respect to the network

The performance of the heat network is shown in fig. 53. When prosumer 2 is switched to
consumption mode at 400 min, the "heat extraction controller" started modulating a control
valve. Since prosumer 3 was already in consumption mode, hydraulic conductance of the
network increases. As a result, the working point of the feed-in pump at prosumer 1 shifts
to the right, which can be seen by the head decrease and the mass flow increase until
700 min. Due to the thermal inertia of the heat source at prosumer 1, temperatures in the
network develop slower than the flow propagation.

The non-generic transient state was observed at 400 min at prosumer 3 (see point a in
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Figure 53: Scenario A. 1: control valve opening (left), performance of the feed-in pump of
prosumer 1 (center), temperature in the network for prosumer 3 (right)

fig. 55). This slight drop of Q.. was caused by the decrease of effectiveness (¢) in the heat
exchanger according to eqg. (12). A new flow distribution in the network leads flow reduction
at prosumer 3. At the moment when both mass flow rates at prosumer 3 are equal (point b),
the minimum of ¢ is observed (point ¢). This minimum can be predicted by egs. (13) — (16).
The recovery of Qnet was associated with increasing temperature difference in the network.
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Figure 54: Scenario A. 1: room air temperature

The room air temperature of the prosumers are given in fig. 54. Generic transient states
that can be observed in the figure are: U — "unbalanced mixing", "C-On" — onset state for
consumption mode. The decrease of ¢ at the heat exchanger also had an effect on room air
temperature. It is designated as ain fig. 54.

The difference in the results for operation starting at 50 min and 1400 min was caused
by changing the state of the network from "cold" to "warm". This change is described later
in section 6.2. The plot demonstrating temperatures in the network is given in fig. 56: "tem-
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Figure 55: Scenario A.1: heat flow rate Qnet (left), mass flow rates for demonstrating heat
flow drop (center), effectiveness of the heat exchanger at prosumer 3 (right)

PriHot sensor" curve is the inlet temperature on the primary side, "temPriCold sensor" curve
is inlet temperature on the secondary side.
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Figure 56: Scenario A. 1: water temperature in the network for prosumer 3

Scenario A.2 This scenario was similar to A.2 except that the goal was to reach a state
when two prosumers were operating in production mode simultaneously. The reference heat
flow rate is given in fig. 57.
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Figure 57: Scenario A. 2: the reference heat flow rate time-series

Actual heat flow rate values are given in fig.58. The targeted state was successfully
at 420 min. Generic and non-generic transient states are marked in the plot. New non-
generic transient states are the "switching-on" of "suppression controller" (point s) and the
"unleashing" of the feed-in pump (point p).
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Figure 58: Scenario A.2: heat flow rate with respect to the network

For clarifying the "switching-on" state (point s), a closer look on thermohydraulic perfor-
mance is given in fig. 59 (below). Immediately after the second feed-in pump was turned on,
the first pump undergoes blocking state (point a), but the "suppression controller" unblocks
it. This can be observed by the drastic decrease in mass flow rate from the prosumer 2 (point
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b). A consequent decline in mass flow until point ¢ is explained by the partial closure of the
control valve at prosumer 3 due to the temperature growth in the network (see fig. B.3).
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Figure 59: Scenario A.2: temperatures in the heat network (above), mass flows at pro-
sumer 1 and 2 (below)

The overview of the temperatures at prosumers is given in fig. 59 (above). The outlet tem-
perature growth from prosumer 1 (point d) was due to the mass flow rate reduction. Here,
the "suppression controller" switches to the minimal mass flow rate m%n,set- At point e
temperature is slightly falling as a response to a moderate decrease in the minimal mass
flow rate. It is going down with descending of the inlet temperature as can be seen from
eq. (68).

The "unleashing” transient process (point p in fig. 58) was associated with exponential
decrease of the minimal mass flow rate as it can be seen in fig. 60. Reduction signal from
prosumer 1 allows the second feed-in pump to accelerate (point f), and excessive mass
flow is generated, which, in turn, is the source of excessive heat flow rate through the heat

exchanger.

The room air temperature of prosumers are given fig.61. Generic transient states are
marked. A temperature increase to 23.5 °C at 700 min was also caused by the "unbalanced
mixing".
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Water temperatures and mass flows in the network are given in fig.62. Starting from

700 min mass flow in the network gradually increases due to the valve opening. This was

caused by the movement to a new thermodynamic equilibrium. As a result, temperature in
the "hot" pipeline is decreasing.

