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THE ROLE OF THERMAL STORAGES AND SOLAR THERMAL IN TRANSITION TO CO, NEUTRAL
HYBRID HEATING AND COOLING SYSTEMS IN CITIES.

Per Alex Sgrensen
2 PlanEnergi, Jyllandsgade 1, 9520 Skgrping, Denmark, +45 9682 0400, pas@planenergi.dk,

Matthias Sandrock
? Hamburg Institut, Paul Nevermann Platz 5, 22765 Hamburg, Germany, +49 (0)40-39106989-0, san-
drock@hamburg-institut.com

Abstract

When proposing solar thermal systems in connection to existing DH systems in cities, it is very often a problem, that
the DH system is established for utilization of excess heat from power plants or from waste incineration. Therefore the
base load in the district heating system is already “occupied” and solar thermal is not feasible because it will replace

free heat.

The situation in many cities is even worse because there is much more heat in the summer period than needed. This is
described a.o. in the Heat Roadmap Europe project (www.heatroadmap.eu) , where is is documented, that excess heat

from power production, industrial production and waste incineration can cover more than the demand for heating all

buildings in EU.

Several cities have as their ambition to within a period to complete a transition to CO, neutral heat supply or at least to
reduce CO, emissions from heating of buildings remarkably. That will mean less heat from CHP plants using fossil
fuels, less heat from boilers using fossil fuel and a need to fully utilize excess heat from other sources. This will demand

thermal storages to store excess heat from summer to winter.

But in many cities this will still not be enough, so excess heat has to be supplemented from heat produced by solar
thermal plants and heat pumps — and this can be feasible because a marginal extension of the storage capacity is rela-
tively cheap. The result will be hybrid DH and cooling systems, where utilisation of fossil fuels is low or Zero and
where extension of the systems to individual heated areas is possible.

1. INTRODUCTION

Excess heat from power production is enough to cover
the total heat demand for buildings in EU (Persson, Mél-
ler and Werner 2014). In addition comes excess heat from
waste incineration and industrial process. These resources
can combined with long term storages and SDH be uti-
lized in transition of cities towards 100% CO, neutral
heating and cooling systems. The roles of the long term
storages can be to

e  Store heat from summer to winter.

o Energy management of multiple heat producers
like e.g. CHP, solar thermal, heat pumps, indus-
trial excess heat and geothermal heat.

e Store cold from winter to summer (if a heat
pump is connected to the storage).

This document provides information about the possible
potential for long term storages combining utilization of
excess heat and SDH, status of demonstrated thermal
storage technologies and a design study from Hamburg,
where a hybrid system including thermal storage and a.o.
SHD replaces a coal fired power plant.

2. POSSIBLE POTENTIAL FOR LONG TERM
STORAGES AND SDH

In the Heat Roadmap Europe (HRE) project
(www.heatroadmap.eu) the objective is to enable new
policies and prepare the ground for new investments in
district heating and cooling to decarbonize the energy
system. The project is co-funded by the European Union
and has developed into the current forth project “HRE4”,
where district heating and cooling possibilities are inves-
tigated in 14 EU member states (AT, BE, CZ, DE, ES, FlI,
FR, HU, IT, NL, PL, RO, SE, UK) covering 88% of the
population, 92% of the heat demand in residential and
service sector buildings and 89% of excess heat generat-
ing activities in whole EU28 (Persson, Mdller and Wei-
chers 2017). Mapping in the HRE4 project include map-
ping of heat demand and renewable heat sources divided
in 1140 NUTS3 regions. The DH consumption is con-
verted from point sources to areas. Tthe result for the
Hamburg and Kiel areas in Northern Germany can be
seen in Fig. 1.
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To estimate the potential of long term heat storages at
existing DH systems, the excess heat resource mapping
has been combined with the DH mapping. And for the
same Hamburg and Kiel areas, the result can be seen in
Fig2.
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Fig.2. Excess heat activities comblned with DH aC'[IVItIES.

(Persson, Moller and Weichers 2017).

In Fig.2 the white areas indicate, that there are excess
heat activities inside the DH area and the gold areas, that
there are excess heat activities within 20 km from the DH
borders.

Altogether 845 of 2.188 (39%) large-scale excess heat
activities were found within coherent district heating city
areas and 562 (26%) were found within 20 km of DH
areas. In total there are 3.104 DH systems in the 14 mem-
ber countries and 1.273 of these representing 150 mio.
inhabitants have excess heat within 20 km. So the poten-
tial for further utilization of excess heat in DH systems
and thus for implementation of long term storages is
huge.

3. STATUS OF TECHNOLOGIES

Four storage concepts have until now been demonstrated
as long term water storages in district heating and cooling
systems. See Fig. 3.

Pit thermal energy storage (PTES)
(30 to 80 kWh/m?)

Tank thermal energy storage (TTES)
(60 to 80 KWhim?)
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Borehole thermal energy storage
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(15 to 30 kWh/m?)
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Aquifer thermal energy storage

(ATES)
(30 to 40 KWh/m?®)
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Fig. 3. Main concepts for long term storage (Solites).

Each storage concept has different capabilities. In Table 1
these capabilities are listed. The information are partly
taken from SDH guidelines (Schmidt and Miedaner
2012) and updated with the latest results from Danish
storages (Schmidt and Sgrensen 2018).

Beside the four storage concepts also a hybrid storage
(combination of TTES or PTES and BTES) has been
demonstrated in pilot scale in Attenkirchen in Germany

(Reuss e. al.)

Table 1. Comparison of storage concepts. Partly from
SDH Guidelines www.solar_district_heating.eu.




