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1 INTRODUCTION

This document refers to the activities developed in the framework of the Subtask C, focusing
on the integration of distributed renewable energy sources in peripheral points of the district
heating network (DHN). The main goal of this report is to gather experiences and lessons learnt
from case studies and the actual implementation of the integration of decentralized renewables
(RES) in existing DHN in different project stages to show the potential benefits and challenges.
This report allows to get a comprehensive insight into this topic; the gained knowledge coming
from these practical experiences could be helpful in potential future projects, from a technical
as well as a non-technical point of view. Concerning the latter, advantages and obstacles in
stakeholdersdé involvement from the planni
highlighted. Non-technical aspects have in fact a significant impact when facing the integration
of distributed RES in existing DHN.

Information and data about case studies have been collected and revised according to a pre-
defined template distributed to the contributing Annex TS5 members. The filled templates have
been revised by Politecnico di Milano as subtask C leader. An evaluation matrix has been
generated to ease the navigation of the information supplied in the case study template. The
matrix allows the reader to compare at a glance the analysed case study.

First a general introduction highlights the common aspects among the different case studies,
as well as their major peculiarities or significant gaps and the main lessons learnt from them.

Then, the case studies are presented in their extended form in dedicated factsheet with all the
collected details.

ng
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2 OVERVIEW OF THE CASE STUDIES

The case studies collected here present a certain range of applications of decentralised RES
integration in DH within the experience of the Annex TS5 international consortium. The content
of the cases study factsheets is summarized in the following.

1. Merezzate plus 7 Politecnico di Milano

This project aims at analysing the feasibility of decentralized rooftop solar thermal plants
integration of a new residential area in Merezzate, Milano, into the existing high temperature
district heating. The simulation of two scenario for a local subnetwork at high (100°C) and low
(60°C) temperature shows the potential of better exploitation of solar energy in a 4th generation
district heating (4GDH) configuration.

2. Data center waste heat recovery in Copenhagen - PlanEnergi

In this project, the use of heat pumps is foreseen to exploit industrial excess heat from a
datacenter in Hgje Taastrup, in the Western outskirts of the Greater Copenhagen Area,
Denmark. The heat pump (HP) would feed both high temperature heat in the DH transmission
line operated at 120°C and lower temperature heat at 75°C in the local DH distribution network,
enhancing the recovery of waste heat at 30°C.

3. ZellFlex T TU Dresden

ZellFlex aims at simulating and evaluating measures for a more flexible operation of DH
networks using a cellular approach. Local heat retention is one of the measures 1 trying not to
transport decentrally produced heat through the whole network but rather use it locally. In
particular, the project aims at analysing possible scenarios in which a heat storage can lead to
high coverage rate (up to 80% in newly bui

4, Data center WHU Campus i TU Darmstadt

The waste heat utilization (WHU) of a high-performance computer (HPC) described in the case
study was designed and implemented as part of a research project of the Technical University
of Darmstadt. The aim of this research project is to develop an optimized overall energy
concept for the University Campus Lichtwiese with sector coupling of electricity, heating,
cooling and buildings. Additionally, the focus lies on defining, implementing and evaluating
measures to reduce the DH network temperatures.

5. Solstand i TU Dresden

The project consists in the design and control concept of a pilot plant which is in regular
operation at the Centre for Energy Technology (CET) in Dresden in cooperation with the local
network operator as part of a feasibility study for larger solar collector fields. The aim is the
demonstration of feasibility of decentralized feed-in in a 2nd generation district heating network
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(2GDH) with vacuum-tube-collectors technical function in interaction with a real DH system
and the development of a control system (proof of concept).

6. SWD.SOL Il - Solites

The project consists in the monitoring and optimisation of four hydraulic R/S (return-supply)
integration schemes for a solar thermal integration into an existing big city 2GDH network. The
roof mounted solar integration (return/supply) is analysed in 4 configurations to understand
which concept schemes (pump/ pump+valve/ pump+bypass/ hydraulic separation) perform
better and pros and cons of each of them. The results of the research project show the proper
functioning and feasibility of decentral solar thermal plants with several solutions, which can
be transferred to other district heating systems.

7. Lodi solar prosumer i Politecnico di Milano

The case study concerns the integration of a solar thermal system installed on the roof of a
swimming pool building into the main district heating network in Lodi (IT) to recover all available
solar heat in a prosumer configuration. The objective of the project is to improve the control
logic, after the identification of poor solar field performances, thanks to the reduction of system
operating temperatures.

8. EnWiSol i Fraunhofer

The project concerns the research and field test of an optimized control strategy to optimally
transfer the heat between different solar prosumers in a residential district heating network in
Freiburg-Gutleutmatten. The aim is to maximize the self-coverage from solar heat, reduce and
dispatch operation of the DH network based on natural gas combined heat and power (CHP).
The results show that the supply by main generation plant can be significantly reduced though
the system control is very complex and field experience sees several malfunctions in solar
systems.

0. Lerum i Energianalys

I n the framework of a Life project named
with an integrated solar thermal (ST) plant was realised close to the urban area of Lerum and
connected to the existing municipal district heating system. The objective of the consultancy
project involving Energianalys concerned the design and optimisation of the feed-in scheme
and control logic (temperature-controlled logic) in the heat exchange substation between the
ST plant and the district heating network. A model predictive control (MPC) has been
developed and integrated in a R/S (return-supply) feed-in connection scheme, in order to solve
a technical issue concerning the high fluctuations in the ST feed-in flow due to the intermittent
nature of solar irradiance.

fiNoi
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10. Ystad i Energianalys

The consultancy project concerned the design and optimisation of the feed-in scheme and
control logic (flow-controlled logic) in the heat exchange substation between a ST field installed
on the rooftop of the municipal sport arena and the existing district heating network in the city
of Ystad. The substation has been designed in a way to be able to switch between R/R
(return/return) and R/S (return/supply) mode according to ST supply temperature and the
prediction, by mean of a MPC algorithm, of the desired feed-in supply temperature.

11. Thermaflex i BEST

The main goals are to make use of fluctuating industry waste heat through bidirectional
coupling of three DH networks and to develop a high-level predictive control of DH network
operation and heat generation plants. Each of the three DH networks has a local heating center
with local production, thermal energy storage and demand from the DH network. To utilize the
advantages of the interconnection, an overall control system was required to define when and
how much thermal energy shall be exchanged between them, so that the production from
renewable sources (biomass, waste heat) can be improved and transferred, and the production
from gas boiler can be reduced.

2.1 NAVIGATION MATRIX

A navigation matrix has been chosen as a convenient way to highlight the main topics covered
in each case study given its specific project stage. By looking at the matrix reported below it is
therefore possible to rapidly assess what are the topics treated in each (collected) case study.
This can guide the reader, who can immediately understand what are the projects that better
fit his interests and directly check for them in the dedicated factsheet. The navigation matrix is
therefore conceived asareadinggui de t o the case studiesbd

It is possible to distinguish among feasibility studies, projects in a design phase or projects in
operation that are therefore monitored and optimized. For each of the collected contributions,
it is then possible to identify the energy source, its integration to the existing DHN, the control
system, the use of software tools and if non-technical aspects are addressed.

As the matrix highlights, the majority of collected cases involves solar energy exploited by flat
plate or vacuum-tube collectors. This is because involving a technology requiring significant
space availability, the central integration is often challenging and rooftop decentral integration
is a promising alternative option. On the other hand, the example of decentral solar integration,
due to the aleatory presence of the energy source and its highly fluctuating availability, is the
most representative decentral integration being very challenging: most of the aspects related
to sizing and controls of fluctuating solar energy are still valid in more stable integrations. The
other prevalent technology is the heat pump to recover low temperature waste heat, a very
common decentral integration allowed by the presence of DH infrastructure.

factsh
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In the majority of the cases the location of the decentral integration is already given or it comes
from an existing available source. Even if the DH condition in the feed in point highly impacts
the design of the integration, the location is not a design variable since the size of the RES
plant is in most cases not very impacting in comparison to the main generation system. An
interesting topic for massive development of decentralized renewable energy exploitation is
instead the one represented by the Zellflex project that involves a new planning procedure to
identify areas of the city where to locate new RES plant in a decentral form.

Most cases deal with the challenges of meeting the required temperature by the DH operators
(from feasibility to operational stage) while hydraulics challenges are studied in the design and
operational phases. All the cases dealing with variable energy sources are supported by
simulation studies, while the ones involving monitoring and optimization of the operational
phase focus mostly on control strategies, fault detection and validation of components
characteristics and sizing. Non-technical aspects are very limitedly addressed, mostly in the
cases at a very preliminary stage of feasibility.
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3 CASE STUDIES

The case studies collected here present a certain range of applications of decentralised RES
integration in DH within the experience of the Annex TS5 international consortium.

Each case study sheet is divided into three main sections. The first section gathers general
information about the specific project that is described, providing insights to the main DH
system to which the distributed RES is integrated. The latter is described in detail in the second
section, in which technical and non-technical data related to the distributed RES are provided.
Also, the main research activities/analysis performed on the case study are reported, with a
focus on the obtained results, on the innovative aspects and on critical issues. The third section
is then intended to collect the major success or non-success factors related to the specific
case study, with the aim to highlight any barriers, drivers, faced challenges and in general the
lessons learnt.

IEA DHC ANNEX TS5 RES DHC 1z
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3.1 MEREZZATE+ 17 POLITECNICO DI MILANO

Date 30/06/2021

Author (s) Dario Dall 6Ara; Alice D®nari ®
Institution Politecnico di Milano

Address/country Italy

Phone +39 02 2399 3850

e-mail alice.denarie@polimi.it

3.1.1 GENERAL INFORMATION

This project aims at analysing the feasibility of decentralized rooftop solar thermal plants
integration of a new residential area in Merezzate, Milano, into the existing high temperature
district heating. This document describes mainly the simulations performed in the framework
of the EIT Climate-Kk1| C funded project AMerezzate+0.
benefit of a decentralised solar thermal integration with return/return feed-in connection in the
new district subnetwork. Two scenarios are analysed: a standard high temperature connection
and low temperature subnetwork. Merezzate+ is a new housing district in the south-east area
of the city of Milan.
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Figure 1: Location of Merezzate district, in the Municipality of Milan.

Newly built in 2018, it counts 25 buildings with 800 apartments, out of which 615 are dedicated
to social housing. Being a new area, buildings are well insulated and low energy demanding,
40 kWh/m? - 17 kWh/m? for domestic hot water (DHW) and 23 kWh/m? for space heating (SH),

The
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with space heating provided by radiant floor. The buildings are grouped multi-dwelling units
(UDC) connected to the DH networks. Nowadays, only five multi-dwelling units are completed,
while four are in construction phase. Therefore, just these five are considered in this project:
UDC 01-03-05-06-09.

Figure 2: Merezzate District Heating network and considered multi-dwelling units.

Each multi-dwelling unit contains the substation connected to the existing DHN (3™
generation). The system, as it is conceived, foresees a predisposition for the conversion of the
local DHN in a low temperature subnetwork (through a mixing valve with the return temperature
of the primary network): every apartment has in fact a flat substation designed for low
temperature system (radiant floor and instantaneous production of DHW). The district heating
system is therefore designed also to be upgraded to a low temperature subnetwork of 4™
generation, according to the Merezzate+ project. In this configuration the heat exchangers of
each multi-dwelling unit UDC can be removed and the DH water can directly feed the heating
system of the apartments. For this reason, one of the first conducted activity has been to build
a dynamic energy model in TRNSYS able to simulate the current behaviour of the district
network and potential future low temperature upgrade. The model developed has been then
validated, according to the monitoring data provided by the utility, and some efficiency
measures have been simulated together with the integration of solar plants, both in the current
plant and in the 4GDH configuration.
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The decentralised solar system model is studied with the future low temperature network
configuration and the results are compared with the current high temperature network. The
results from the simulations are analysed from an energy, environmental and economic point
of view.