In fig. 63, the pressure plot is provided for prosumer1 . Initially, pressure in the network
was static and solely determined by the boundary, bou (see fig.47). Between 50 min and
400 min, the pressure difference in the network was 0.241 bar. It corresponded to 2.49 mWc
generated by the feed-in pump, considering the hydraulic losses in the check valve cheVal1.
Shut-off head of the pump is 3mWc. At 400 min, a pressure spike (point m), which was
higher than the shut-off head activated the "suppression controller", and it immediately
equalizes the head of the second feed-in pump.
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Figure 62: Scenario A.2: mass flows (left), water temperature in the network (center), con-
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Figure 63: Scenario A.2: pressure in the network

6.1.2. Unbalanced heat distribution

Scenarios B.1 and B.2 These two scenarios represented unbalanced heat flow distri-
bution while new prosumers were being introduced to the network. The supply surpassed
the demand for scenario B. 1 and vice versa for scenario B. 2. The reference heat flow rate
time-series for both scenarios are shown in fig. 64.

The analysis of heat flow rate with respect to the network, Q...;, (see fig. 65) illustrate that
for the case when supply surpassed from 600 min, excessive heat flow from prosumer?2 is
not transferred to the network.

However, the suggested control strategy did not embrace all aspects of an unbalanced
heat distribution. The plot of mass flows in the network that is given in fig. 66 demonstrates
this. As usual, the start-up of the second feed-in pump causes blocking of the first feed-
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Figure 64: The reference heat flow rate time-series for scenario B. 1 (left) and scenario
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— Pros. 1, Qnet Pros. 2, Qnet Pros. 3, Qnet — — = Pros. 1, Qnet ref. — — = Pros. 2, Qnetref. — — = Pros. 3, Qnet ref.

8.0E3+

4.0E3+

0.0ED /

-4.0E3+

Heat flowe rate [Wy]

-8.0E3+ T

-1.2E4

T T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 200 800 1000

Time [min]

Figure 65: Scenario B. 1: heat flow rate with respect to the network

in pump (point a). At prosumer 1, this leads to activation of "suppression controller" that
forces the feed-in pump to follow the minimal flow rate (mf,ffm set) DY using feed-in pump at
prosumer 2 as a source of back pressure. This is not correct.

In order to avoid irrational operation, the control strategy needs to be complemented. A
solution could be introducing a centralized moderator (energy management) that will assign
Qnet to every prosumer, so that prosumers will not transfer excessive heat to the network.

Heat flow rate, Qnet, for scenario B. 2 is shown in fig.67. After 600 min, the heat inflow
from prosumer 1 is spread between the two other prosumers.

Thus, temperature in the network and in the room decreased (see fig. 68). Eventually, the

system is brought to a new thermodynamic equilibrium with lower room air temperature.
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Scenario B.3 Scenario B. 3 describes another case for unbalanced heat distribution when
one of the prosumers started to generate a surplus of thermal power. The reference heat

flow rate for this case is given in fig. 69.

Actual heat flow rates, Qnet, that correspond to the
investigated scenario are given in fig.70. Although
starting from 600 min the reference Qnet,net requires
to inject bigger heat flow rate, the actual heat flow
from prosumer 1 was limited by the demand from pro-
sumers 2 and 3.

After 600 min, temperature difference in the network
starts to increase (see fig.71) due to a non-steady
heat transfer. As well as inlet temperature on the pri-
mary side, TC”O’Z[, inlet temperature at the heat source,
le, is increasing. However, this growth is limited by
maximum allowed temperature Tﬂ maz (S€€ €Q. (63)).
Eventually, the network was brought to a new thermo-
dynamic equilibrium with much bigger temperature dif-
ference in the network.
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Figure 70: Scenario B. 3: heat flow rate with respect to the network
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Figure 71: Scenario B. 3: temperature in the network and at the heat source of prosumer 1

6.1.3. Influence of network topology

Scenario C For scenario C, a meshed grid topology from fig. 27 was used instead of the
radial one. The reference heat flow rate is the same as in scenario A.2 (see fig. 57).