TTES ‘ PTES BTES ATES
Storage medium
Water | Water Soil/rock Sand - water
Heatcapacity, kWh/m?®
60 - 80 ‘ 30-9,0 15-30 30-40
Storage volume for 1 m® water equivalent
1m’ | im’ 2-5m’ 2-3m’
Geological requirements
e Stable ground e Stable ground e  Drillable ground Natural aquifer layer
conditions conditions e Groundwater favor- with high hydraulic
e Preferably no e Preferably no able conductivity
groundwater groundwater e High heat capacity Confining layers on
e 5-15mdeep e 5-15mdeep e High thermal con- top and below
ductivity No or low natural
e Low hydraulic con- groundwater flow
ductivity (k< 10 *° Suitable water
m/s) chemistry at high
e Natural ground- temperatures
water flow <1 m/a Aquifer thickness of
e 30-100 m deep 20-50 m
Utilization

e Shorttime storage | e
up to 30,000 m?
e Buffer tanks

Long term storage
for DH utilities pro-
ducing more than
20,000 MWh/year
e Longterm/storage
for industries (min.
30,000 m?)
e Short time storage
from 30,000 m? for
CHP-plants

Long term storage
for DH utilities pro-
ducing more than
20,000 MWh/year
Long term storage
for industries (min.
30,000 m?)

Heat pump and
buffer tank needed

Cooling and heating
of buildings

Long term storage in
DH systems

Long term storage in
industries

Heat pump needed
for shallow applica-
tions

Temperatures in hte storage

5-95°C

5-95°C

-5-90°C

2 - 20°C for shallow
systems

2-80° C for deep-
systems

Price/m® water equivale

nt

100-200 € for tanks
more than 2,000 m®

20-40 € for storages
more than 50,000 m®

20-40 € for storages

more than 10,000 m®

water equivalent incl.
buffer tank

4-35 €




The feasibility for a storage depends on price, operation
costs, efficiency heat/capacity and lifetime. Normally the
heat production price in a district heating system is 30 -
40€/MWh. If solar heat shall be stored the production
price for the solar heat is maybe 20 €/ MWh. If the storage
efficiency is 80% the temperature difference is 50°C and
the storage is only filled and emptied one time/year, this
will mean that capital cost and operation cost of the stor-
age may not exceed (40 or 30- 20/0,8) €/ MWh or 5-15
€/MWh. If capital costs and operation cost are 7% of the
investment, this means, that the investment in the storage
has to be less than 12€/m® (5€/m® will result in a price for
storing at 0.07 x 5€/m3/0.058 MWh/m® = 66/MWh,
12€/m> will result in a price for storing at 0.07 x
12€/m*/0.058 MWh/m® = 14.5€/MWh).

In the Danish 60,000 m® storage in Dronninglund storing
solar thermal heat, the temperature difference is 80° C and
the storage has two circles/year resulting in a better econ-
omy. The reason is, that the storage is used as heat source
for a heat pump and also is used as buffer storage (Sgren-
sen and Schmidt 2018).

So long term storing of solar produced heat needs cheap
storages, cheap heat production prices, careful system
integration and possible more functions to the storage
(buffer tank, cold storage, storage for power-to-heat-to-
power) to be economical feasible compared to the refer-
ence: fossil based production systems.

4. HAMBURG AS EXAMPLE

The City of Hamburg is a major city with 1.8 Mio. inhab-
itants in the North of Germany. Its district heating system
is one of the oldest in Europe. Already in 1895 the heat
supply of Hamburg’s City Hall laid the foundation for the
municipal district heating grid. Today, about 20% of
Hamburg’s heat demand — about 4.3 TWh/a — is covered
by district heating.

During the 1990s the City of Hamburg sold the district
heating system to the Swedish company Vattenfall. In the
year 2013 the populace decided in a referendum to re-
nationalise the district heating system. The City and Vat-
tenfall agreed on a purchase option in 2019. The objec-
tive of the repurchase is the transition of the district heat-
ing system to renewable energies and waste heat use.

Hamburg Institut and PlanEnergi conducted a study for
the City of Hamburg to establish how the share of renew-
able energies and waste heat can be increased considera-
bly. In the first step options for the replacement of the co-
generation coal power plant in Wedel which produces
about 1/3 of Hamburg’s district heat (1300 GWh/a) shall
be developed.

The heat demand in Hamburg’s district heating system is
relatively low during the summer months. Then, only 150
MW are necessary. During the winter the heat demand
increases to a maximum of 1500 MW. The summer load
is mostly provided by the waste incineration plant Bor-
sigstrasse (MVB).

For the study the district heating system was modelled in
EnergyPro with the current generation portfolio. Fur-
thermore, potentials for available renewable energies and
necessary investments for their integration into the grid
have been estimated.

In the modelling a cost-optimized operation of the heat
sources in the course of the year is computed. The possi-
ble merit order of the production units has a large influ-
ence on the heat generation costs. Renewable heat plants
have relatively high investment costs but relatively low
operational costs (e.g. solarthermal). If those heat plants
are only operated during the summer period for a few
hours, heat prices increase due to fixed costs (capital
costs).

For the replacement of the co-generation coal power plant
Wedel the following heat sources are planned at the mo-
ment:

e 80 MW heat pump in a municipal wastewater
treatment plant

18 MW industrial waste heat (steal / aluminium)
80 MW heat from a waste incineration plant

30 MW heat from biomass / RDF

12 MW solarthermal

The heat flows from industrial heat, waste incineration,
solarthermal and heat pumps compete for the thermal
load in spring, summer and autumn. Without seasonal
storage their potentials cannot be used optimally and
specific heat generation costs increase.