3.1.2 DESCRIPTION OF DH SYSTEM
DH SYSTEM

The current configuration of the district heating system in Merezzate area contemplates the
use of t"hgeneratiort DHB.s 3

The DH branch connected to the district in Merez
Esto that is fed by two heat generation plants,
Table 1. Merezzate heat generation plants, data from AIRU
Heat Generation Plant ~ Generation Type | Total Installed Powe
Endothermic Engine 15 MWe |13 MWt
Canavese Gas Boiler - 55 MWt
Groundwater Heat Pump- 15 MWt
Linate Endothgrmic Engine 24 MWe |24 MWt
Gas Boiler - 60 MWt
The annual power needed for heating and DHW for the studied multi-dwelling units is equal to
5.5 MW.
As it can be seen in Figure 3a), the current DH primary side has a supply temperature about
100 °C and a return temperature around 40 °C, with an average mass flow rate of 3 m®h for
each UDC. The secondary side operates with a supply temperature around 65 °C and a return
temperature about 30 °C, with an average mass flow rate of 8 m3/h. The users are connected
to the DH secondary side through a flat station at each apartment used both for space heating
(387 °C / 30 °C without other heat exchangers) and for instantaneous production of domestic
hot water (45 °C/ 10 °C).
If the local subnetwork will be converted in a 4" generation system, the substation at the base
ofeachmulttdwel I ing unit would be removed and the su

decrease thanks to a mixing station between city supply line at 100°C and the return from
Merezzate at 40°C in order to have a supply temperature at 60°C. A scheme of next low
temperature configuration is shown in Figure 3b).
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Figure 3: Scheme of current 3™ generation DH (a) and of future 4™ generation DH connection
with Multi-Dwelling Units (UDC).

DISTRIBUTED RES

The feasibility of decentral i s e distscbheatingsystémer mal i
is studied with the current DH network (high temperature configuration) and with the next
implementation to 4GDH (low temperature configuration). The same prosumers configuration
is analysed in both configurations, pointing out the better integration of low temperature DH
with RES: the integration with the DH main line is in the form of return/return (R/R) feed-in

connection.
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HIGH TEMPERATURE CONFIGURATION

Technical data

The decentralised solar thermal system is simulated considering a flat plate collector with the
following characteristics:

Table 2: FPC solar collector type.

LYGdSNOSLIG 9 7F] 0.784| -
Slope Coefficient (al) 4.08| W/im2 K
Curvature Coefficient (a2) 0.0084| W/Im2 K2
{621 2F [ 21 55| °

The solar panel areas for each UDC and their annual heating needs are shown in the table
below:

Table 3: Solar panels area.

Multi -Dwelling Unit | AnnualHeating need [MWh] | Total Area Collector [m2
UDCO01 404.7 135
UDCO03 309.3 105
UDCO05 294.5 100
UDCO06 277.0 90
uUDCO09 213.6 70
TOT 1499.1 500

Considering the previous characteristics, the decentralised solar thermal system is a
prosumers integration with the solar production primarily used by the building itself and the
exceeding energy production is integrated in the DH line with return/return feed-in connection.
The R/R feed-in connection is then chosen with the DH line: a simple control strategy is then
required even if an extra pipe is needed.

The simulated control strategy of the solar plant is very standard from the solar system point
of view: the solar pump is controlled with an ON/OFF strategy with differential controllers based
on the temperature difference between outlet collector temperature and cold side heat
exchanger inlet temperature; higher and lower ¢l are respectively 10 and 2°C. The collector
area is sized with the aim to minimise stagnation.

Technical aspects

Here, the decentralised solar system control strategy is explained.
The water is withdrawn from the return line of the primary side and goes to the solar collector.
Then, two different cases may occur.
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1. If the outlet temperature from solar panels is > 80 °C, the water (red arrow)
goes to the substation and exchanges heat with the secondary side, thus with
the consumers. It is the case of solar thermal energy exploited by user.
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Figure 4: Control strategy adopted in case of solar collector outlet temperature > 80°C.

2. If the outlet temperature from solar panels is < 80 °C, the water goes to the DH
return line in the primary side (orange arrow). In this case the water increases
the DH return temperatur e, decreasing th
solar thermal energy exploited by the network.
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Figure 5: Control strategy adopted in case of solar collector outlet temperature < 80°C.
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Results and innovation aspects

A thermodynamic model is created on TRNSYS to simulate the decentralised solar system at

high temperature configuration. The full digital twin of the district (both buildings and network)

all ows to check the entire bethawi dwcsusofonpuceu Bé
The decentralised solar system can cover up to 8.1 % of the total annual energy needed. The

results are shown in Error! Reference source not found..

Figure 6: Percentage of energy saved from HT solar system
Non-technical aspects

The tot al i nvest ment cost for the3@kczEhMAarahdsed
amount of non-renewable primary energy saved is equal to 130 MWh/year.

LOW TEMPERATURE CONFIGURATION

Technical data

The same decentralised solar system and feed-in connection are considered for the planned
4GDH system of Merezzate. This solution is chosen from a construction point of view. Indeed,
by maintaining the configuration unchanged when considering a low temperature distribution
network, the work on site is very simplified.

Technical aspects

The Control strategy is exactly the same as before, but with a reduced temperature at the solar
collector outlet. Therefore, the two options are:
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1. If the outlet temperature from solar panels is > 65 °C, the water goes straight to
the supply line in order to serve the flat stations. The water can be therefore
directly used by consumers. It is the case of solar thermal energy exploited by
users.

2. If the outlet temperature from the solar panels does not reach the set point of
65 °C (T < 65°C), the water goes back in the network return line, increasing the
district heating return temperature and decreasing the district heating network
T . | t ase of solarithermal energy exploited by the network.

Results and innovation aspects

A thermodynamic model is created on TRNSYS to simulate the decentralised solar system at
low temperature configuration. The decentralised solar system can cover up to 12.2 % of the
total annual energy needed. The results are shown in Error! Reference source not found., m
onth per month.
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Figure 7: Percentage of energy saved from LT solar system
Non-technical aspects

Considering the same investment cost of -inabout

configuration, the decentralised solar system at low temperature can save an amount of non-
renewable primary energy equal to 200 MWh/year.




IEADHC

3.1.3 LESSONS LEARNT

The non-renewable primary energy saved by the decentralised solar district is equal to 130

MWh for the current high temperature district heating network and is equal to 200 MWh for the

planned low temperature DH network to be implemented. This has been obtained considering

the same total solar areaof 500m?and an identical i nvest ment cosH
configuration remains unchanged in the two cases.

The energy saved from the decentralised solar system with a R/R feed-in is equal to 8 % for
the high temperature network and 12 % for the low temperature configuration. The R/R feed-
in configuration is favourable from a construction point of view since it allows to maintain the
same solar integration for HT and next LT network.

This analysis underlines the performances of the LT network, highlighting a better integration
with the ST plant. Indeed, in this case the ST system can cover more than 40 % of the energy
needs during July and August. The next 4GDH has better performances due to the low
temperature network, which allows to exploit more the renewable energy source, decreasing
the thermal losses and the risk of damaging the systems.

The prosumers integration allows better exploitation of the renewable energy sources but it
turns out being more complex in the control strategy and is expected to have also higher design
and installation costs.

The use of a full system simulation model (digital twin) of the district including network,
buildings (radiant floors and DHW supply) validated with monitoring data turned out being a
fault detection tool that has allowed a good improvement of the full system management:
Bypasses and exceeding pumping costs were improved.

Overall, the analysis of monitoring data is considered vital to have a good system functioning
and design.
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3.2 HP DATACENTER i PLANENERGI

Date 17.10.2023

Author (s) Max Guddat | QA Per Alex Sgrensen
Institution PlanEnergi

Address/country Jyllandsgade 1, 9520 Skgrping, Denmark
Phone +45 9682 0400

e-mail mgag@planenergi.dk

Reviewed by Politecnico di Milano in January 2023

3.2.1 GENERAL INFORMATION

In this project, heat pumps are used to exploit industrial excess heat from a datacenter, which
is going to be built from 2024 in Hgje Taastrup, in the Western outskirts of the Greater
Copenhagen Area, Denmark. The local DH-utility Hgje Taastrup District Heating (HTF) is
primarily a distribution company, distributing heat produced in other parts of the Greater
Copenhagen DH and transmitted to e.g. HTF. A plan from 2014 foresees a transition from the
then primarily coal-CHP fuelled district heating to biomass-CHP, in a transition period, and
ultimately to heat pumps for approx. 300 MW. Considering the plan for the DH as a total, in
later years HTF has investigated the possibilities to expand the decentral integration of
(renewable) district heating. This project, with excess heat of approx. 30-50 MW (output of
HPs), is an obvious way to work towards this target.

The datacenter is to be located between the HTF distribution system and close to the
transmission system of the Greater Copenhagen System. Indeed, due to the scale of the
available excess heat, part of it will be delivered to the transmission system. Hence, the project
is expected to demonstrate heat pumps delivering heat to the distribution system in Hgje
Taastrup and to demonstrate the first high temperature HP (Tioward F 120°C) in a transmission-
based DH in Denmark, as HPs yet have been solely applied in systems with lower
temperatures (Tromward F 70-75°C). . As the datacenter is expected to be built in five blocks, the
excess heat pumps will be built accordingly, as the excess heat becomes available. They will
be installed in a separate building right next to the datacenter.

The transmission company VEKS will own the heat pump installations . HTF and VEKS wiill
operate the heat pumps in cooperation. PlanEnergi is the engineering consultant to VEKS in
the project.
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Figure 8: The planned datacenter. The heat pumps are placed in the technical buildings to
the South (yellow). The turquoise lines mark connection pipes to the five (six)
blocks of the datacenter. The green line going West-North is a 600 m transmission
line to a substation, connecting the heat pumps to the transmission grid. The
supply to the distribution system (HTF) will happen right South of the heat pump
building (not marked in the figure).

As typical for district heating projects in Denmark, the heat pump installation will not be finally
designed and engineered before the call for tender period (later in 2024). This means that
figures are based on estimates on a preliminary involvement of key stakeholders and suppliers,
but data in this document will be validated once available.

3.2.2 DESCRIPTION OF RES DH

MAIN DH SYSTEM

The HTF district heating distribution system is part of the Greater Copenhagen District Heating
System (CphDH). In CphDH several local utility companies are interlinked with heat
exchangers to the high temperature transmission system, operated by VEKS (and
CTR/HOFOR in the Eastern part of the system). Most heat is today (2023) produced on
biomass and waste CHP, which were previously coal-fuelled. Most distribution utilities
purchase heat from the heat producers through the transmission system operator(s). The
distribution utilities typically only produce heat from local renewable sources (e.g. excess heat)
and/or peak and backup capacity (HOB). HTF already covers some of the distributed heat by

IEA DHC ANNEX TS5 RES DHC 2z
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local sources (heat pumps, excess heat and solar thermal). Up to 15% of the yearly
consumption is allowed to be covered by production units owned by HTF.
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Figure 9: Extent of the Greater Copenhagen DH system (CphDH). Hgje Taastrup (HTF) in
the red area. HTF is connected to the transmission system operator VEKS in the
western part of the Greater Copenhagen Area (blue zones).

Table 4: Key figures at transmission (CphDH/VEKS) and distribution level (HTF)

Unit CphDH/VEKS HTF \

Total heat production GWhlyear 2,500 (VEKS) 320
Losses % n/a 16%
Meters/connections # 135,000/150,000(VEKS) 7,500
Role 3 transmission system Distribution system,
operators, utility & heat producer

22 distribution utilities, (distr. Level)

several heat producers
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Temperatures?
Summer 105/50 70/45
Winter 120/45 75/45
Typical user connection Indirect (few direct) Indirect

Table 4 reports the key figures for the currently installed energy sources mix in the greater
Copenhagen System (CphDH), that is composed by three biomass (woodchips/pellets) CHP,
4 waste-to-energy CHP and several decentral prosumers and substations for peak and
backup. Table 5 shows the proposed energy mix for the excess heat project, by 2030:

Table 5: Heat production in The Greater Copenhagen DH system by 2030 (expected). The
excess heat (LT+HT) described in this document is expected to cover approx. 2 %
of the heat of the total system.

Waste CHP 3,000 31%
Biomass CHP 5,800 59%
Peak, gas 275 3%
Other P2H? 401 4%
Excess heat - LT 40 0,4%
Excess heat - HT 160 1,6%
Other units® 154 2%
Total 9,831 100%

The heat provided by this project (200 GWh/a) corresponds to approx. 60 % of the heat
distributed by HTF on an annual basis. However, the local share will be lower as the heat
pumps will provide heat at transmission and distribution level.