Actual heat flow rates Q,,.; for this scenario are given in fig. 72. The diagram contains the
same generic transient states as in scenario A.2. The only difference is that the "unleashing"
transient state is not observed.
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Figure 72: Scenario C: heat flow rate with respect to the network

Pressure difference in the network for a meshed grid network was less than in the radial
one as can be seen in fig. 73. The meshed grid had higher hydraulic conductance due to
additional pipes C1 and C2. This means that the blocking state is less likely to occur in such
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a network: a pressure difference spike that caused blocking in scenario A. 2 is 0.33 bar (point
a), but in a meshed grid, it was 0.29 bar (point b). Obviously, shut-off head (H,,q::) was no
longer a valid parameter for "suppression controller". Therefore, the maximum allowed head
for a long-lived operation of the pump was chosen.

Feed-in pump at prosumer 1 generates higher mass flow rate due to higher conductance
in the network, and thus, the temperature in the network is reaching steady-state slower and
with lower values as shown in fig. 73.
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Figure 73: Scenario C: pressure difference (head) (left), mass flow rates (center), tempera-
tures in the network (right)

Therefore, the "heat transfer reversal” (state R) in fig. 72 lasts longer than in scenario A. 2
(see fig. 74). The effect it has on the room air temperature is shown in the same plot: the
temperature drops lower for the meshed grid (point ¢) for prosumer 3. Apart from this, no
other changes were observed.

To conclude, the meshed grid network topology caused deeper fall with respect to the
room air temperature for prosumer3, but the error between Qnet’ref and Q,; was less
for prosumer 2 due to the absence of "unleashing" transient state. Potentially, if the feed-
in pump at prosumer 1 was chosen with bigger sizing, the negative effect of the meshed
topology could have been avoided.
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Figure 74: Scenario C: heat flow for the "heat transfer reversal" transient process (left), room
air temperature (right)

6.2. Generic transient states

In subsections section 6.2.1 and section 6.2.1, transient states observed during the simu-
lation are classified according to the underlying mode of operation. Moreover, the origin of
transient states and their evaluation is provided.

6.2.1. Consumption mode

When switching from idle to consumption mode took place, observed transient states were
the "heat transfer reversal" (state R) and the onset state (state C-On). The "fading" state
(state C-Off) was formulated for turning from consumption to idle mode.

"Heat transfer reversal" transient state (state R) Although consumption mode was de-
scribed as heat extraction from the network, heat flow reversal occurs when the network is
in the "cold" state. In general, the state of the network is determined by the temperature dif-
ference between primary and secondary sides. For "cold" state, temperature on the primary
side is lower than on the secondary side.

As it can be seen in fig. 75 (left), heat transfer reversal within the interval marked by point
a and b at prosumer 3. The plot of corresponding inlet temperature T,fgf (curve "temPriHot")
on the primary side and inlet temperature 7735 (curve "temSecCold") on the secondary side
of the heat exchanger are shows in fig. 75 (right).

Initially, the inlet temperature on the secondary side was 40 °C although there was no
water flow in the secondary side module in appendix A. This happened because for no-
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Figure 75: "Heat transfer reversal” transient state: heat flow rate with respect to the network
(left), inlet temperature on primary and secondary side of the heat exchanger

(right)

flow, Fluid library from Modelica takes an average temperature between two connectors at
the temSecCold sensor in appendix A, which correspond to outlet (50 °C) and inlet (30 °C)
temperature at the heat source. After consumption mode is activated at 50 min, 7779 is
higher than T/"* during the "heat transfer reversal" until point e. At point e the heat network
is brought to a "warm" state, when Ti’g becomes equal to T75%. Thus, after this moment the
direction of heat transfer comes back to normal.

Under the assumption that the heat losses in the network were negligible, the injected
heat to the network is not lost. However, sudden heat outflow from the prosumer, provokes
a drastic room air temperature fall as it can be seen in fig. 76 (left).

Remarkably, after changing operating modes at 1300 min (see Scenario A.1 in fig.51),
the "heat transfer reversal" does not occur. It can be observed by comparison of fig. 76
(right) and fig. 75 (left).

The heat network can change its state from "warm" to "cold" because of cooling caused by
the heat losses during intermittent break of operation. Another opportunity is the outdoor air
temperature 9, decrease, which will cause increase of 71737, because of the heating curve.