In Hamburg an aquifer heat storage is suitable for season-
al storage. The geological requirements are suitable and
the underground conditions are well explored.

At a depth of about 270 m at the municipal wastewater
treatment plant Dradenau a salinated aquifer exists in the
“Braunkohlensande” layer. As the aquifer is not feasible
for drinking water abstraction, it can be used to store
heat. The aquifer is about 150 m thick and covered by an
impervious “Glimmerton” layer.
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Fig 3. Concept of an aquifer heat storage system (San-
drock, Maal} Sgrensen et.al. 2017)

For the utilisation a common water-water-system consist-
ing of two extraction-/injection wells is proposed. It is
planned to load the heat storage with a temperature of
80°C and unload with a temperature of about 65°C. Heat
pumps and gas-fired boilers can increase the temperature
of the stored water to the temperature level of the district
heating grid. The flow temperature of Hamburg’s district
heating system lies between 90 and 133°C depending on
the outside temperature.

A test drilling and heating of the aquifer has already tak-
en place to enable a thermodynamic modelling of the heat
storage. These measures were successful and make a
successful realisation of the project seem probable. The
thermal losses of the heat storage to their surroundings
are estimated at about 15% based on the measurements.

During the first phase of the project a thermal power of
the aquifer heat storage of about 30 MW is planned. Par-
ticularly the inexpensive heat flows from industrial waste
heat and waste incineration (possibly also solarthermal)
shall be stored for the heating period. The estimated in-
vestments costs for the heat storage itself (drilling costs
and periphery) sum up to a moderate level of around 3
Mio. Euro. Larger investments are necessary for the large
heat pumps and the gas-fired boiler.

By constructing additional wells, the storage capacity and
the injection-/extraction capacity can be scaled up and be
adapted to changing economic conditions. That way it is
possible to integrate a large share of renewable energies
and waste heat into the district heating system.

5. CONCLUSIONS

Altogether there are 3.104 DH systems in the 14 member
countries and 1.273 of these representing 150 mio. inhab-
itants have excess heat within 20 km. So the potential for

further utilization of excess heat in DH systems and thus
for implementation of long term storages is huge. In
many of these systems excess heat must be supplied by
other sources, and that can open for solar thermal systems
because the marginal cost of extending a long term stor-
age can be low and solar thermal produced heat is fossil
free and without air pollution.

Four concepts can be used as long term storages. They
have all been demonstrated in full scale and valid test
results exist. But to make long term storages and solar
district heating feasible we need cheap storages, cheap
solar heat production prices, careful system integration
and possible more functions to the storage (buffer tank,
cold storage, storage for power-to-heat-to-power).

An example of a long term storage combined with a.o.
solar district heating has been calculated for Hamburg.
Hamburg has favourable conditions for ATES (high tem-
perature in the deep ATES and probably low investment
costs for storing.
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Abstract

Introduction

The future of a lot of district heating (DH) networks is becoming more and more unsecure. Besides changing
market conditions (especially energy prices), the need for decarbonisation imposes an increasing pressure to the
operators of the networks for increasing the energy efficiency and share of renewables significantly. Solar thermal
energy could be a suitable renewables energy source for substituting high shares of the existing fossil fuel based
supply and therefore reduce the CO2 emissions of DH networks significantly. However, there are a couple of
challenges (high network temperatures, high costs for collectors and long term storages, see also figure 1) that need
to be overcome in order to enable a higher penetration of solar energy, especially in urban district heating
networks.

Strengths Weaknesses

e Small running costs and no risks
e No CO2 emissions
e Local technology suppliers

e High specific investment costs

e Competition to base load supply

e Long term storages not
economically viable

Opportunities
e By trend decreasing temperature
levels in the network
e Increasing need for reducing CO2

Threats
e Collectors can be damaged (e.g.
natural disasters)
e Long payback times reduce

& subsidies for renewables flexibility

Figure 1: SWOT Analyses (Strengths, Weaknesses, Opportunities and Threats) of solar thermal integration into
DH networks (simplified summary)

Method

This contribution describes preliminary results from subtask A of the IEA SHC Task 55. The focus of the IEA
SHC program is to “develop research projects (Tasks) to study various aspects of solar heating and cooling.“* In
this tasks, international experts cooperate and contribute their individual knowledge to a bigger picture. The IEA
SHC Task 55 focuses on integrating large solar heating and cooling systems into district heating and cooling
networks. Within Task 55, subtask A analyses different measures and enablers on the DH networks side to
integrate significant shares of solar thermal energy into urban district heating networks. This is including:

*  The assessment and comparison of different cases studies for DH networks with high shares of energy
from solar thermal collectors

»  The analyses of transition strategies of “traditional” DH networks with high fossil shares to networks with
high solar shares, including the underlying heat demand and energy price scenarios

»  The identification of beneficial integration options including hydraulics, supply technology combinations,
storage integration and control strategies

! http://mojo.iea-shc.org/operating-agents




»  The evaluation of different strategies to reduce the temperature levels (supply and return) on DH networks

Results
Following main enablers and measures can be differentiated:

Short term flexibility measures: In DH networks, normally two distinct customer side heating peak heating loads
occur at the same time of the day (typically morning and evening peaks). Solar thermal energy has its supply peak
usually directly in-between the morning and evening peak and therefore can only partly be used for covering the
heating load. Short term flexibility measures for overcoming this mismatch are state-of-the art and include
centralized and customer side storages, utilization of the network as storage and customer side load shifting. In
(Schmidt and Basciotti 2014) those measures have been compered based on a literature review and dynamic
network simulations of a typical rural heating network in Austria.