DISTRIBUTED RES

TECHNICAL DATA

The source of excess heat, thus the datacenter, is designed to be air cooled, as it follows a
standard site-design by the developer. The developer insists on being 100% redundant in
cooling capacity and hence cooling towers at 100% cooling capacity will be installed alongside
the HPs. As the planned cooling infrastructure will include cooling towers it is rather simple for
HTF/VEKS to enter the cooling circuits and hence access the excess heat. The excess heat

1 Approximate temperatures. Lowering of temperatures at transmission and distribution level is
ongoing.

2 Existing heat pumps, ATES and electric boilers.

3 Covering biogas CHP, natural gas CHP, sewage sludge, solar thermal
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will be available at 32°C and cooled by 12 K to 20°C. Temperatures of the source are expected
to be rather constant all year round, while temperatures on the DHC-side vary according to the
seasons (see Table 4).

The project will consist of a number of heat pumps, which are to be built as the datacenter is
built/expanded. The first heat pump will be a LT-HP, feeding into the distribution system of
HTF. Later, HT-HPs will be installed too, when the data center is expanded.

Table 6: Technical data for the two types of heat pumps.

Heat Pump LT HT
Sink Teturn °C 45 50
Sink Torward °C 75 120
Source Tot °C 32 32
Source ol °C 20 20
Lorenzefficiency % 50% 50%
LorenzCOP calc. 9,8 6,2
CORam - 49 31

Table 7: Heating and cooling capacities of the heat pumps to be installed.

Cooling MW 6 30 36
Heating - LT MW 8 8
Heating - HT MW 42 42
Heating - total MW 8 42 50
Powere MW 1.6 13.5 15.1
COProtal - 4.9 3.1 3.3

The HPs will be operated according to the management strategy Varmelast (see Non-technical
aspects). The CphDH-system is supplied by large amounts of waste-to-energy plants, which
have a certain lower threshold to combust domestic waste also in the summer periods, in which
operation is driven by the need to combust the waste, rather than the heat demand loads. The
heat pumps will thus operate only in the heating season.

The detailed integration of the heat pumps is to be clarified in the call for tender period.

PROJECT ACTIVITIES, MAIN RESULTS AND INNOVATION ASPECTS

The expected operation of the heat pumps has been modelled at the transmission and

distribution system level. For the transmission system (HT-heat pumps), the operation has
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been modelled in Balmorel, a Danish energy system model, optimizing for lowest total system
costs. At the distribution system level (LT-heat pumps), the system has been modelled in
energyPRO, an hourly energy system model, optimizing for lowest marginal heating costs in
any given hour of the modelled year of investigation.

The technical details of the integration of the heat pumps at two different temperature levels
are yet to be confirmed. The figures stated for HT heat pumps in this paper are thus based on
a preliminary round of discussion with key suppliers using natural refrigerants and have yet to
be proven in practice. It is an underlying risk to the project that the COP in the final project
design may be lower (which will be determined in a function of the CAPEX/OPEX vs. benefits
from higher COP), but the project team is confident that the Lorenz-efficiency of 50 % will not
only be met but exceeded in the design phase.

NON-TECHNICAL ASPECTS

The project will consist of a combination of LT- and HT-heat pumps and is to be designed (and
considered) as one project. The owner of the datacenter is not involved economically but
provides the possibility for HTF and VEKS to enter and access the excess energy. Cooling of
the datacenter cooling liquid (32-20°C, 12K) will happen according to technical conditions, yet
to be defined (as of June 2021). The initiative was born when the municipality (Hgje Taastrup)
made it a condition for the building permit that the datacenter must utilize excess heat for
district heating purposes. The investor had no own ambition or interest in the project but was
familiar with similar conditions from other sites and agreed.

COSTS

As the heat pumps have not yet been put to tender, prices can only be estimated. In this case
prices from 2020 have been used. A recalculation with 2023-prices shows that the LT heat
pumps are still economically feasible. The HT heat pumps have not been recalculated, but
price levels for CAPEX are similar to LT heat pumps. As for most/all the heat pump projects,
the COP will be affected by the price (or vice versa). PlanEnergi usually estimates prices for
heat pumps in a tender by their net value over a 15-year period, to allow for the operational
costs (and benefits of higher COP, lower maintenance etc.) to be reflected proportionally in the
economic evaluation of a project. For the project at hand, a net value has not yet been
calculated (will be part of tender), but potential suppliers have been asked for a preliminary
estimate on CAPEX, COP, and maintenance costs. The results of this have been concluded
to a central estimate, i.e., a combination of the sum of inputs, also considering the relation
between COP and costs. The results are presented in Table 8.

Table 8 - Costs and COP derived from central estimates, based on suppliers. To be validated
when the project is put to tender. Correspondingto 1.3 MU/ MWc ool i ng

Cooling MW 6 30 36
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Heating LT MW 8 0 8
Heating HT MW 0 42 42
Heating total MW 8 42 50
Powerel MW 1.6 135 15.1
COPtotal - 4.9 3.1 3.3
Investment total M 46.7
Specific investment MG/ MW 0.9

Maintenance costs have not been gathered at this point but are estimated to be around 2-
4 0/ MWHrhe maintenance costs can (and should) be fixed through maintenance contracts
with the contractor in the call for tender.

OPERATIONAL STRATEGY IN CPHDH (VARMELAST)

The heating system in the Greater Copenhagen Area (CphDH) consists of several heat
suppliers (e.g. operators of large biomass/waste CHP-plants, in the order of hundreds of MW),
transmission system operators (VEKS in the West, CTR/HOFOR in the East, see Figure 9)
and more than 20 local utilities/distribution companies (Hgje Taastrup District Heating / HTF
and others).

The distribution utilities can supply heat themselves but do typically import large shares from
the transmission system. The heat to the transmission system is managed in a daily heat plan,
which is organized by Varmelast, a cooperation between the three largest municipal owned
utilities (VEKS/CTR/HOFOR). Each distribution utility (HTF) reports daily needs for heat
(hourly values) to their transmission system company (VEKS). Varmelast then finds daily load
curves and optimizes the heat production to lowest marginal costs. However, the domestic
waste fraction can be prioritized. The HT-heat pumps will hence have to be economically
competitive in this heating market. Imbalances are addressed in an intra-day market and
locally on distribution level (with backup and redundant capacities).

Locally, on distribution level, the utility will also prioritize the lowest possible marginal costs for
heat. As the excess heat pump (LT) will have marginal costs lower or at level of existing
capacities, incl. imported heat from the transmission grid, VEKS/HTF will prioritize heat from
the heat pumps. However, the existing solar thermal and the existing heat pumps already cover
base load in summer months, making the excess heat project redundant in these periods.

You can read more about Varmelast on their homepage (https://www.varmelast.dk/en), where
you can also find a schematic overview of the different heat suppliers feeding into the
transmission grid®.

4 https://www.varmelast.dk/-/media/varmelast/dokumenter/modeltegning231--juni-2020.ashx
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OWNERSHIP- AND OPERATION-STRUCTURE

The ownership structure is clarified. VEKS will invest in the heat pumps. Buildings will be
owned by HTF, who will then sublet parts of the building to VEKS.

It is not yet decided how the operation and maintenance in detail will be structured..

A

The datacenter developerdéds onl y c ost-ms/Twietes
on the cooling circuits and maybe additional valves). Additionally, they grant access for third
party (HTF/VEKS) pipes on their premises. The company will save some OPEX on not
operating their cooling equipment but will still have fixed maintenance costs and the
investments (as 100 % redundancy is chosen).

LEGISLATIVE FRAMEWORK

Every (district) heating project® in Denmark needs a permit, i.e. the Heat Supply Law and the
Project Act. The Municipality is the responsible authority in this field in Denmark and can only
grant a permit, if the project results in socioeconomic benefits when compared to other relevant
alternatives. Also, until 2020, it was not possible to install P2H-units for baseload in areas
supplied with heat from the large CHP-plants. As the project was initiated before this rule was
abandoned in 2020, HTF and VEKS needed a dispensation from this rule by the Danish Energy
Agency, which was granted shortly after the prohibition against P2H was abandoned (applying
in a new process would have taken longer time).

While the project was underway, it was still expected that a tax on excess heat would apply.
These rules have previously made some excess heat projects unfeasible or at the very least
they created a non-technical barrier towards the utilization of excess heat for district heating.
However, these rules were changed in 2021 and it is now possible to use excess heat from
electricity-based excess heat (as is the case with excess heat from a datacenter) without
having to pay excess heat taxes.

Excess heat projects in the period 2015-20 have been driven by a Danish energy efficiency
target, economically incentivizing the utilization of excess heat, internally or for district heating.
This system has been revised but may still apply for larger excess heat projects.

In conclusion, it has been a rather complicated process to get a permit for the project, but rules
have been adapted since, so it will most likely be more straight forward to get permits for similar
projects to come.

5 All projects regarding heat producing capacity in systems >250 kWi i the single heat producing unit
may even be smaller than this system-threshold.
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NON-TECHNICAL BARRIERS AND RISKS

As for all excess heat projects there is an underlying risk that the company may move, resulting
in the source of excess heat to move too. However, as the datacenter is still under construction,
there is also the risk that the project may not be developed to full capacity. The project team
assessed the possible threats against the potential and decided to proceed. With a still
increasing interest of datacenter providers to locate datacenters in Denmark due to high
security of supply (and partly the access to green/renewable electricity), the risk for the
datacenter to not be installed or to move within the lifetime of the heat pumps is assessed to
be minimal.

3.2.3 LESSONS LEARNT

Considering that the project is not over yet, only few information are reported in the present
section about the lesson learnt so far.

1 Datacenter operator did not ©proactively
utilize it.

1 Active municipality and/or utility is needed in order to find these waste heat potentials.
Municipality may bring the utilization of excess heat up in the permit-response.

1 Due to the project scale, datacenter excess heat was fairly easy to integrate (does not
really affect central/large suppliers)

1  Options to integrate at decentral AND central level with one site/combined project.

fnof fer
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Date 2023-02-03
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Address/country HelmholtzstrafRe 10, 01069 Dresden / Germany
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3.3.1 GENERAL INFORMATION

ZellFlex aims at simulating and evaluating measures for a more flexible operation of DH
networks using a cellular approach. Local heat retention is one of the measures i trying not to
transport decentrally produced heat through the whole network but rather use it locally in order
to qualify a network area for incentives. In particular, the project aims at analysing possible
scenarios in which a heat storage can lead to high coverage rate (minimum 80%) in newly built

net work peripheral Acell so.
1 Name/identifier of the project: ZellFlexi subpr oj ect Al ocal heat reten
1  Location: anonymous (network) / Dresden, Germany (research facility)
1 Main characteristics of context and DH system: simulations are conducted for a real,
existing DH system of a city in Germany.
1  Type of RES integration: waste heat
1  Motivation of the integration: local heat retention
1  Peculiarities (technical and non-t ec hni cal ) : me et requirements
effiziente Wd8rmenetzedo (BEW): a cell ds heat de
with decentrally produced heat (in this study it is a waste heat source)
1 Main involved stakeholders and roles (including authors) in the RES integration: research
team of TU Dresden; advisory committee with contributors from different companies
In ZellFlex, different measures for a more flexible operation of DH systems are simulated and
evaluat ed. One of them is filocal heat retenti ongc
the area/ocell 0o that i s pr odhhewhblenetwsrk. ead of tr an
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Heat supply from
main network

Heat demand of the cell
(consumer + losses)
Excess heat

Decentral producer:
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Figure 10: Energy balance of network area to meet BEW criteria for new network

A newly built part of the network 1 called cell i with a decentral waste heat source is looked
at. In Germany, it is possible to get incentives if the newly built cell produces at least 80 % of
its heat demand itself (see Figure 10 Error! Reference source not found.). It therefore is
financially reasonable to not transport too much heat into the main grid, but rather keep it in
the cell using a heat storage. In ZellFlex i local heat retention it was examined how the 80 %-
goal can be achieved.
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3.3.2 DESCRIPTION OF RES DH

MAIN DH SYSTEM

O Central heat generator

% 5 O Consumers (Size according
to connected load)

Figure 11: Network structure of examined DH system. Size of DH (delivered energy)
(SH/DHW/losses): 51,1 GWh/a produced heat, 10,2 GWh/a losses (20,0 % losses)
in simulated year 2019.