To conclude, "heat transfer reversal" transient state has an effect on both Qnet and room
air temperature plots. Future work must be done to take measures to avoid the reversal of
heat transfer.

Onset transient state (state "C-On") The onset state can be distinguished between the
points b and d in fig. 75, and is split into "fast" (b ... ¢) and "slow" phases (¢ ... d). The
heat source needs to reduce thermal power Q" to give a way to the heat flow from the heat
exchanger (see eq. (50)). Since the mass flow 7 on the secondary side is determined by
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Figure 76: "Heat transfer reversal" transient state: room air temperature (left), heat flow rate
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the heat source (see eq. (54) and eqg. (58)), the "fast" phase is caused by the thermal inertia

of the source. This can be clearly seen in fig. 77: "fast" phase settles at the same time as
Q® (points f and g respectively). The reason for "slow" phase is thermal inertia of the heat

network that can be expressed through the temperature plot in fig. 77.
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Figure 77: Onset transient state: heat flows at prosumer (left), supply and return tempera-

tures in the network (right)

Note that when a prosumer is set to consumption mode in the "warm" state of the network,
the "slow" phase is not observed (see fig. 76). Only "slow" phase of onset state has an effect
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on the room air temperature plot.
To sum up, bringing the network from the "cold" to the "warm" states provoke very slow
recovery of the room air temperature.

"Fading" transient state (state "C-Off') During the "fading", heat flow Qnet from the net-
work is substituted with that from the heat source Q" according to eq. (50). The shape of
the "fading" curve is determined by thermal inertia of the source. It is demonstrated in fig. 78
that Q,,.; reaches steady state at the sam~ *~~ ~~ N (~nmannen aakaataialiaataialio

— Pros. 3, Qnet — — = Pros. 3, Qnet ref. Pros. 3, Qb
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For switching from idle to consump-
tion mode and vice versa, the following
transient states were identified: "unbal- Figure 78: Off-set transient state: heat flows at
anced mixing" (state U), "overproduc- prosumer

tion" (state O), onset (state P-On), and

off-set (state P-Off).

"Unbalanced mixing" transient state (state U) The effect of "unbalanced mixing" is ex-
pressed in the room air temperature drop when the prosumer is switched between produc-
tion and idle modes, This is given in fig. 79 (above): the first point a is for the case of "cold"
network, the second point a’ is for "warm" network case. The "unbalanced mixing" is a tran-
sient process that stems from heating curve switching. It does not have any an effect on

Qnet plot.
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Figure 79: "Unbalanced mixing" transient state: room air temperature (above), heat flow rate
with respect to the network (below)
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Figure 80: Switching to production mode: mass flow rates on the secondary side in ap-
pendix A

For switching from idle to production mode at 50 min (see fig. 79 (below)), mass flow P
on the secondary side changes stepwise from zero to point b as it is given in fig. 80. This is
due to the fact that /P is determined by the formula eq. (57) for contSecPumps controller in
appendix A. Mass flow 7/*®5¥s through the heating system is kept constant and determined
by eq. (61). As a step response, 1/***5¥ drops, and the flow 712?¥P5* through the bypass is
instantly activated. However, the outlet temperature sz at the heat source does not catch up
with this abrupt change of 1¥P*** due to the thermal inertia. Therefore, an abrupt activation
of the bypass causes the "unbalanced mixing" transient state, which can be demonstrated by
the decline of the inflow temperature 77 of the radiator in fig. 81 (above), and a subsequent
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drop of the room air temperature (point a) in fig. 79 (above).
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Figure 81: Temperature of inflow at the ra-
diator (above) and heat flow rate

from the heat source (below)

Eventually, when heat flow Q° from the heat
source, reaches steady state (see fig. 81 (be-
low), T7, the room air temperature comes
back to the desired value.

The second drop of the room air tempera-
ture at point a’ in fig. 79 happens 20 min later
than the reference Qnet’net drops to zero.
Again, the reason for this trait is thermal iner-
tia of the heat source as it is shown in fig. 82.
As a reminder, the actual condition for the
mode switching was Qner < 0.1 as it can be
seen in mode definer module in appendix A.