Long term flexibility measures: Beside the short term mismatch, a major barrier for integrating solar energy in
DH networks is their seasonal mismatch to the demand profiles. Here, two cases have to be differentiated: First,
DH networks where the heat demand in summer times is covered by heat pumps, geothermal energy or industrial
waste heat. For economic reasons, those sources should not be turned off. As a consequence, solar energy in
summer times needs to be stored for transition times or winter. Second, DH networks where the base load is
covered by supply units that consume fuels, e.g. CHP or biomass plants. Here, the solar energy can actually safe
costs and could be economically beneficial. However, large shares of solar energy needs to be stored in a seasonal
storage anyways.

Measures for reducing the return temperatures: Currently, many “traditional” existing DH networks are not
designed for a significant share of solar thermal energy due to the relatively high network temperatures, often
between 60°C (return) and 120°C (supply). The technical measures for transforming traditional DH networks
towards low temperature systems are well known, mature and in principle straightforward in their implementation.
They can be distinguished in following areas:

- building side optimization such as hydraulic balancing and the correct use of thermostatic radiator valves
- Detecting and minimizing errors and faults in substations and domestic hot water preparation
- cascading (using the return flow of high temperature customers as a supply to low temperature customers)

However, for reducing the system temperatures, investments on the building side have to be done; the heating
system is often not designed for low supply and return temperatures as well as domestic hot water preparation often
need a certain temperature level.
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1. Introduction

In the course of an inner-city development the housing estate Freiburg
“Gutleutmatten” with 500 accommodation units, a heated floor area of 38.000 m? and
a heat demand of 2.200 MWh/a is being realized.

Within the frame of this project decentralized solar thermal systems will be integrated
in a heat supply concept based on a combined heat and power (CHP) district heating
system. The operation of the CHP system will be optimized on one hand regarding to
the interaction with the power network and on the other hand concerning the
reduction of heat losses in the distribution network. The assumption is that this kind
of design and operation management will be constructive to supply an urban area on
a medium and long-term point of view. Central objectives of the project are to
implement a concept for the operation management and to derive general rules for
comparable urban areas. This will be carried out considering the ongoing massive
transformation process of the overall energy system.

2. Objectives of the project
Primary the role of solar thermal technology in supply of urban areas will be
evaluated. This will be done considering prospective conditions of the energy
business. The focal point will thereby put on an integral consideration of power and
heat consumption and the corresponding supply network systems.
Secondary it will be demonstrated an innovative and economically promising
solution for investors, the operator and finally the clients in the integration of solar
thermal technology to deactivate the district heating network during summer time.
The approach is a decentralized implementation of solar thermal into the supply
systems of each connection unit to deactivate the CHP operated district heating
network for time periods with high irradiation and so a high fraction of photovoltaics in
the electricity grid. During these periods the operation of the CHP is supposed to be
not economically due to the low corresponding feed in tariff.
In the concept the total heat demand will be covered by 38 decentralized solar
thermal units including its decentralized storages and the heat produced by the
central CHP unit. The total area of collectors will be about 2.100 m2 producing about
740 MWh/a. By that the specific storage volume will be at 100 Liter/m2aperure. This will
lead to a total heat coverage of about 33 % that will enable a self-sustaining supply
by solar thermal for long periods during summer time. The remaining 1,460 MWh/a
will be supplied by the central CHP. The heat loss of the network will be at about
300 MWh/a where the reduced operation time is already taken into account.

Page1/2 8
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3. Results

In the first step, the concept of the heat supply system and it’s variants on the
building side will be introduced in a generic technological point of view and
transferred to the real demonstrating object. In the next step the executed open
competitive bidding is illustrated and its results are economically analyzed.
Furthermore an understanding of cost is shown introducing indicators like the
specific cost of solar thermal systems and levelized cost of heat. In the next step the
actual state of construction is shown reflecting some raised questions concerning
quality of workmanship and operational consequences that occurred during that
first operational periods of commissioning the heat supply system. At least
simulation based results, representing the entire housing estate are shown,
introducing the operational modes of “switching of the heat network” and harmonizing
the heat demand of the housing estate regarding to the SDH by “injection of solar
thermal heat to supply neighbored buildings”, putting together the effects of heat and
electricity demands and the related costs.

Page2/29
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Solar district heating (DH) systems represent an innovative approach to increase the share of
renewable energy in the heat market. However, the realization of solar DH systems is capital-
intensive and different barriers, such as land availability for collector fields, prevent this.
Once these barriers are overcome, solar DH systems can contribute significantly to reduce
carbon emissions. Aside carbon saving potentials, issues on the economic efficiency of solar
DH supply, but also the impact of solar DH supply on other heat supply technologies need to
be considered. The use of DH supply technologies, such as combined heat and power systems
(CHP), is affected by solar integration into the DH grid. The profitability of CHP systems is
not only influenced by intermittent solar energy, but also by economic conditions, such as the
development of the electricity prices at the power exchange (e.g. EPEX SPOTY). Thus, the
question arises to what extent solar integration leads to the displacement of cogeneration
systems and what displacement effect is greater: solar integration or economic conditions. To
investigate this issue, the Easy District Analysis (EDA) tool, developed within the framework
of IEAZ DHC? Annex TS 1 (Blesl, Stehle 2017 and Schmidt, Kallert 2017), was applied.

EDA is a DH planning tool for urban planners and utilities that is intended to be used in the
pre-planning phase of a district energy system. The focus of the EDA tool lies on the
evaluation of the impact of grid temperatures (e.g. standard DH* vs. low temperature DH>),
operation modes (technical® vs. economic’ operation) and DH supply technologies (e.g.
CHP DH supply with and without solar integration) on the use of DH technologies,
primary energy consumption, carbon emissions and heat production costs.