The analysis is applied to an existing network that was modified to fit the examined case study.

Chosen cell for Al ocal heat retentiono is

was redefined as new network with lower supply temperature.

1  User demand (HDD) and number of users of the whole network: 40,8 GWh/a (51,1 GWh/a
including heat losses) in simulated year 2019, 556 substations.

1 User demand (HDD) and number of users in the examined cell: 1.103 MWh/a (1.445
MWh/a including heat losses) in simulated year 2019, 29 substations.

1 In operation since: 1960s
1 Length of the network (trench): 21,83 km, see Figure 11 for network structure.

1 Energy sources and generation mix (MWh and %): Waste heat in chosen cell, irrelevant
for rest of the network.

mar k ed
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1 Load profile: See Figure 12 and Figure 13.

1  Temperature (Supply/returni winter/summer): 125 °C/ 85 °C supply temperature in main
network (return temperature approximately 60 °C) T see Figure 14 and Figure 15;
95 AC / 75 AC supply t emp eirseetFigureel4 and Figere 6mi ned ¢

1 Flowrates (peak/regime/summer): approx. 15 to 85 kg/s
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Figure 12: Load profile and heat losses of the whole network in reference case.
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Figure 13: Heat demand of the examined cell in reference case.
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Figure 14: Supply temperature at central heat generator and cell entry.
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Figure 15: Supply and return temperature at central heat generator in reference case.
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Figure 16: Supply and return temperature at cell entry in reference case.
DISTRIBUTED RES

TECHNICAL DATA

The subject was a simulative/theoretical examination of a waste heat source in a chosen cell
in the network. The waste heat source does not exist in the real network but was added in the
calculation for the purpose of the study. Four different, normalized waste heat profiles were
examined (see Figure 17).

A B

1,0 1,0

0,5 0,5

00 ——~ 00 —— |—

0:00 6:00 12:00 18:00 0:00 0:00 6:00 12:00 18:00 0:00




IEADHC
C D
1,0 1,0
0,5 0,5
0,0 0,0
0:00 6:00 12:00 1800 0:00 0:00 6:00 12:00 1800 0:00

Figure 17: Examined waste heat profiles.

The following variants are available for each profile:
1 1. Waste heat profile identical every day (365 days per year).

1 2: Waste heat profile identical all year-round Monday to Friday, Saturday and Sunday no
waste heat

1 3: Same as 1, but two weeks of shutdown in summer (July 1 to 14) and at Christmas
(December 18 to 31), during which no waste heat is generated

1 4: Same as 2, but two weeks of shutdown in summer (July 1 tol4) and at Christmas
(December 18 to31), during which no waste heat is generated

Furthermore, the thermal power of the waste heat was variated. For better comparison, the
normalized profiles were scaled up to a specific coverage rate with yearly balance between
105 % and 120 % (instead of choosing specific maximum thermal powers):

s b QI A0 O IOEG O o0 Q0010 @O0 BIXE O 3.1)
OEé U QI OIOE@ O Qe —————— | :
WONIDE DI OG@MA OEQ

The cell 6s heat demand in the simulated year
production is between 1.517 MWh/a (105 %) and 1.734 MWh/a (120 %). As the

temporal course of waste heat production and heat demand are different, the coverage

rate with a 15 min balance is much smaller (47 to 76 %). For BEW incentives, 80 %

are needed and thus a storage must be used to increase the 15 min balance coverage

rate to the aim of 80 %.
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PROJECT ACTIVITIES, MAIN RESULTS AND INNOVATION ASPECTS

For the study, in-house optimization software flixOpt was used. The goal was to calculate the
necessary storage capacity to reach exactly 80 % coverage of waste heat in the cell. The
optimization tool simply takes load profiles into account. Hydraulics or temperatures are
irrelevant to this calculation. This is why the software calculates an energy amount (unit kWh)
as required storage capacity instead of a volume.

Figure 18 shows the results for eight of the examined scenarios. The required storage size to
reach exactly 80 % coverage rate is on the y axis. Apparently, the differences between the
load profiles A to D are not that big. However, the fact that there is waste heat every day of the
year in scenarios 1 and no waste heat on weekends in scenarios 2 has a big impact on the
results: The necessary storage capacity is about five times higher if there is no heat on
weekends.

Depending on the |l oad profile and coverage rate
load is between 230 and 430 kW for scenarios 1 (heat on weekends is available). In the
summer |, when the cell 6s heat demand c¢asthushet her |

fully charged within just a few hours and is mainly used to store heat produced during the day
to be used at night (or vice versa).

For scenarios 2 (heatnotavai |l abl e on weekends), the waste he:
and 600 kW. As the storages are way bigger than in scenarios 1, it takes much longer to fully

charge them (approx. 12 hours average in the summer). Monday through Friday, the storage

is again used to transfer heat from day to night or vice versa, so its capacity is not fully used.

On Fridays in the summer, the storage is | oaded
heat demand on the weekend. In winter, there is usually not enough heat available to cover

the whole weekends (and sometimes not even a whole weekday).
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Figure 18: Exemplary results of flixOpt calculation of necessary storage size.
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In scenarios 3 and 4, four weeks of shutdown were added (two in summer and two in winter).
This results in approximately 50 % higher storage capacity nheeded to reach a coverage rate
of 80 %.

It was also examined if load shifts at the consumers (e.g., by loading DHW storages ahead of
time) can reduce the necessary storage size, but the effect was irrelevantly small.

Besides reaching a coverage rate of 80 % waste heat (and/or RES), using waste heat and a
storage in the cell can lead to other positive effects, such as:

T Temporary autarky: The cell 6s heat demand can
source in the summer, not needing any heat from the main grid. This might have
advantages regarding heat losses in case of long pipelines between cell and main grid. In
the examined scenarios the cell is autarkic for several weeks in the summer or even
spring/autumn (depending on the scenario).

T Reduction of <cell 6s peak Iswategycanibenadaptedisothan ge 6 s (
the maximum thermal power that the cell needs from the main network is reduced. This
might result in smaller pipe diameters needed (when regarding a new network). A heat
source that is available regularly and long-term is obviously necessary in this case. In the
study, a simple estimation showed that the cel

3.3.3 LESSONS LEARNT

1 The study showed possible scenarios in which a heat storage can lead to specific
coverage rate in newly built network ficell sd n

1 Inthe examined examples, the necessary storage size does not depend so much on the
daily load/production profiles but rather the question if there is heat every day or not (e.g.,
not on the weekends, at Christmas etc.).

1 Load shifting at the consumers had almost no effect on the necessary storage size.

i The storage can have further advantages, like reducing the maximum thermal power
needed by the cell from the main network or temporary autarky.

1 Inthe study, waste heat was used as example heat source. Other heat sources (like solar
thermal or heat pumps) might show totally different results.
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Author (s) Frederik Feike, Frank Dammel

o Institute for Technical Thermodynamics
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3.4.1 GENERAL INFORMATION

The waste heat utilization (WHU) of a high-performance computer (HPC) described in the
following was designed and implemented as part of the research project EnEff:Stadt Campus
Lichtwiese (Phase 1: 2016 i 2018, Phase 2: 2019 i 2023, Phase 3: currently being planned,
2023 - 2028) at the Technical University of Darmstadt.

The aim of this research project is to develop an optimized overall energy concept for the
University Campus Lichtwiese with sector coupling of electricity, heating, cooling and buildings.
It should enable the university to meet its reduction targets for CO2 emissions and energy
requirements at economic cost. The Institute for Technical Thermodynamics (TTD) is
responsible for the investigation and further development and improvement of the thermal
energy supply and t he di s tdistridheating@amd cdolmg netwaykh

This involves the possible integration of renewable heat from solar and geothermal sources as
well as excess heat. TTD developed a concept for WHU from a HPC and evaluated the
operation to derive improvement measures. Additionally, the focus lies on defining,
implementing and evaluating measures to reduce the DH network temperatures.

The current heat supply is based on natural gas fired CHP plants and heat-only-boilers (HOBS).
Cooling is provided via compression cooling and an absorption cooling machine. The heat-
and-power station, which is located on the Campus Lichtwiese, also supplies the rest of the
university with heat and electric energy, but the scope of this research project is limited to this
campus.

As a first RES the aforementioned utilization of the waste heat from a HPC on campus was
implemented and put into operation at the beginning of 2021. The HPC is cooled with hot water
and the waste heat is integrated into the district heating return line via a heat pump. Measured

t

h e
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data from the period of operation to date proofed the feasibility of the concept with a high
efficiency (the average COP of the heat pump is around 5.2).

The hot-water-cooling saves electric energy otherwise necessary for compression cooling in
summer, and the integration of the waste heat into the DH network reduces the demand for
natural gas. On the other hand, the additional electric energy demand for the heat pump
operation must be taken into account.

3.4.2 DESCRIPTION OF RES DH
MAIN DH SYSTEM

Campus Lichtwiese comprises 32 buildings with a
The building stock is very heterogeneous, with years of construction starting in the late 1960s.

Newer buildings were recently built and others are currently undergoing renovation activities.

There are buildings for different uses such as office buildings, lecture halls, laboratory buildings

and the university dining hall. The annual heating energy demand is around 23 GWh. Most of

the buildings are connected directly to the network, while newer buildings are connected

indirectly via heat exchangers. Domestic hot water demand is low as there are no residential

buildings on the campus.

The heat and power station (HPS) was originally built in 2000. At that time, it consisted of three
CHP units and six HOBs, all gas fired. In 2017 and 2018, two of the CHPs were overhauled
and equipped with new engines, and an additional unit was installed. The third unit was not
overhauled and serves now as backup. The share of CHP units in total heat production
amounts to around 50%.

The trench of the DH network on campus is 4.2 km long. The structure of the network is shown
in Figure 19. Heat losses in the network are approximately 20%. Average network
temperatures are 88°C in the supply and 58°C in the return line.




Main network heating

Main network cooling

Sub network heating

Sub network cooling
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Figure 19: TU Darmstadt campus Lichtwiese district heating and cooling system.
DISTRIBUTED RES

TECHNICAL DATA

The new stage of the high-performance computer located on the campus was equipped with
a hot water cooling system (HWC), which recovers around 70% of the overall waste heat. The
temperature of this waste heat ranges between 45°C i 55°C, depending on the computational
utilization of the HPC. A heat pump with a maximum heating power of 500 kW increases this
temperature level to 60°C 1 75°C before integrating the waste heat via a heat exchanger into
the return line of the existing district heating network. The high source temperature allows for
an efficient operation of the heat pump with an average COP of 5.2. The control of the heat
pump ensures a constant cooling water temperature for the HPC of 40°C. Figure 20 illustrates
the WHU system.
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Figure 20: Functional diagram of the waste heat utilization.

The system involves a buffer storage (BS) with a volume of 6.2 m3. As the volume is relatively
small, the buffer cannot store a significant amount of surplus energy, but it reduces rapid
temperature changes.

The waste heat integration reduces the gas demand in the heat and power station. However,

the waste heat wutilization is not in operation =
heating capacity of the CHPs, because this would lead to decreasing electric energy

production. Only heat from HOBs should be replaced. Additionally, the waste heat integration

must not lead to a temperature of more than 70 °C in the district heating return line in order to

ensure admissible operation of the CHP units. The HPS has an emergency heat dissipation

unit in case the return temperatures are too high. If, for these or other reasons, the waste heat

cannot be fed into the district heating system, it will be dissipated into the environment via the

existing hybrid cooling (HC) system of the HPC building.

The amount of renewable energy delivered to the DH system is expected to be 2 GWh/a, which
amounts to roughly 8% of the total campus heating demand. The power of the heat pump is at
about 5% of the maximum total heating power of the HPS during maximum load in winter.