In order to sustain desired 17, which is
50 °C during the entire transient process,

"balanced mixing" must be sustained. This condition can be expressed through energy
and mass balance for the inlet of the radiator (see fig.25). Assuming that c, is almost the

same for every flow, one can write:

T{ mh = Tzr mbypass + TlheaSys mheaSys

m" = mbypass + mheaSys

Solving eq. (71) for rnheaSys:

- heaSys
m
Tesvs _ oy

By substituting parameters and input
value for prosumer 1 in eq. (72), the condi-
tion for the "balanced mixing" is derived:

0.209 (50 —30)  4.18

mheaSys _

TlheaSys —30 TlheaSys

Every deviation of either mc@5%s or

Pros. 1, Qnet

Pros. 1, Qnet ref.
1E4

0EQ
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~1E4-

Heat flow rate [Wv]

T T T
1000 1040 1080

Time [min]
Pros. 1, production mode
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false . ? |

T T T
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Time [min]

— 30 Figure 82: Demonstration of mode switching

condition

Tlheasys from eq. (72) leads to overheating or cooling the room air temperature from the
reference 23 °C . It can be seen in fig. 83 (above), where eq. (72) is plotted along the actual
mheaSys - At 1025 min, the difference between the two achieves the maximum, which corre-
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sponded to the minimum of 77 (below). Nevertheless, the temperature drop for the point a’
is less than for the point a.

= — = Pros. 1, balanced mixing condition Pros. 1, heating system
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Figure 83: Switching from production to idle mode: "balanced mixing" condition and actual
mass flow rate 11/¢*5¥% in the heating system (above), temperature of the inflow
at the radiator (below)

Again, as in the case of "heat transfer reversal", "unbalanced mixing" is an undesirable
effect, and must be avoided in the improved version of the considered control strategy.

"Overproduction” transient state (state O) Every start of production mode is accompa-
nied with the "overproduction” transient state.

In the case of a "cold" network, immediately after a prosumer is brought to production
mode at 50 min, @, demonstrates a rapid, spike-like decrease (point a) as it is given
in fig. 84 (left). This decrease contradicts "inertial" development of Qnet explained in sec-
tion 4.2.2 for Qife/ﬁi’;f in mode definer module.

A control valve at prosumer 3 is fully open (see fig. B.2) due to the low temperature in the
network; consequently, the flow on the primary side is not limited. The feed-in pump quickly
achieves nominal flow rate 1o, at prosumer 1 as it is demonstrated in fig. 84 (right). On
the secondary side, mass flow, "n? changes stepwise (point b) due to the same reason that
was already mentioned in the "unbalanced mixing". At the very beginning of the transient
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Figure 84: Switching from idle to production mode, "cold" network case: heat flow rate with
respect to the network (left), mass flow rates of the pumps on both sides of the
heat exchange (right)

state, an opportunity for heat transfer through the heat exchanger is created. At the same
time, the "unbalanced mixing" transient state limited heat transportation to the radiator, so
that the heat flow is redirected to the network:

Qnet = Qb - Qr

where Q" is the heat flow rate at the radiator.

As a result, the spike-like drop of absolute Qnet is caused, which can be found among
heat flows at the prosumer in fig. 85 (left, point e).

The convex after the spike (left, point ¢) in fig. 85 was caused by the thermal inertia of the
room air. It is given in the plot of inlet 77" and outlet T3 temperatures at the radiator in fig. 85
(right). The augmentation of 735 was different from 77", which implied heat storage in the
volume of air. Finally, when the room air temperature came back to the desired 23 °C , the
steady state was reached.

The case of "hot" network is distinguished by less heat transfer availability through the
heat exchanger. Thus, a spike-like decrease of Qnet is not observed at 1100 min in fig. 86.

The smaller heat transfer availability was caused by the activation of the control valve
at prosumer 3. After switching prosumer 1 to consumption mode, the "warm" state in the
network eased to normal operation when the "heat extraction controller" is required to limit
the flow. As a consequence, the flow through the primary side (feed-in pump 7i2/) does not
catch up with the flow r2” on the secondary side (production pump) as shown in fig. 86 (right,
compare with fig. 84). It means that the heat transfer through the heat exchanger is not yet
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Figure 86: "Overproduction" transient state, "hot" network case: heat flow rate with respect
to the network (left), mass flow rates of the pumps on both sides of the heat
exchange (right)

developed at the cutting-in.