With the EDA tool a case study was applied to an urban district with more than
140 multi-family houses. As a result, the case study indicates that the economic displacement

European Power Exchange for power spot trading

International Energy Agency (IEA)

District Heating and Cooling (DHC)

Supply line / return line: 90°C/ 60°C

Supply line / return line: 50°C/ 35°C

Full use of CHP capacity

Cost-minimal operation of DH technologies considering economic framework conditions

~N oo g~ W N
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effect on the use of cogeneration plants turns out to be higher (-20 % use of CHP) than the
additional displacement effect caused by solar integration (-13 %).

Aside displacements effects of solar integration, different DH temperature levels can be
applied to examine the impact on solar DH supply. A temperature reduction from
standard DH to low temperature DH can boost solar DH in terms of yield and solar fraction
significantly (e.g. + 45 % vyield) and thus, increase the carbon mitigation potential of solar-
powered DH. This is not only explained by lower collector heat losses, but also by an
increasing period of solar thermal feed (+ 32 % hours of solar feed) as lower grid supply
temperatures are easier achieved. Heat production costs of solar DH supply are reduced with
low temperature DH supply and thus, making solar DH more competitive compared to
alternative heat supply options. Furthermore, the influence of different instruments, such as
CO; tax, can be analyzed on the use of technologies and heat production costs of different
variants of DH systems®.
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Abstract — Solar district heating in Italy has still a very limited diffusion with just one example of relatively
large plant in Varese and some smaller examples in other cities of the northern regions. However,
perspective for the development of new plants are quite positive, thanks to a growing interest from the
utilities and a very good incentive scheme available for solar thermal plants, including their application to
district heating networks. The support mechanism, whose revision has been recently released under the
name of ‘Conto Termico 2.0’, foresees an incentive over 5 years which, depending on the system cost, the
plant size and the expected yield of the solar collector, can cover between 40 % and 65 % of the initial
investment cost, thus constituting a potential driver for increasing the SDH market in the country.

1. INTRODUCTION

Thanks to a series of EU-supported projects on the topic
of solar and renewable district heating, SDH could take off
in Italy, starting completely from scratch. The first project,
‘SDHtake-off’, was then followed by ‘SDHplus’,
‘SmartReFlex” and, finally, the currently ongoing
‘SDHp2m’ initiative.

Within these projects, capacity building towards utilities
and local authorities were implemented and feasibility
studies for real plants were carried out. Thanks to such
preparatory activities, for instance, the first Italian SDH
plant was initiated, and then completed, more than two
years ago in Varese (Battisti, 2015).

2. MAPPING THE MARKET

2.1 The first example in Varese

In all, three SDH plants are up and running in Northern
Italy. The first one has a gross area of 990 m? and was set
up in Varese, a city close to Milan, in 2015. It is run by
Varese Risorse, a utility that is part of the large A2A group
of companies. Solar output is primarily used to preheat the
make-up water for the nearby district heating network.

The solar thermal system was developed and installed by
newly established Italian company SDH Energy, which
was founded by former Sonnenkraft Italy staff to become
the distributor for Arcon-Sunmark in Italy. The solar field
consists of 73 flat plate collectors, type HT-
HEATBoost35/10, which were produced by Danish
company Arcon-Sunmark and have a gross surface area of
13.6 m? each. The Varese city grid, which is heated by a 5
MW¢ gas turbine and five backup natural gas boilers
offering a total capacity of 35 MW, has a length of 16 km
and supplies thermal energy for domestic hot water and
space heating to 150 large consumers. The grid operates
with a supply temperature of 90 °C and a return
temperature of 65 °C.

The solar thermal plant provides heat to already existing
water storage systems with volumes of 215 m®. To try and
obtain a lower average working temperature for the solar
collectors, however, the solar circuit can also pre-heat the

cold water which is needed to restore water losses in the
grid and which is taken from public water supply at 10 °C.

The solar plant operates dangerously close to the
stagnation point during high irradiation because of the
grid’s high supply temperature. The special circumstances
required a system to control the pumps in the solar circuit
based on irradiation and supply temperatures in order to
avoid stagnation.

The SDH plant in Varese (photo: Battisti R. )

The total investment cost, excluding the storage which
was already present in the heating plant, was about
420,000 EUR, showing a specific cost of slightly more
than 400 EUR/m?. The foreseen subsidy over a period of
five years is 275,000 EUR and the expected Internal Rate
of Return for the investment is over 8 %.

Although the solar fraction is lower than 1 %, this first
solar district heating plant in Italy can serve as a milestone
for spreading this technology in southern Europe.

The first on-field results reported a very good
performance of the solar plant, in line and even above
expectations and initial simulations (Battisti, 2016).

2.2 Solar feed-in

The second example is quite a peculiar one since it is
based on a previously existing solar thermal plant installed
on the roof of a swimming pool in Lodi near Milan. In
2017, it was then connected to the local district heating
network of utility Linea Reti e Impianti. The 200 m?
collector field is operated by the owner of the sports
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facility, Sporting Lodi, and preheats the return line of the
grid.

This case, therefore, can be regarded as a third-party
access to the district heating network by an external
operator and can constitute an interesting milestone for
other similar situations.

The connection between solar field and network return
line (photo: Linea Reti e Impianti)

2.3 SDH in mountain areas

The third SDH system was installed in the village of
Sansicario in the mountainous region of northern Italy
(Degiorgis et al., 2016). In 2016, it started feeding solar
heat into a district heating network which mainly runs on
gas-powered CHP units. This solar field, designed by
engineering services company Degmar, consists of two
different sections, one with flat plate and one with
evacuated tube collectors (ETCs). Its total gross area is 63
m?.