To monitor the operation of the system, four heat flow meters (HM) and 12 additional
temperature sensors were installed, of which seven are evenly distributed at different heights
of the buffer storage. In addition, the electric power of the heat pump is measured. With the
collected data, further improvements of the operating strategy will be possible and insights on
this kind of waste heat utilization will be gained.
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PROJECT ACTIVITIES, MAIN RESULTS AND INNOVATION ASPECTS

The heat pump, exploiting waste heat from the HPC, went into operation at the end of January
2021, and shortly after, the monitoring system went online as well. In the beginning, the
operation was controlled basically manually and subsequently the control was automated and
improved. The gathered data proofed the feasibility of the concept, the waste heat from the
HPC could be integrated into the existing DH network very efficiently with an average COP of
5.2.

Figure 21 shows the COP of the heat pump of the waste heat utilization. COP values on the
y-axis are given in reference to the temperature difference between the waste heat
temperature on the evaporator side and the supply temperature on the condenser side of the
heat pump. The waste heat temperature fluctuates between 44 °C and 48 °C depending on
the waste heat flow from the HPC. The supply temperature of the heat pump fluctuates
between 63 °C and 86 °C, depending on the temperature and available mass flow rate in the
return line of the district heating network.

6.5

55

COP
6]

45

15 20 25 30 35 40 45
Temperature difference in K

Figure 21: COP of the heat pump in reference to the temperature difference between source
and supply of the heat pump

Additional analysis showed a clearly stratified temperature profile in the buffer storage (Figure
22). Despite the relatively small volume and low height, the positioning of the inlet and outlet
tubes prevent mixing of the hot and cold flow. However, there are some temperature losses.
From HPC to heat pump, the hot water cools down by 1.2°C and from heat pump back to HPC,
the cooling water temperature increases by 1.2°C. This is caused by unwanted heat transfer
in the buffer.
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Figure 22: Temperatures inside the buffer storage (BS, T1: highest measuring position, T7:
lowest measuring position)

Despite the efficient operation, the amount of integrated waste heat was so far lower than
expected. In the concept development, it was estimated that around 2 GWh/a of heat could be
integrated into the DH network. During the last heating period 22/23 only 585 MWh were fed
in, which is roughly 30% of the expected amount. This was mainly due to the following three
problems.

The available waste heat from the HPC was often less than expected and it fluctuated
significantly, as can be seen in Figure 23. The waste heat was often below the minimum
cooling power of the heat pump, leading to frequent clocking (switching on and off) of the heat
pump. At the very beginning of the operation, this was due to a ramp up process, during which
the number of computational tasks on the HPC increased. Thus, over the first months of
operation, the available waste heat increased significantly when more and more users
transferred their calculations to the new HPC. During the last heating period 22/23 the waste
heat decreased again because of a technical problem inside the HWC system. This problem
hasnot been solved yet. At the same ti me
implemented efficiency measures, which also led to reduced waste heat. But in March 2023
an additional stage of the HPC went into operation, increasing the available waste heat so that
the heat pump could operate again. However, the issue of the available waste heat being
around the same value as the minimum load of the HP also occurs in the transition time during

spring and autumn. To prevent frequent clocking of the HP, a minimum shutdown time was
implemented.
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Figure 23: Available waste heat during first period of operation in 2021. Times of continuous
operation (orange), minimal cooling power of the heat pump (red)

The second problem was that the mass flow in the district heating return line was lower than
expected, leading to high temperatures on the condenser side of the HP. In addition, return
temperatures in the return line were already quite high. At first, this led to a few emergency
shutdowns of the heat pump because of too high temperatures at the condenser side. To
prevent this, another DH pipe was connected to the DH return pipe at the point of the feed in,
increasing the mass flow significantly. In addition, the HP control was adjusted to limit the
temperature of the integrated heat to 70°.

The third problem can be labelled as interfering of external projects that prevented the
operation of the WHU. During the second heating period (21/22) the HPC operator carried out
a project to improve the redundancy of parts of the cooling system of the HPC. Throughout
this time, the cooling of the HPC was done by an external cooling system and the WHU could
not operate. This project lasted nearly the whole heating period 21/22.

For the next heating period 23/24, all parties involved are committed to enable smooth
operation of the WHU. The available waste heat from the HPC is significantly higher than the
minimal load of the heat pump since the second stage of the HPC went into operation. On the
network side, the mass flow was increased by connecting another DH line to the DH return line
at the point of waste heat feed in. In addition, the heat pump control was adjusted to supply
only heat up to 70°C and ensure continuous operation without frequent clocking of the heat
pump. Lastly, there wono6ét be any external

NON-TECHNICAL ASPECTS

The network and the generation facilities are owned by the university but are operated by an
external contractor. The WHU is owned and currently operated by the university. The HPC is

projec
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operated by the University Computing Centre. Thus, there are several stakeholders involved
with sometimes divergent interests.

3.4.3 LESSONS LEARNT

This is quite a complex project because of the high number of involved stakeholders and their
different interests. Clear communication, involving tasks to be done and deadlines, proofed
very important to advance the project successfully.

The highest priority for the HPC operator is of course the fail-safe operation of the computer
and not the utilization of the waste heat. However, with a better communication, the
redundancy project could have been done during summer, when no waste heat could be used

anyway.

Concerning the problem of the available waste heat from the HPC being less than expected
and not constantly available, in future WHU projects the available amount of waste heat should
be estimated rather conservatively. In the presented case, a heat pump with a lower capacity
or the ability to be modulated to a lower percentage of its nominal power might have been
more suitable.

In general, it is important to assess all boundary conditions thoroughly. In this case, the mass
flow of the DH line, that absorbed the waste heat, was lower than assumed. This often caused
the return temperature to rise unexpectedly, causing shutdown or at least an inefficient
operation of the heat pump.

Further information about the concept can be found at:

1 Oltmanns Johannes, Sauerwein David, Dammel Frank, Stephan Peter, Kuhn Christoph.
Potential for waste heat utilization of hot-water-cooled data centers: A case study.
(Oltmanns et al., 2020)

1  Frederik Feike, Johannes Oltmanns, Frank Dammel, Peter Stephan. Evaluation of the
waste heat utilization from a hot-water-cooled high performance computer via a heat
pump. (Feike et al., 2021)
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3.5.1 GENERAL INFORMATION

The following described feed-in substation NEST-W is a design and control concept of a pilot
plant which is in regular operation at the Centre for Energy Technology (CET) in Dresden since
November 2016. The network feed-in substation is connected to a 2" generation district
heating network (according to IEA DHC Annex X classification) and was developed in
cooperation with the local network operator as part of a feasibility study for larger collector
fields. The pilot plant is designed for the return/supply line (RL/SL) feed-in into the district
heating network. It represents the most common and variable way of decentralized network
integration.

1  Name/identifier of the project: SOLSTAND i NEST-W
1 Location: Dresden, Germany

1 Main characteristics of context and DH system: return/supply-line Feed-in-substation;
hydraulic indirect coupling with DH-Network

1  Type of RES integration: solar thermal

1 Motivation of the integration: Demonstration of feasibility of decentralized feed-in in a 2nd
GEN DHNW with vacuum-tube-collectors

1  Peculiarities (technical and non-technical): Limited installation area at the roof of the
building for solar thermal collectors, that means far away from economic solution, DH
pressure stage 25 bar; feed-in-Temperature 110 °C; strongly changing pressure
differences at the feed-in point in the district heating network; Water as heat transfer
medium on the solar thermal side

1  Main purpose of the project: Demonstration of the technical function in interaction with a
real DH system and development of control system (proof of concept)
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i Main involved stakeholders and roles (including authors) in the RES integration
Research team of TU Dresden, manufacturer Viessmann, local energy supplier DREWAG
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Figure 24: Overview solar thermal feed-in substation NEST-W, TU Dresden i Germany
(sources: Heymann et. al. (Heymann et al., 2018) and Kirsten Lassig for photo

left).
3.5.2 DESCRIPTION OF RES DH
MAIN DH SYSTEM
i  Size of DH : Annual 2019: 1563,1 GWh
T Primary energy factor following the new guidel

energy law) = 0,3; 91 % based on CHP (including 87,1 % high efficient)

1 User demand (HDD) and number of users® : 120.000 households, 5700 Business
customers®

5Source:
https://www.drewag.de/wps/portal/drewag/cms/menu_main/geschaeftskunden/produkte/waerme;
Download 08.09.2021 and primary energy certificate

IEA DHC ANNEX TS5 RES DHC
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1 In operation since: 1900°

1  System operators and owners: DREWAG,; since 2021 SachsenEnergie

1  Length of the network (trench): 578 km®

1  Energy sources: Natural gas;

1  Temperature (Supply/return i winter /summer): Winter: 135/60 °C summer: 110/65 °C

1  Pressure levels in the network: PN 25 bar

1  Typical user connection (direct/indirect i DHW instant/storage): Indirect, see Figure 25 left

f Typical temperatures of usersd demand: 70 AC

1  Control system of the main generation plant: Several generators all over the city with a
central control system based on optimization-based decisions.

Local situation

Power plants & storage Untersuchungsgebiét
Ringschluss%eg\vﬁme
< O

CHP Nossener Briicke
270 MW, / 455 MW,

CHP Nord
10 MW, /70 MW,,

IPP Reick J
2 MW, / 266 MWy, g
new flex CHP under construction
up to 2021
76 MW, / 76 MWy,
14.400 m3 Heat storage

CHP Klotzsche
2 MWy, / 44 MWy,

IPP means Innovation Power Plant

Quelle: DREWAG Stadtwerke Dresden GmbH/ Umweltamt

Figure 25: Overview DH system DREWAG, Dresden Germany (source: Rihling, K.: Green
Heat3-project. presentation at IEA SHC Task 55 workshop Almeria, 2019-04-10)

DISTRIBUTED RES

TECHNICAL DATA

1 Energy source: Solar thermal (84 m2 gross area)

IEA DHC ANNEX TS5 RES DHC 4¢
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1 Size (m2/peak power): 2,47 m2/kWpeak,ST. 2,79 mzkW under realistic feed-in
conditions with 110 °C supply line temperature

1  Minimum partial load (in case of HP e.g.): not well defined it starts in the range of 0.5 kW
1  Efficiency/ efficiency curve/ general performance

1  The used vacuum tube collectors are preliminary products that have imperfections. Main
result is the demonstration of a good control system to integrate solar thermal energy in
a district heating system with supply line temperatures of 110 °C (feed-in temperature
too!) with high dynamic of pressure differences at the feed-in point.

1 Feed in connection (bidirectional/prosumers):

1 Main part of interaction is only producer (Solar Thermal), but the bidirectional path is
necessary (return line to return line) for frost protection for the heat transfer medium water
at the solar thermal side. Details see Figure 26.

T
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Figure 26: NEST-W Dresden, Germany; Schematic of the feed-in substation
(Ta1 ambient temperature, C1i collector, CFi collector field, DH i district heating, HM i heat meter,
F i feed-in, FP 1 frost protection, HP 1 highest point, LP i lowest point, PM i pressure maintenance,
Pui pump, Vai valve, STS i solar thermal system); source:Heymann et al.(Heymann et al., 2018)
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CONTROL SYSTEM

In order to operate the network feed-in substation (see Figure 26) in the Feed-in state a set of
three controllers is used (see Table 9). The controller C1 is used for the matched-flow control
of the collector field output temperature Ts.cr by adapting the pump speed of Pusrs. This
controller compensates changes mainly in the radiation G;;jand the return line temperature
Trists. The objective is to keep the heat exchanger input temperature Ts_ sts higher than the
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setpoint of the feed-in temperature Ts.pn T to guarantee heat transfer i and to keep the
average temperature of the solar thermal system low to minimize losses.

The two general main tasks of controlling the feed-in pump Pupw s are:

1 to guarantee a stable volume flow &> despite the strongly changing pressure difference
of

T the network e&epDH but corresponding to the currtr

1 to operate with minimal power consumption.

setpoint Ts o » volume flow setpoint
overall system curve
Het HF e pr HPuoks T 80 [/~ (substation + DH net)
C?1 Limiter| C22 | pump characteristic
o &0 3 at speed 1,2
Vour g APDH1
= =13 3
T = 40
SLOH E
= AppH2Z,3
2|j| -
|:| | -
0.0 0.5 1 1.5

volume flow [m3/h]

Figure 27: NEST-W, Germany: Control details

Left: Cascade controller for the feed-in temperature TSL,DH,

Right: Characteristic curves of the feed-in pump PuDH,F and the operation points 1..3 during the control

action of C22 reactingonastepo f ep DH

(17 Starting point, 27 af t er s DHwithout feaciep of C22, 317 final stage after correction of

the pump speed); source: Heymann et. all.(Heymann et al., 2018)
A cascaded controller is used (see Figure 27 left) to achieve both tasks. The temperature
controller C21 finds a solution for Equation (3.2) by adjusting the volume flow setpoint 6 of
the controller C22 and thereby the volume flow 6 . The inner controller compensates any
change of the pressur e ghiTHisfiseemeretic efficient, becalsethen et wo r K
pump speed is changed to manipulate 6  directly instead of using a throttling or bypass valve.
The volume flow signal of the heat meter HM F can be used directly e.g. through an additional
analogue module, depending on the kind of heat meter and the achievable update interval.
The tested substation works well when controllers are updated every four seconds.