As well as for the "cold" case, the "unbalanced mixing" limits heat transportation to the
radiator, but in "warm" state, heat transfer through the heat exchanger is limited too. As a
result, the heat flow Q° from the source itself drops (see fig. 87). An embedded controller
at the heat source responds in a rough way to the drop of Q°, which, in turn, resulted in

overshooting of mass flow through the source’s pump 7" and consequently of Q.. (point

d).
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To sum up, this transient state has an ef-
fect only on Qe plot.

Onset (state"P-On") and fading tran-
sient state (state"P-Off") Onset tran-
sient state is different from "overproduction”
state, which is accompanied by the every
turn-on of production mode. Onset state
is just a response to the thermal power in-
crease. It has the same origin as in the case
of consumption mode, namely, thermal in-
ertia of the heat source. "Fading" transient
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Pros. 3, absolute value of Ginet
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Figure 87: "Overproduction” transient state,

"hot" network case: heat flows at

prosumer

state for production mode is analogous to that of consumption mode.

To conclude, onset and "fading” transient states of production mode find their representa-

tion in Qye; plots only and has no effect on the room air temperature plot.

6.3. Summary

Simulation results confirmed the capability of a developed control strategy to operate the
heat network with prosumers. Moreover, a few distinctive transient states were observed

and investigated. They were arranged according to their effect on prosumers.

The states that influenced the room air temperature were the following:

1. For prosumers operating in consumption mode, "heat transfer reversal” transient state

caused the most significant room air temperature drop (from 23 °C to 18 °C) and was

associated with transition of the heat network from "cold" to "warm" state. This state

also had influence on the heat transfer Qnet with respect to the network.
2. In every case of mode switching from idle to production mode and vice versa, the

"unbalanced mixing" transient process was the origin of another room air temperature
falling (from 23 °C to 20.5 °C and 21.7 °C respectively). This was caused by non-

synchronous alternation of mass flow on the secondary side and outlet temperature

at the heat source due to the thermal inertia.
3. In scenario A. 1 with two consumers as the targeted state, the room air temperature

decrease to 22.8 °C was detected due to the altering of flow condition, which had an

effect on Qe as well.

The following transient states interfered heat flow rate with respect to the reference Qnet:
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1. "Overproduction" state was seen during transition from idle to production mode. It
was characterised by significant and abrupt heat flow injection to the network more
than the the reference. However, this state lasted for 5 min and 15 min respectively in
scenario A.1. It was caused by the undesired heat flow redistribution of prosumers
due to the "unbalanced mixing".

2. Onset and "fading" transient states represented natural thermal inertia of the prosumer
heat source.

3. Turning-on of the "suppression" controller caused a slight swinging of Q,..; around
the reference, which was the consequence of blocked — unblocked sequence at pro-
sumer 1 and the actuator (control valve) modulating at prosumer 3 in scenario A. 2.

4. A certain excessive mass flow rate was generated during the "unleashing" state of
a feed-in pump due to a rapid decline of reduction signal from prosumer 1 in sce-
nario A. 2.

Unbalanced heat flow distribution scenarios B. 1 — B. 3 revealed important insights on the
control strategy operation. When the supply surpassed the demand for new prosumers in
the network, the mismatch of Qnet caused false activation of the "suppression controller" that
utilized the second feed-in pump in the network as a source of back pressure to maintain
a "minimal flow" rate at the first feed-in pump. For gradual unbalanced increase of heat
injection from one of the prosumers in production mode, the consequence was different:
the growth of Qner Was limited by the current demand, and the network came back to the
balanced state. For the case when demand is higher than supply, temperature in the network
decreased, and the system came to the new thermodynamic state with the lower room air
temperature at the demand side.

The meshed grid network in scenario C had lower pressure losses than the radial one. As
a result, the mass flow rates were higher, and the temperatures in the network were lower.
Although the meshed grid alleviated the "unleashing" transient state, room air temperature
dropped to 17.8 °C due to the "heat transfer reversal". This drop was deeper than in the
radial grid scenarios.
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7. Conclusion

To begin with, the role of a district heating system was evaluated in the view of transition
towards renewable energy. Nowadays, it is estimated that fossil fuels account for 66 % of
energy production for heating purpose in the EU. One of the measures taken for decarboni-
sation could be an expansion of district heating networks that would connect local renewable
and waste heat sources with consumers in cities. The idea of the heating network expan-
sion can be implemented with existing state-of-the-art technology. However, there is an
opportunity to further integrate local heat sources with so-called "prosumers". A prosumer
is a customer that can both produce and consume heat with respect to the heat network.
A building with a heat source, for instance a solar collector, could be a prosumer. The pro-
sumer concept imposed new challenges on the customers’ heating system and the heat
network operation.