The reason for installing a mixed-collector system was to
analyse the performance of both types in an existing
district heating system. The ETCs show better
performance, with specific heat production up to 500 to
600 W/m? on an hourly basis and conversion efficiencies
near the theoretical curve. Only the monitoring data made
it possible to resolve the issues with the flat plate
collectors, and production is now close to that of the ETC
field.

SDH plant in Sansicario (photo: egmar)

The district heating network generates 23,573 MWh of
heat each year. Net production is at 21,120 MWh because
of 10 % network losses. The 5-kilometer pipelines provide
heat for around 350,000 m*® of building space in the
residential and tourism sector. In winter, supply is at 95 °C
and return at 65 °C. Three engines powered by natural gas
provide about 86 % of total production at an overall power
of 3.6 MWu. The remaining demand is met by auxiliary
boilers, which have a combined capacity of 10.3 MWi.

Mountain areas are also very promising zones for the
combination of solar and biomass for local district heating
networks: Two examples of very small SDH plants, in
combination with biomass, are in operation in the Veneto
Region and are reported in the map below.

2.4 Plants under development

The SDH map for Italy shows the examples described
above and also a new 600 m? plant foreseen within the
renovation works of the ‘Mirafiori Nord’ heating plant of
the district heating network in Turin, when also a 2,500 m?
water storage will be added, most probably by 2020.

Another 500 m?> SDH plant has been planned, in
combination with heat pumps, for supplying heat to an
extension of the district heating in Alessandria, a city in
the region of Piedmont.

Finally, for the large district heating network in Brescia,
in the region of Lombardy, an ambitious decarbonisation
plan has been set up by the local utility A2A, including
industrial waste heat recovery, low temperature networks
and the use of solar thermal systems.
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SDH plants in Italy: In operation and planned

3. ECONOMIC CALCULATIONS

3.1 The incentive scheme

In Italy an incentive scheme, ‘Conto Termico’, is
operating at national level, supporting several renewable
heat technologies as well as some energy efficiency
measures for both private and public users.

Regarding solar thermal, the incentive mechanism,
managed and operated by the state-owned company GSE,
supports plants with a gross surface of up to 2,500 m?. The
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subsidy is paid in two annual instalments for systems
below 50 m? and in five for ones between 50 and 2,500 m2.
The amount of support depends on the system size, the
application and the expected yield of the collectors. More
specifically, the annual incentive is calculated as follows:

Latt = Ci ’Qu’ Si (1)

where S refers to the system’s gross area and C; is a fixed
parameter expressed in EUR/kWh, whose values span
from 0.08 to 0.43 EUR/kWh depending on the application
(domestic hot water, space heating, process heat, district
heating and solar cooling) and on the system size. Finally,
Qu is the annual collector yield divided by the gross area
of the collector type, as reported on the Solar Keymark
certificate for the site of Wiirzburg at a temperature level
depending on the final use of the solar heat; For SDH, for
instance, the yield at 50 °C should be used for the
calculation.

3.2 Solar heat cost

Assuming a 2,000 m*> SDH plant with a specific cost of
400 EUR/m? (total investment of 800,000 EUR), the
incentive could be calculated using a good quality
collector with a Solar Keymark yield of 560 kWh/m? year
at Wiirzburg and for a temperature of 50 °C.

The specific annual incentive is 50.4 EUR/m? and the
total annual incentive for the plant is 100,800 EUR. The
total incentive over the period of 5 years would then
amount to 504,000 EUR, 63 % of the investment cost, very
close to the maximum value of 65 % foreseen by the
scheme.

Still large resources are available for ‘Conto Termico’,
thus leaving a huge potential for small and medium-size
SDH systems.

Beyond the incentive, the expected heat production cost
can be calculated over, for instance, a period of 15 years,
also assuming a 10-years bank loan with a 6 % interest rate
and, therefore, a total cost of the investment of 1,280,000
EUR.

The real yield of the solar plant could be estimated to 500
kWh/m?, thus bringing the total output in 15 years to
15,000 MWh.

Assuming a | EUR/MWh O&M cost, the total plant cost
over the 15-years period is 1,295,000 EUR which is
lowered to 791,000 EUR because of the incentive.

The solar heat would then have a cost of 53 EUR/MWh.
This value is depending substantially on the financing cost:
With a 4 % interest rate, it could go down to 42
EUR/MWh, even reaching 31 EUR/MWh in case of
special ‘green loans’, for instance with a 2 % interest rate.

4. CONCLUSIONS

From a policy point of view, a relevant milestone was the
inclusion of SDH in the Italian National Energy Strategy,
released in November 2017. This inclusion was done
thanks to a specific request sent by Ambiente Italia, partner
of the SDHp2m project, during the open consultation
phase of the strategy document.

A few SDH systems are in operation at the moment in
Italy but both the positive attitude of several utilities and
the good support scheme for solar thermal are really
promising factors.

However, despite the favourable incentive environment
for solar district heating in Italy, relevant barriers to faster
deployment remain. First, the existing district heating
capacity is restricted to the northern parts of Italy. A
recently published study by GSE found that 78 % of
district heating is concentrated in only three regions,
namely Lombardy, Piedmont and Trentino-Alto Adige
(GSE, 2015). An additional obstacle is the rather low gas
price paid by utilities. Since they operate combined heat
and power units, they are classified as electricity producers
and are exempt from certain taxes. On top of this, there is
a lack of awareness among utility operators and
policymakers, and the number of specialised technology
providers in the country is negligible. Other highly delicate
issues are the visual impact of the collector field and
competing land uses.
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Introduction and Motivation:

To reach the long-term goal of 100% renewable energy supply, district heating (DH) networks
require large-scale thermal energy storage (TES) technologies such as pit and tank storage. As
these systems need to be implemented in an urban environment, the required surface area
should be minimised to compensate for the relatively high land price in an urban environment.
These minimized costs can be achieved by moving the system below surface level and further
decreased by allowing usage of the surface area for recreation or installation of solar collector
fields. DH systems call for TES volumes up from 50,000 m® to as much as in the order of one
billion litres, or 1 million m®. Presently, large-scale thermal storages have been built and are in
operation in Germany and mainly Denmark, with recent storages having volumes of nearly
200,000 m°.