Y Y — Yi (3.2)
U
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With: Tsp setpoint for TsLoH; 6  setpoint for 6

Thecompensation of the var pydyubing thewolanseslawrcantrotler f f er e n
C22 (see Figure 27 right) is realized in three steps:

1. The setpoint volume fl ow is r eacphigdeadystatel he act

2. The volume flow 6 differs from the setpoint as a result of the disturbing pressure
di f f er gum.cThe feep-in temperature Ts.pn Will differ from its setpoint as well.
(instationary)

3. The controller C22 compensates the pressure difference variation and the feed-in
temperature will not be affected. (stationary)

The volume flow signal 6 of the HM F can also be used to find the right pump speed to
overcome t he pr e spswhendghe teedfinfstarts.eThecindegratipn of this signal
into the plant control as described above is recommended because of the low additional costs
for reading out this signal and the high advantages for solving the common technical pressure
di f f e rps prabeemsam district heating networks.

For the correct operation of a district heating network feed-in substation, the controller and

actuators of the plant have to be de-/activated and set to corresponding values at the right

moment. This task is solved with a state machine (see Figure 28), integrated in a DELPHI-

based software in interaction with a WAGO SPS. A state is a set of actor and controller settings

which structures the operation of the plant into sequential steps. The entry point of the state
machine i s ASt ar tnly one dctive state. Thesactigel stata ghecksdhe criteria

pointing to the connected states and starts a transition if the logical expression of all criteria is

true. Global states are special states that always check their entry criteria because of their high

priority, which is used e.g. for safety technology. States can consist of sub-states. This is used

to cluster states to visualize their coherence (e.qg. to heat up the solar thermal system is always

a part of the feed-in). A criterion is based on measurements of physical values and durations.

A duration can be based on a physical criteri ol
physical condition meto) Uas dirHotwhd oanagyt iivse at ismet @
parameters of the criteria depend on the concrete plant and its constraints.

Table 9: NEST-W, Germany: Closed-loop PI-controllers for state Feed-in.

Name Control Setpoint Output
C1 TsLcr 115..120°C speed Pusrts
C21 TsL,pbH 110°C setpoint C22
Cc22 W results from control signal of speed Pupk F
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FrostProtection Stagnation Released
Active L Active State, Substate
Stag-
nation Global State
FrostProtection Stagnation / Released — Transition
Inactive Inactive GlobalStates have priority. ¢ tacriterionl
GlobalStates always check their criteria.  statecriterion2 Criteria Logic which is tested
0] Additional time criterion

Detail: Substates of State Feed-In

G = G_Min
{T_SL,CF > 115°C
T_RLCF > 115°C)

T_SL,CF < 100°C
(T_SL,CF < 30°C
T_State > 30min)

(T_SL,DH < 95°C
T SLDH <90°c) &
T_State >5min

T_SL,DH < 95°C
T SL,DH <90°C (5

T_SL,DH < 95°C
T SLDH <30°c &

T_SL,DH < 95°C
T sLDH<s0°c®
T_State >5min

Conti-
niuous
Feed-In

Prepare
¥ Getinto
MNet

DH

T_SL,STS > 90°C T_SL,DH >95°C valClosed V_DH >0,1m*/h

Figure 28: NEST-W Dresden, Germany: State diagram of the net feed-in substation with

detailed sub-states of the state Feed-in
Released i External release signal is true and feed-in allowed
G_Min i minimal radiation threshold calculated on basis of the collector curve
The criteria for Stagnation and Frost protection are discussed in the corresponding section; source: Heymann et.
all. (Heymann et al., 2018)

PROJECT ACTIVITIES, MAIN RESULTS AND INNOVATION ASPECTS

We would like to show just two figures that demonstrate the performance achieved. It's
possible to feed in under different DHN-conditions with a good temperature stability (example
Figure 29). Frost protection for the water based solar thermal plant can be shown (example
Figure 30) for more than 6 winter periods up to now. The critical issues have been the lack of
stable and at the same time inexpensive radiation measurement for reliable performance
prediction of the solar thermal system. Strong limitations of feed-in temperature from the district
heating supplier side.
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Figure 29: NEST-W Dresden, Germany: Measurement data for a day with state Feed-in

a) ambient, b) solar system, c) district heating side
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Figure 30: NEST-W Dresden, Germany: Measurement data for state Frost Protection
a) solar system, b) district heating side

3.5.3 LESSONS LEARNT

1  Success factors / Non - success factors:

Success: Demonstration of solar thermal based feed-in into a 2nd GEN district heating
network. That means mainly, that the set point of the feed temperature is reached in a
stable way. This is realized despite strongly fluctuating return line temperatures, pressure
differences on the district heating network side and the fluctuating solar radiation
conditions. The frost protection works with approx. 1 % of the solar yield from the return

line temperature level of the district heating network .

Non-success: Prototype of vacuum tube collector was not transferred to series production

due to fundamental defects

1  Barriers: High and strongly fluctuating pressure difference at the feed-in point, high feed-
in temperature level. Problems finding a supplier who builds the DH feed-in station.

Control system even had to be realized by the scientists itself!

1 Critical aspects and faced challenges: Missing feed-in model and no bidirectional heat
meters available,
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91  Drivers: Initial Scientists and manufacturer of solar thermal collectors, but more and more
the energy supplier itself

1  Missed/Other opportunities: Exchange of solar thermal collectors for high efficiency ones
and so real energetic verification

1 Advantages with respect to central solutions: Space availability in the building sector

1  Suggestions for future/replication project: Installation of solar thermal based decentral
feed-in stations in the range of 500 to 1000 m?2 collector area
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3.6.1 GENERAL INFORMATION

Within the Ger manDeceetraligea feedkin oprenewalgechieat ifito the CHP
district heating network of Stadtwerke Dusseldorf AGO (s h 0 SWD.S®Li respeetively
SWD.SOL ), the decentralized feed-in of solar thermal energy into a large urban district
heating (DH) network was investigated. For this, a solar collector field with 218 m2perure @and a
prototype feed-in substation were installed in a multi-family building, which is connected to the
district heating network in Dlsseldorf. The utility Stadtwerke Dusseldorf AG is owner and
operator of the pilot plant and coordinated the project. Solites as a research institute was
responsible for the scientific research. In addition, the project was accompanied by the
Environmental Agency of the city of Diisseldorf.

The main purpose of the project was to demonstrate and analyse the technical feasibility of
decentral solar heat feed-in into large and urban DH networks based on the example of a mid-
sized solar thermal plant. The operational performance of the plant was monitored and
evaluated. Measurement data delivered the base for a simulation study’, which aims to
optimise the control and operational management concept of the feed-in station and to
universalize the results through sensitivity analysis.

7 For the simulation study TRNSYS 18 was used.
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Figure 32: Feed-in station of the pilot plant in the engineering room in Dusseldorf

3.6.2 DESCRIPTION OF RES DH
MAIN DH SYSTEM

Netzgesellschaft Stadtwerke Dusseldorf mbH (a 100 % subsidiary of Stadtwerke Dusseldorf
AG) owns and operates the district heating system consisting of three main networks and a
number of additional, smaller island networks in Disseldorf. In total, the pipeline length is
271 km. Stadtwerke Dusseldorf AG (SWD) owns and operates the energy production plants.
The total heat capacity of the district heating system is around 1 GW with a share of renewable
energies of 58 % (in 2020). A waste incineration plant and a biomass CHP account for the
largest share of the renewable energies.

The decentralised solar thermal plant is an additional renewable heat supplier. The pilot plant
is included into the inner city part of the district heating network, which is the largest main
network with 194 km pipeline length and around 862 MW heat capacity. The pilot plant is
located at the end of a side branch of this network.

The supply temperatures of the pilot plant ar
and depend on the ambient temperature. At -10 °C ambient temperature, the supply
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temperature in the main DH network is set to 128 °C. In summer i from +6 °C on i the supply
temperature is set to 75 °C.Figure 33 and Figure 34 show measurement data of temperatures
and pressure levels at the main connection point where the sub-network is connected to the
main inner city network for one and a half year.
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Figure 33: Temperatures in the DH system.
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Figure 34: Pressure levels in the DH system.
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TECHNICAL DATA

Technical boundary conditions

Decentral solar thermal plants face several fluctuating boundary conditions, which demand
complex control solutions in order to feed-in the heat efficiently, reliably and economic.

Beside the varying heat generation due to fluctuating solar radiation, two further varying
aspects have to be considered for decentral feed-in of solar thermal heat. On the one hand,
for a flow feed-in from the DH return to the DH supply line a pump must overcome the
differential pressure of the DH network. On the other hand, the flow rate has to be adjusted
accurately in order to achieve the desired feed-in temperature. Both, solar heat production
temperature and DH pressure, simultaneously underlie minor or major fluctuations, which can
complicate the system control.

The feed-in temperature level is determined by the requirements of the DH operator. Due to
ambient temperature dependencies, the temperature level varies throughout the year. Here,
supply flow temperatures between 70 °C to 100 °C are common in summer. The temperature
difference between supply and return line at the feed-in location also changes during the year.
This temperature difference can rise from 20 to 30 K in summer up to 40 K in winter.

IEA DHC ANNEX TS5 RES DHC 6C
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The differential pressure between supply and return line at the feed-in location depends on the
position in the district heating network. It varies between the highest values available at the
central heating plant and the lowest values at the hydraulic critical net-point of the district
heating network. Furthermore, the differential pressure can change dynamically depending on
actual consumptions in the network.

Technical data of the plant

The decentral solar thermal plant in Disseldorf consists of a mid-sized collector field with
232 M2y0ss (218 M2aperure) @nd a prototype and experimental feed-in substation. The solar
collectors are double-glazed large-module flat plate collectors using a typical solar heat
transfer fluid with a 40 % glycol share. The solar collector field is installed on the roof of a newly
built multi-family building. It is oriented to the southeast and has a slope of 30°.

The collector system corresponds to the state of the art and is equipped with a two-stage high-
pressure protection (overflow and safety valve). Two pipes connect the solar collector field to
the feed-in substation located in the basement of the building via a heat exchanger. The
hydraulic concept of the solar loop is shown in Figure 35.
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Figure 35: Schematic representation of the hydraulic concept of the solar loop

In fact, the feed-in substation is the innovative part of the experimental plant and therefore
purpose of the research. The main objective of the project is to find feasible concepts, technical
and economic, for the feed-in substation. Therefore, several hydraulic concepts and control
strategies are investigated and analysed.




=y

IEADHC

Four different hydraulic feed-in concepts have been identified in a technical review process at
the beginning of the previous project SWD.SOL. These approaches are described in the
following. Figure 36 shows each of the concepts in a simplified hydraulic diagram. The
concepts considered here are pure feed-in concepts without any heat consumption and with
only feed-in from the DH return pipe to the DH supply pipe.

Approach L1: Only a feed-in pump is used for flow and temperature control in the feed-in circuit.
On the one hand, the pump is responsible to overcome the present differential pressure in the
DH network and on the other hand, to feed-in the solar thermal heat with the desired target
temperature. The differential pressure of the DH network limits the flow control range of the
pump and can make accurate adjustments of the flow rate difficult. This approach is simple
and works well under favourable conditions regarding dynamic changes of boundary
conditions.

|
ol | Nogol

Approach L1: pump Approach L2: pump + valve

hyd
separator

____<Z>_ .

Approach L3: pump + bypass Approach L4: hydraulic separator

NS (N

Figure 36: Schematic representation of the technical approaches within the feed-in loop of
the experimental plant

Approach L2: Two devices are used in this approach for improved flow and temperature
control. The feed-in pump is the same as in approach L1. It also has to overcome the DH
differential pressure at the feed-in connection point plus some overpressure that would
generate a flow rate somewhat higher than the one necessary to reach the desired target feed-
in temperature. In addition, a fast reacting valve is installed in the feed-in circuit for a fast and
accurate control of the flow rate. This setup is supposed to be more flexible and accurate
compared to approach L1 when major dynamic changes in differential pressure occur.