As a basis for the research, a scheme and the characteristics of the experimental set-
up for prosumers at Combined Smart Energy Systems (CoSES) center at the Technical
University of Munich were used. The experimental set-up was designed for bidirectional
energy and non-directional medium flow. The heat transfer with respect to the network took
place with the help of the heat exchanger, which separated heat network from the prosumer.

A preliminary analysis of operational modes of prosumers in the heat network focused
on both energy and medium flow conditions. It was examined that the exergy losses in the
heat exchanger limited the heat flow, and certain pressure conditions caused a flow blocking
state for prosumers.

The scientific method was presented by computer simulation done in Modelica language
in Dassault Systéemes Dymola software. Firstly, a general prosumer model was developed.
This model combined a heat source and heating load. The reference heat flow rate with
respect to the network was equal to the difference between heat flow rate of the source and
the load. A distinctive feature of the model was the ability to present room’s air temperature.
Secondly, appropriate control mechanisms were modelled as a response to the problems
identified in the preliminary analysis.

A control mechanism that targeted the exergy losses was heating curve switching. It
essentially utilized a heating curve with higher supply temperature to compensate the exergy
losses in production mode. For solving the flow blocking problem, three control mechanisms
were proposed. Eventually, all proposed control mechanisms were validated. By evaluating
the performance of the flow controllers, one of them, namely the "suppression controller",
was accepted as a part of the concluding control strategy. The "suppression controller” was
activated in case of the blocking state. The controller then suppressed shaft velocity of the
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feed-in pump that was causing the blocking. By means of the velocity reduction signal, it
released prosumers from the blocking state.

The major results were received when scenarios were applied to the heat network with
three prosumers driven by the concluding control strategy. Those scenarios aimed to demon-
strate sequence of alternating modes of operation, unbalanced heat distribution, and the
influence of the network topology (meshed and radial).

The simulation results allowed to analyse thermohydraulic states of the prosumer-based
heat network and determine crucial transient processes during mode activation and oper-
ation. The goal of the control strategy was met: the actual heat flow rate with respect to
the network followed the reference one for a steady state. Transient states had an effect on
both room temperature and error between the reference heat flow rate and the actual one.
Unbalanced heat distribution scenarios caused a false activation of "suppression controller”,
which, in turn, caused utilizing one of the other pumps as a source of back-pressure. When
demand surpassed supply, the heat flow in the network was restricted by the current value
of the load. Finally, the meshed grid scenario was characterized by higher mass flow rates,
and consequently, lower temperatures in the network. This had a negative effect on room
air temperature during one of the transient states.

To sum up, the capability of a developed control strategy in response to the challenges was
confirmed. However, the analysis of the transient states revealed that the control strategy
needs to be improved to avoid the decrease in room air temperature.

8. Outlook

For prosumers operating in consumption mode, measures must be developed to avoid or
lessen the "heat transfer reversal" transient state, which caused the most significant room
air temperature drop. To avoid this state the network should be brought from the "cold" to
"warm" state before turning on consumption mode. To compensate the "unbalanced mixing"
transient state, it is required synchronizing mass flow change on the secondary side with
the thermal inertia of the heat source.

In addition, the influence of the heat losses should be investigated, and domestic hot
water (DHW) load could be added.

Finally, the simulation results could be tested in the experimental set-up.
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Nomenclature of Variables

Variable Description Unit
Q Heat flow rate (W]
U Internal energy [J]

u Specific internal energy [J/kg]
Ex Exergy flow rate (W]

h Specific enthalpy [J/kg]

T Water temperature [°C]

v Air temperature [°C]

m Mass flow rate [kg/s]

14 Volume flow rate [m3/s]

1% Volume [m?]

v Velocity [m/s]

D Pressure [Pal

H Head [mW¢]

n Rotational speed [rpm)]

P Electric power (W]

Wiow — Flow power W]

h Overall heat transfer coefficient [(W/(m2K)]

a Convection heat transfer coefficient [(W/(m?K)]

C Heat capacity rate [W/K]

A Heat transfer area [m?]