Experience with the existing plants is still limited due to the low number and short age of the
storages. Improvements are needed on material performance and durability and on material and
component development. Cost effectiveness and system integration call for higher storage
density and thus higher temperatures, imposing even higher demands on the materials used.
This and the requirements of vapour tightness, serviceability and durability of innovative
solutions for lid, wall and liners call for novel materials and components as well as for improved
durability testing methods. Additionally, the envisioned size of new giga-scale storage
technologies and the construction in the subsurface require new construction methods.

Background:

The project giga TES is an Austrian flagship- project targeting at the development of large-scale
thermal storage concepts for renewable districts, with a focus on feasible Austrian
implementations. The project consortium consists of key material and component industries, a
major construction company, an engineering and two DH companies, backed by four Austrian
and two foreign research institutes that have deep knowledge and experience in the field of
materials, components and system technologies for very large thermal energy storages.
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Goals:
The project pursues the following technical, economic and scientific goals:

(1) to develop a comprehensive overview with all requirements and relevant boundary
conditions for the use and implementation of giga-scale storages and to implement a
scientific decision-making tool for obtaining representative prospective application
scenarios internationally and in Austria.

(2) to develop innovative and optimal construction methods for giga-scale TES with
particular consideration of ground conditions. Based on five typical soil and rock profiles
various ground engineering approaches for deep pit excavations will be assessed and
their opportunities illustrated.

(3) to elaborate economic and practicable solutions for critical storage components which
are the bottom slab, walls and the cover.

(4) to develop novel polymeric and inorganic materials for the construction of large-scale
thermal energy storages along with testing and lifetime assessment methods for faster
and more realistic screening and pre-qualification of such materials.

(5) to develop simulation models with different modelling depths, and to test and apply them
to optimize the storage design for relevant boundary conditions. Furthermore, a
methodology to predict the ground and ground water temperature increase depending on
the specific geo-hydrological conditions and the storage design as well as a co-
simulation platform for optimization of the system configuration and control strategies will
be developed.

(6) to evaluate the added value and impact of large-scale storage in existing and future
district heating systems and to analyse the sensitivities and mutual influence of system
parameters on the overall performance, by that deriving operating windows and
optimized system configurations for given boundary conditions, with separate attention to
Austrian boundary conditions.

Discussion:
The project starts with the beginning of 2018. An overview of the goals and of the approaches
how to achieve them will be presented at the conference.
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1. Introduction

To reap the highest benefit from the increased installation and integration of renewable energy sources, an
effective, cross-sectoral energy management system (EMS) is needed. This EMS takes care of operating the
individual components in such a way that the maximum amount of renewable energy from intermittent sources
such as solar thermal or wind can be harnessed. Also, it tries to minimize operating and fuel costs as well as
emissions by keeping the number of on/off cycles low and operating the heat and power producers in ideal
conditions.

While proven to be attractive in numerous research projects, EMS capable of optimally operating cross-sectoral
energy systems are not yet available on the market and three major challenges have to be faced:

1. Hybrid energy systems are still rather rare because of typically high investment costs and lack of experience
with operating them. Without sufficient information on the long-term financial implications, tried-and-true
but sub-optimal configurations as well as operating strategies are often implemented.

2. Once a hybrid energy system is installed and an EMS is available, the problem of actually implementing the
directives given by the EMS on low-level controllers arises. A general guideline readily applicable to
complicated configurations is still missing and a matter of current research.

3. Since the existing EMS mostly originate from (often academic) demonstration projects, they are tailor-cut to
individual scenarios and do not easily scale to different configurations.

For these reasons, this talk will present a modular, optimization-based predictive energy management

framework and showcase how it can help with each of these three challenges.

2. Modular optimization-based energy management framework

Structure of the developed modular cross-sectoral energy management framework

A modular EMS should consist of three parts (see Figure 1): a load and yield forecasting algorithm that
provides information on the demand of the consumers (load) and intermittent production of renewable energy
sources (yield); a state estimator that uses measurements to estimate energy levels in the storages and
ultimately the overall state of the system; and an optimization-based controller which takes into account both
the current state and the forecasts and determines a plan of operation (model predictive controller, MPC).

Energy Management System Forecasts:
2 g y Temperature,
wind speed and
State L | Load & Yield solar irradiation Weather Forecast
estimator || MPC | Forecast Service

Measurements: Plan of operation:

Temperatures, charging levels, on/off switching,
fill levels, heat and power dﬁsnred F;gwerf]'eve'sv
roduction levels charging/discharging .
P Low-level Controllers [« > Hybrid Network

Figure 1: Structure of the developed modular cross-sectoral energy management framework

Modular framework for specifying energy configurations using standardized building-blocks

In order to address the challenges mentioned above, all three parts of the EMS need to be modular and able to
adapt to different operating conditions and energy configurations. The energy configuration to be managed
needs to be configurable from standard building blocks that represent the various technologies. These blocks
represent sources (e.g. heating grid, solar thermal plants, biomass), sinks (e.g. feed-in into the grids), converters
(e.g. heat pumps), distribution networks, and storages. The configuration is defined by specifying the
connections between them and specifying e.g. the costs for buying from sources, rewards for selling to sinks,
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conversion efficiencies, storage capacities and minimum / maximum power levels; see Figure 2 for an example.