Approach L3: Similar to approach L2, but the extra valve is installed into a bypass pipe which
is used to circulate fluid from the supply line into the return line. Hereby, the flow in the pump
circuit can stay somewhat larger than the feed-in flow in periods with low feed-in thermal power.
This can reduce the number of starts and stops of the feed-in pump compared to approach L2,
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especially at conditions with medium and low irradiation. Start-stop-processes are to be
minimizes as they can cause hydraulic shocks in the DH network and reduce the lifetime of
hydraulic pumps.

Approach L4: The feed-in loop is divided into two hydraulic loops by means of a hydraulic
separator. This setup simplifies the control task of solar heat feed-in. The pump between heat
exchanger and hydraulic separator is not exposed to the DH network differential pressure and
can accurately adjust the flow according to the desired target temperature. The second pump
between the hydraulic separator and the feed-in connection is used to overcome the DH
network differential pressure and to feed-in the heat into the district heating network. In theory,
this approach delivers good results in maintaining the required target feed-in temperature also
in case of strongly varying differential pressure. However, due to additional components, this
approach is the most expensive one.

All of the four described hydraulic feed-in concepts are integrated into the experimental
substation in Dusseldorf. The substation can, for research purposes, be operated with each of
these approaches separately. Figure 37 shows the hydraulic concept of the experimental feed-
in substation. The feed-in always takes place from the return line to the supply line of the district
heating network.
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| \

T sv3
STB o A) B) b

<
3
2

district heating network X

solar collectors

B D CE

<
Y
S

NI-T--- > - b= 4><1; l%l‘--------- Ho-- - - *””***I'l><1
1 1 1
! 1 V28 1 1 1
vsX V4XV5 MVL W DL ! XO MV6 i wr2 i |
- =y 5 ! V22 V23
\l/ . mv7 V24
,,,,,
T5 V25

X stop valve kw Y
X> control valve
XO motor driven adjustment valve

motor driven control valve

Figure 37: Schematic representation of the hydraulic concept of the substation.
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PROJECT ACTIVITIES, MAIN RESULTS AND INNOVATION ASPECTS

All feed-in approaches L1 to L4 have been analysed and optimised during the project
SWD.SOL Il. The operational behaviour after optimisation is described in the following for each
approach.

Approach L1:

The results of L1 are shown in Figure 38. It presents a summer day where the solar irradiation
(yellow curve) occasionally fluctuates heavily due to passing clouds and where the differential
pressure (grey curve) is almost constantly at 2 bar with low dynamical fluctuations within
seconds in a range of +/- 0.1 bar.
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Figure 38: Measurement results of approach L1 for one selected summer day.

At 8 AM, the solar pump starts working to heat up the solar fluid in the collectors. The flow rate
of the solar loop is shown by the brown curve. Firstly, the solar pump works with a constant
rotation speed. Approximately 1.5 hours later, when heat can be delivered at the desired target
temperature, the feed-in starts. The flow rate of the feed-in loop is shown by the green curve.
From this time until 5:30 PM, solar heat is fed into the DH network with one interruption
between 11:30 AM and 12:45 PM due to low irradiation values. Looking at the supply flow
temperature (orange curve), it achieves the required target temperature of 80 °C (pink dashed
curve) almost accurately in times of only slow changes of the radiation. Furthermore, in times
of strong fluctuations of the radiation the supply temperature (orange curve) is delivered over
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most of the time in a range of +/- 3 K to the target temperature (pink curves). The measurement
data at the selected day therefore shows that with L1, given a relatively constant differential
pressure in the DH network, the main criteria for the desired operational behaviour (long feed-
in duration with low deviations to the set point temperature, low no. of start-stop-processes)
are met, even though fluctuations in solar radiation occur.

Approach L2:

The results of L2 are shown in Figure 39. It is to mention that it is not possible to compare the
approaches under the exact same conditions, as solar radiation, DH return temperature and
differential pressure shows individual behaviour for each day. Similar as presented in Figure
38, a summer day where the solar radiation (yellow curve) sometimes fluctuates heavily due
to passing clouds is selected to analyse the operational behaviour for L2. The differential
pressure (grey curve) shows values between 5 and 7 bar with low dynamical fluctuations within
seconds in a range of +/- 0.1 bar.

As described before, a valve mainly controls the flow rate and is responsible for achieving the
desired target temperature. The opening degree of the valve is shown by the dashed green
curve. If the supply temperature is lower than the target temperature, the valve is closing to
reduce the flow rate and to increase the supply temperature. If the supply temperature is higher
than the target temperature, it is the other way around.

The flow rate is limited downwards because of the DH differential pressure that must be

overcome hy the pump to initiate a feed-in flow. Experiments have furthermore shown that if

the pumpd6s control focusses on t hedothlottlé dtrenghe nt i a l
and electrical pump energy is wasted. To avoid this, a target opening degree for the valve is

defined to 80 %. If the valve is closing under an opening degree of 80 %, the pump lowers its

speed due to intense reduction of the flow rate. If the valve is opening to more that 80 %, it is

the other way around.
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Figure 39: Measurement results of approach L2 for one selected summer day.

The feed-in starts at around 11.30 AM and lasts for almost 5 hours until 4.30 PM. Looking at
the supply temperature (orange curve), it achieves the required target temperature of 80 °C
(pink dashed curve) in a range of +/- 3 K most of the time. Some exceeds in the supply
temperature are observable. They are caused either by high DH return temperatures or by a
too slow flow rate in- or decrease at periods with fast changing solar radiation. Between 3:30
PM and 4 PM and shortly before the pump switch-off, the valve opening degree is set to its
minimum value (30 %) to ensure that the supply temperature is still in the target range, even
though irradiation decreases. The resulting feed-in flow rate is below the minimum value of the
pump curve at the given pressure level. Thus, L2 allows for a small extension of the feed-in
process at the end of the day compared to L1, where only the feed-in pump is used to control
the flow rate. Apart from that, no clear advantage is obtained by L2 compared to L1, as
fluctuations in the resulting supply temperatures are a little bit higher.

Approach L3:

The results of L3 are shown in Figure 40. Again a summer day with fluctuating solar radiation
(yellow curve) is presented. In the feed-in period, the differential pressure (grey curve) is
between 2.5 and 3.5 bar with dynamical short-term fluctuations in the range of +/- 0.1 bar.
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Figure 40: Measurement results of approach L3 for one selected summer day.

As described before, a valve installed in a bypass pipe assists in the feed-in flow rate control
in L3. The control strategy is similar to the one in L2. The opening degree of the valve is shown
by the dashed green curve. If the supply temperature is lower than the target temperature, the
valve opens in order to enable the fluid passing the bypass. The bypass fluid increases the
return temperature to the heat exchanger (observable by increasing return temperatures in the
solar loop in periods with open valve).

The feed-in pump is not only used for overcoming the differential pressure, but also for
controlling the flow rate in a similar way like in approach L2. There is also a target opening
degree for the bypass valve, which is set to 10 %. If the valve is opening more than 10 %
because of a supply flow temperature below the target value, the pump is lowering its rotation
speed, the flow rate decreases and the temperature raises.

At the day shown in Figure 40, the feed-in starts at around 11:15 AM and ends at 5 PM with
an interruptions between 1:30 PM and 2 PM and 3 PM and 4.30 PM caused by low irradiation
values. Looking at the supply temperature (orange curve), the desired target temperature the
supply temperature achieves usually the target temperature of 80 °C (pink dashed curve) in
the range of +/- 3K even in times of fluctuating radiation. The high markedly supply
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temperature exceed at around 2 PM is caused by the preliminary suddenly increasing solar
radiation.

Approach L4:

The results of L4 are shown in Figure 41 for a selected summer day with fluctuations in solar
radiation. The differential pressure drops smoothly from around 7 bar to around 4 bar at the
end of the day. The dynamical short-term fluctuations are again in the range of +/- 0.1 bar. The
feed-in period is from 9.30 AM to 6.30 PM with 6 start-stop-processes caused by cloudiness.

In L4, the feed-in pump is a different one than in the other approaches (see Figure 37). The
maximum flow rate achieved with this pump values around 5.5 m3/h and is therefore clearly
below the maximum feed-in flow rate of L1 - L3 (see Figure 38, Figure 39 and Figure 40).
Because of this limitation, the feed-in temperature exceeds the temperature range of 80 °C +/-
3 K during several times at the day, as the target temperature can not be met in times with
high DH return temperatures and/or high radiation although the feed-in pump works on its
maximum speed. Nevertheless, this limitation is due to technical equipment of the feed-in
substation and not due to approach L4 itself.

Between 2.30 PM and 5.30 PM, the radiation and DH return temperature have moderate
values and the set point temperature of 80 °C is met almost accurately. At around 11 AM and
between 6 PM and 6.30 PM, feed-in is still active (observable by flow rate in dark green) even
though charging of the hydraulic separator has stopped (flow rate in dark red). The hydraulic
separator therefore enables to maintain feed-in when radiation is low for a certain time.
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Figure 41: Measurement results of approach L4 for one selected autumn day.

Simulation study

Besides the laboratory testing of the four hydraulic variants, a TRNSYS simulation model of
the decentralized solar thermal feed-in station was setup within the project in order to analyse
the potential of decentral feed-in of solar thermal heat under generalised conditions based on
simulation studies. The simulation model was validated by comparing simulation results with
measurement data. The simulated temperatures and volume flows showed good agreement
with measured valued over the course of typical days.

After completing the validation of the model, a simulation study was performed to analyse the
potential of decentral solar thermal feed-in considering different locations in Germany,
hydraulic variants, collector technologies and conditions in the district heating network.
Besides the feed-in of solar thermal heat into the DH supply line, as it is the case in Diisseldorf,
feed-in into the return line is also included in the study. Figure 42 shows the simulated annual
amount of heat fed into the DH network related to the collector aperture area for both feed-in
variants with different DH temperature levels for both high-temperature flat plate (FP) and
compound parabolic concentrator (CPC) collectors.
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Figure 42: Simulated feed-in heat amount for FP and CPC collectors with varied DH
temperature levels (supply and return temperature temperatures in summer are
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The simulation results show that the amount of heat fed into the DH network strongly depends
on DH temperature level as with higher network temperatures, the collector temperatures also
increase and the collector efficiency decreases. The selected CPC collector lead to
significantly higher heat amounts compared to the FP collector, especially when the network
temperature level is high. For feed-in into the return line, the simulated heat amounts fed-in
the DH network clearly surpass the values of supply feed-in, explained by the lower
temperature difference to overcome in the feed-in loop. It is to mention that the simulated heat
losses of collector connection pipes and feed-in pipes are up to 29 % which is relatively high
compared to centralized solar-thermal plants. This is explained by a high ratio of collector pipe
length to the collector area given the non-rectangular roof geometry (see Figure 31). For
rectangular roofs, the heat losses might be lower and the heat amounts even higher than in
Figure 42.

Summary

The evaluation of measurement data shows, that with all four hydraulic variants L1 i L4 feed-
in into the DH network can be maintained for several hours with a supply temperature deviating
from the target with less than 3 K. This is the case both for sunny days with few cloudiness
and for cloudy days, when the solar radiation is heavily fluctuating. At the location of the feed-
in substation, the measurement data has shown few dynamical short-term fluctuations of the
differential pressure in the DH network. Therefore, the most simple control approach L1 is
sufficient to meet the target temperature. The more complex approaches did not show

IEA DHC ANNEX TS5 RES DHC 7C



ADHC

advantages regarding reaching the target temperature. On the other hand, with hydraulic
valves as additional components (L2 and L3), the feed-in volume flow can be lowered
compared to L1 and feed-in can be extended in short periods of low irradiation. This is also the
case for L4 with a hydraulic separator and two hydraulic pumps. For feed-in substations in
other locations with higher fluctuating in differential pressure, the approaches L2, L3 and L4
might therefore be advantageous compared to L1 for an optimal operational behaviour.