G Thermal conductance [W/°C]
Az Heat surface wall thickness [m]

l Length [m]

S Circumference [m]

d Diameter [m]
K,s  Flow coefficient of a valve [m3/h)

€ Absolute roughness [m]

) Density [kg/m3)
Cp Specific heat capacity [J/(K kg)]

u Kinematic viscosity [m?/s]

g Gravity [m/s?]
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B. Supplementary Modelling and Simulation Results
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Figure B.1: Commutator block for "suppression controller”
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Pros. 3, control valve

1.2

\ J

0.4+

Opening [-]

0.0

T T T T
0 100 200 300 400

T T T
800 700 200

T T
500 S00 1000

Time [min]

Figure B.3: Control valve opening at prosumer 3 for scenario A.2
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C. Parameters of the Model

In this appendix, parameters that were not mentioned in chapters 4 and 5 are given in ta-
ble 9. If a parameter is not mention, then the default value was taken.

For water properties, i.e. p, c,, i, a package 'Media.Water’ with a model for liquid water
with constant density was used from the IBPSA library.

Table 9: Parameters of the model

Parameter Variable Description Value Unit

Time constants

riseTime Toump  Feed-in pump (feedPump) 35/20 [s]
riseTime Tpump  Production pump (pumpProd) 5 [s]
riseTime Toump ~ CONsumption pump (pumpCons) 5 [s]
riseTime Tpump ~ Heat source pump (pump) 5 [s]
riseTime Tvalve ~ Control valve (mainVal) 5 [s]
tau - "Cold" pipeline temperature sensor 5 [s]
(temPriCold)
T b, Q First order system (firstOrder) for 240 [s]

modelling thermal inertia
tau T, T heater control volume inside heat- 240 [s]
Source model
use_inputFilter - Dynamic speed change for radiator false’ [—]
pump (pumpRad)

Control valve (mainVal)

Kv K,s  Flow coefficient 2.5 [m?3/h]
| - Leakage 2.5-1073 [—]
Module thermal model of the buiding
Y, Veir Air volume of the building 300 [m3]
Check valve 1 (cheValt)
m_flow_nominal - Nominal mass flow rate 0.134 [kg/s]
dpValve_nominal - Nominal pressure drop of fully open 0.01 [bar]
valve
Check valve 2 (cheVal2)
m_flow_nominal - Nominal mass flow rate 0.134 [kg/s]

Continued on next page
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Parameter Variable Description Value Unit

dpValve_nominal - Nominal pressure drop of fully open 0.01 [bar]
valve

Heat exchanger (HEX)

Q_flow_nominal  Qnom  Nominal heat transfer 30000 (W]
T_ail_nominal 777 .~ Nominal inlet temperature on pri- 70 °C
mary side
T_a2 nominal  T7¢C . Nominal inlet temperature on sec- 45 °C
ondary side
m1_flow_nominal  rifn,  Nominal mass flow rate on primary  0.3585  [kg/s]
side
m2_flow nominal 2%,  Nominal mass flow rate on sec-  0.3585 [kg/s]
ondary side
dp1_nominal Ap%jm Nominal pressure loss on primary 4-10* [Pal]
side
dp1_nominal Apbri,  Nominal pressure loss on sec-  4-10% [Pal
ondary side

Internal Pl controller of "heat extraction controller" (contExtr)
K - Gain of controller 0.05 -]
Ti - Time constant of integral block 5 [s]

Internal contPID controller of "suppression controller" (contSupr)

K - Gain of controller 1 -]
Ti - Time constant of integral block 10 [s]
Td - Time constant of derivative block 0.1 [s]
Prosumer 1
Q_boiler _load Qb,mm Nominal thermal power of the heat 35000 (W]
source
Q_load_design Qz,d Design heating load 17500 (W]
Prosumer 2
Q_boiler_load Qb7 nom  Nominal thermal power of the heat 56000 (W]
source
Q_load_design Qi.a  Design heating load 28000 (W]

Continued on next page
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Parameter Variable Description Value Unit
Prosumer 3
Q_boiler_load Qb,nom Nominal thermal power of the heat 56000 (W]
source
Q_load_design Q.4  Design heating load 28000 (W]
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