The simulation results conducted with a validated model for a year with generalized boundary
conditions has shown that considerable yields are to be expected by decentral solar thermal
feed-in substations, especially for DH supply temperatures lower than 100 °C. In case of higher
supply temperatures, the feed-in heat amount is still above 400 kWh/(M2aperure @) When using
the CPC collector instead of the selected FP collector. Furthermore, feed-in into the return line
of a DH network presents another option to significantly increase the feed-in heat amount of a
substation compared to feeding into the supply line, especially when the vyield is restricted by
high supply temperatures.

NON-TECHNICAL ASPECTS

The main driver of the realisation of the project was the Stadtwerke Dusseldorf AG (SWD).
The city of Dusseldorf aims to become climate-neutral by 2035 and therefore the SWD seeks
to increase the share of renewables in its district heating system. Furthermore, the SWD is
open-minded for new technical methods to achieve this aim. This issue was crucial for a
successful project implementation. Planning started already in 2014. Within the first research
project SWD.SOL (2015 to 2018), preparative processes for example contractual issues as
well as the installation of the pilot plant were finished. In the follow-up project SWD.SOL I
(2019 to 2022), the plantés operation wit
strategies was analysed in detail.

SWD as the owner and operator of the plant concluded a contract with the Rheinwohnungsbau
GmbH (housing association) that owns the multi-family building on which the collector field is
installed. The contract regulates plant access possibilities, the use of the roof (liability),
provision and use of a technical room as well as of a shaft for the pipes coming from the roof.

The requirements for the feed-in of solar heat into the DH network had to be defined individually
for this plant, because no corresponding guidelines are available from the district heating
network operator Netzgesellschaft Disseldorf mbH (a 100 % subsidiary of the SWD).

As part of the project SWD.SOL Il business models were developed to improve the situation
for heat suppliers and network operators in order to motivate further actors to participate in the
heat market and to increase the decentral renewable energy production.

Several companies for solar collector installations, plant engineering and control and monitor
systems were involved into the project at the beginning of the planning phase. A tender was
issued for the solar collector field and the feed-in substation separately. Six manufacturers
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gave offers for the solar collector field. A manufacturer for the feed-in substation was however
hard to find. Main reason was the complex control of the experimental plant. The control had
to be custom and adaptable due to the experimental characteristic and the various control
strategies. The implementation of the feed-in plant was split into a hardware and a software
part, which were realised by two different companies. Three offers were submitted for this part.
The total costs are shown in the table below. The solar collector system including
subconstruction received a 40 % subsidy from the German Marktanreizprogramm (MAP), the
experimental feed-in substation was subsidized within the research project SWD.SOL.

Table 10: Net costs without subsidies.

Preparation of the building 39428
Substructure for solar collectors 22250 0
Solar collector field 73144 0
Experimental feed-in substation 62494
Design 39378
236,694 0

The costs for the feed-in substation are not significant for a decentral integrated solar thermal
plant as the realised feed-in substation is an experimental plant, which will not be realised in
that way again (four different hydraulic designs in one plant). The total cost for the collector
part, without feed-in construction, was 95,394 Euros. One cost driver was the sub construction
for the solar collectors. The building is a new built and highly insulated low-energy building.
This caused further constructive work to avoid cold bridges in the roof construction.

An economic analysis for solar thermal feed-in substations was carried out for different sizes
of the solar collector field. For this purpose, a current price estimation for the solar collector
field (FP collectors) was used. Furthermore, costs for the subconstruction for solar collectors
and the feed-in substation were adapted to generalized conditions resulting in total costs of
around 165,000 u for a pl angoss(amirespbndiag tocaadlative
c ost o fm2udks)l Bor alhkr collector areas, the relative costs were determined according
to correlations known by experience resulting in decreasing relative costs for an increasing
collector area. The annual amount of heat fed-in a DH network was determined by simulation
with boundary conditions of the experimental plant at Diisseldorf. The calculation considers a
40 % subsidy. The calculation shows that a solar thermal feed-in substation is profitable over
a consideration period of 20 year s asdsaymofit
margin of 10 % for the DH network operator. By increasing the collector area to 500 MZ2goss,
profitability is further increased due to lower relative investment costs. A substation with a solar
thermal field of 100 m2g.ssis not profitable under the assumed conditions.
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3.6.3 LESSONS LEARNT

Replicators benefit from the projectds results a
the operation of decentral solar thermal plants.

It was advantageous for the project that the relevant stakeholders were involved into the
planning and implementation phases quite from the beginning. Technical challenges occurred
because boundary conditions did not fulfil the expectations. Two not foreseen aspects are
highlighted in the following.

To begin with, the return temperatures are higher and more fluctuating than the district heating
operator expected. As a result, both the solar pump and the feed-in pump were undersized
and had to be replaced with higher capacity pumps. Due to further measurements and
analysis, high return temperatures were detected also in further positions in this part of the DH
network. The return temperatures were not in the spotlight of district heating operators up to
now, as there were no business needs for that. This aspect changes now, as reliable low return
temperatures are necessary for the integration of more renewable energies into district heating
systems. Because of these evaluated measurements, the SWD initiated a collaboration with
the DH network operator to find solutions for reduced return temperatures.

Secondly, the first monitoring results have shown that the installed motor driven control valve
used in L3 was too slow for the dynamic changing conditions in this approach. This valve also
had to be changed and substituted with a faster control valve that has a closing time of 10 s.
With that faster valve, the feed-in target temperature can be maintained in a range of +/- 3 K.

Due to the experimental nature of the plant and the objective to implement and to test different

control strategies as well as specific applications, the implementation was very complex and
time-consuming. For replicators, the implementation obviously will be easier and faster,

because firstly, just one control approach will be realised into the system and secondly, the

experiences and results of SWD.SOL and SWD.SOL Il can be used. Additionally, the research

pr oj e elgarniigfP®lcdntroller for self-optimizing feed-in substations e.g. for solar thermal
systemso (short name fAsaM.solLO, started in Septe
develop a Machine-Learning-based adaptive control for feed-in substations which aims for an

easier and faster implementation and to further improve control parameters. The approach will

be developed and tested for the plant in Disseldorf.

Replicators need to make sure that they know the actual boundary conditions at the feed-in
point. Measurements before starting the concrete planning can be useful. In addition,

replicators should allow for a period of time in which the system must be adjusted to the best
fitting solution, as each system and its feed-in point is different in terms of pipe length, pressure
levels and temperature variations.
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The results of the research project show the proper functioning and feasibility of decentral solar
thermal plants with several solutions, which can be transferred to other district heating
systems.

Decentralized solar thermal plants are a suitable solution for the increase of the renewable
share in district heating systems, especially for urban areas and district heating systems
lacking space near by the central heating plants. Here, solar thermal energy can contribute to
an increase of renewable energy production in district heating systems. In addition, solar
thermal plants, which are integrated decentral into the DH network can open up new business
models for heat suppliers and building owners.

Up to now, decentralized solar thermal plants are more expensive than centralized solar
thermal plants. One reason is the more complex construction when solar collectors are
installed on a rooftop in contrast to the easier construction of centralized solar thermal plants
when solar collectors can be installed on an open space field. Another reason is that existing
decentralized solar thermal plants usually include a hydraulic separator. Therefore, the costs
for the feed-in substation are quite high. The project shows alternative and cheaper solutions
without hydraulic separators. An economic analysis shows that medium-sized plants without
hydraulic separators are cost-effective in a 20 years consideration period in case of funding
given the current district heating prices.

Acknowledgement and disclaimer: This work was funded by the German Federal Ministry for
Economic Affairs and Energy (BMWi, projects SWD.SOL (FKZ 03ET1269) and SWD.SOL2
(FKZ 03EN3004B)) by reason of a decision of the German Parliament. The authors gratefully
acknowledge this support. The sole responsibility for the content of this publication lies with
the authors. It does not necessarily reflect the opinion of the supporting authorities. The
supporting authorities are not responsible for any use that may be made of the information
contained therein.
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3.7.1 GENERAL INFORMATION

The case study concerns the integration of a solar thermal system installed on the roof of a
swimming pool building into the main district heating network in Lodi (IT) to recover all available
solar heat in a prosumer configuration.

This integration provides a dual benefit: the utility gains access to an additional, albeit relatively
small, heat source that is highly valuable in qualitative terms, as solar heat is 100% renewable;
the solar plant benefits from a consistent and relatively high demand, thus improving efficiency
and avoiding stagnation in the collectors.

Before the sports centre was connected to the district heating network (DH) as a user,
significant changes were made to the swimming pool. As a result, the solar system installed
on the roof became oversized compared to the updated configuration of the pool in recent
years, resulting in a significant reduction in the efficiency of the solar thermal system due to
significant stagnation. The decision by the utility to connect the solar plant to the DH network,
thus benefitting from excess heat to feed in the network, resulted in a better exploitation of the
solar thermal plant; nevertheless, monitoring data showed a relatively low energy vyield.
Politecnico di Milano has been then involved to analyse the integrational scheme and the
control strategy to improve the solar plant performances.
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Figure 43: Solar collectors located on the pool roof.

3.7.2 DESCRIPTION OF RES DH
MAIN DH SYSTEM

The district heating network is located in Lodi, a town 30 km from Milan in Italy with a population
of 45 000 inhabitants. The network is operated by Linea Green (A2Agroup) and serves nearly
200 buildings, equivalent to roughly 2.5 Mm?® of heated volume. The 27 km piping system
transports approximately 70 GWh of energy per year, utilizing a mix of energy sources that
includes natural gas CHP, biomass ORC and back up boilers, since 2017, solar thermal
energy plus additional natural gas boilers. The 70MWh/year of solar heat is produced by a 192
m’col |l ectorso6 field and it represents the
115°C supply and 55°C return in winter and 85°C supply and 70°C return in summer.

DISTRIBUTED RES

The Lodi district heating network supplies energy to the swimming pool building, on whose roof
a solar thermal plant was installed before the connection to the network. After some major
changes in the sport centre, the solar thermal system proved to be oversized and therefore
excess heat from the solar plant started being an issue causing several stagnation period. The
utility therefore proposed the user to recover the exceeding solar thermal heat in the DH
network. Therefore, Linea Green decided to integrate this renewable energy system into the
district heating network making the swimming pool user a prosumers.

TECHNICAL DATA

The solar heat is produced by a 192 m? solar thermal system, owned by Sporting Lodi, a public-
private company operating the local sport centre, which includes a large swimming pool. The
integration of the solar thermal plant is shown in the figure.
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Figure 44: Integration of ST plant in the DH network.

The district heating substation is connected to the secondary loop of the solar thermal system,
without storage inside the solar loop. This direct connection is facilitated by two heat
exchangers (HX1 and HX2), located on the left side of the picture, which connect the pool
heating demand (above) and domestic hot water demand (below) to the DH network. Two flow
meters and two electromechanical valves (Mpool and MDHW) are installed on the DHW side
of these two heat exchangers. The valves open or close according to the amount of energy
required on the demand side, thus changing the amount of DHW entering HX1 and HX2.

For the operation of the solar thermal system, the utility adopted two control strategies: control
strategy A and B.

Control strategy A (50°C < T6 < 75°C):

Flow meters measure the flow rates in HX1 and HX2 and enable the control system to
consequently set pump P1 velocity (given that solar heat is available, that is when T6 > 50°C)
S0 as to meet the sum of the two flow rates. P1 pushes DH water inside the HXS, where it is
heated according to the amount of available solar heat. If T1 is lower than 75°C, water flows
finally into the DH return pipe.

In case solar irradiation is too low (T6 < 50°C), P1 does not start and DH water flows directly
into the DH return pipe, bypassing HXS.

In this case:

1 mdot,pl = mdot,pool + mdot,DHW
1 M2 close, M1 open

Control strategy B (T6 > 75°C):

P1 runs at nominal velocity, that is 8 m3/h. If the flow rate generated by P1 is lower than the
sum of the demand (HX1 and HX2), all solar heat is self-consumed and the amount of energy























































































































