Power Grid Photovoltaics Battery Consumers
$
et |- Pover_ |-
$ ¢— Power Network $
_ 5 | Buy Heat Pump Room Heating
T /

$ i i [~ Water Heating $
—>| Biomass I—»I Biomass Boiler Heat Network
1

Y

Thermal Buffer

Figure 2: Energy configuration built from sources (biomass, power grid/buy, photovoltaics), sinks (power grid/feed
in, consumers), converters (biomass boiler, heat pump), distribution networks and storages (battery, thermal buffer)

Automatic optimization problem generation

The predictive controller needs models of the individual components in order to predict the behavior of the
system given a specific plan of operation. For scalability reasons, these should be as simple as possible, while
retaining the ability to describe the essential characteristics of the components. Hybrid linear models stand out in
that they can be expressed in a mathematical way easily accessible to optimizers (mixed logical dynamical
models, MLD). They can be used to model on/off switching behavior, load-dependent conversion efficiencies
and minimum output power requirements. Each block of the energy configuration is represented by a
parametrized MLD model, and the interconnection configuration automatically determines an overall MLD
model for the whole system. This, together with the predicted yield and load curves and cost definitions, defines
a mixed-integer linear program (MILP) that can be solved even for medium-scale problems using state-of-the-
art solvers such as GUROBI or CPLEX to give the optimal operating strategy.

Practical validation of the modular energy management framework

The practicability of the proposed method will be demonstrated on the basis of a local heating grid with three
heat producers (biomass boiler, solar thermal in combination with a heat pump, oil boiler as backup) and 26
consumers where it has already been applied successfully. A screenshot of the control visualization, indicating
the production power levels as well as the states of charge (SoC) of the storages, is displayed in Figure 3.
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» Heat{pump pn/off N, Thermal buffer SoC
\ N
2 - -
Oil boiler power R
10 -
0 = >
12:4I5:00 18:00:00 21:00:00 00:00:00 03:00:00  06:00:00  09:00:00 12:3l0:00
20.10.2017 2010.2017 20.10.2017 21.10.2017 21102017 21.10.2017 21.10.2017  21.10.2017

Time
Figure 3: Example of a real-life operation of the energy management system of a local heating grid during autumn

3. Summary and Conclusion

The modular framework developed allows facility managers to quickly investigate different energy
configurations in simulations and determine the most suitable configuration for their purposes. By relying on
standardized building blocks, the EMS optimization problem can be automatically inferred and the interface to
the low-level controllers can be automatically constructed, thus greatly simplifying the task of implementing the
EMS in real world applications.

Within the talk the framework will be demonstrated and first practical results will be presented.
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DATABASE FOR HEATING PLANTS BASED ON RENEWABLE ENERGIES IN STYRIA (AUSTRIA)

Julia Karimi-Auer and Simone Skalicki
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Abstract — Austria’s second largest federal province Styria is a European region with high potential for
solar thermal energy and is participating in the current EC project SDHp2m (2016-2018) along with eight
other European regions. The Styrian administrative body (Office of the Styrian Government) is a member
of the SDHp2m project. Since 2016, Styria’s administrative body maintains a publicly available database
for heating plants in Styria that are based on renewable energies. As a part of the project SDHp2m the
database was amended and furthermore used for investigating the operators’ interest in the
implementation of solar thermal support. This paper describes the background and the setting-up of the
database and the information provided by it. In addition to that, the role of the database in the project

SDHp2m is shown as well as its general benefits.
1. INTRODUCTION

Styria comprises 1.2 million inhabitants on 16 400 km?2
and is Austria’s second largest federal province. Not
including the city of Graz (280 000 inhabitants) there are
more than 600 biomass based district heating plants all
over Styria. The biomass plants’ capacity ranges from
about 40 kW to 20 000 kW (see Figure 1). The plants are
usually based on solid biomass (wood) and are sometimes
equipped with fossil boilers for peak demand coverage.
Approximately 30 of those plants have solar thermal
support.

Until 2016, there have been some non-coordinated
databases for heating plants based on renewable energies
with various data sources.

152

43 43

2501-5000 kW > 5000 kW

Number of heating plants

100-250 kW 251-1000kW  1001-2500 kW

Installed capacity

Figure 1: Biomass based district heating plants in
Styria separated in groups based on the installed
capacity

2. DEVELOPMENT OF THE DATABASE

In 2013, the Austrian statistical office (Statistik Austria)
was asked to generate an EC-report about the use of
biomass for heating purposes in Austria. Except for
Austria’s federal province of Salzburg there were no
comprehensive databases concerning biomass plants
available. Since there was now a specific need for such a
database, the Office of the Styrian Government gathered
the existing and partly private data and put it all together
in one database with a new interface. By doing so, data

protection issues also became important. For this reason
all plant operators were informed in advance about the
idea of an upcoming and publicly available database on
biomass plants. The operators could choose about the
grade of information that would be published (location as
a minimum information). When the database was
finished, also a GIS-based interface was added. Whereas
the graphical interface is available to the public, the full
database is only open to entitled persons of the Office of
the Styrian Government and the Styrian Chamber of
Agriculture.

3. CONTENT AND DESIGN OF THE DATABASE

The following table (Table 1) shows what kind of
information is stored in the database. Of course, not all of
the more detailed information parameters are available
for every plant.

Heat Source
Heat source

Details
First launch

Master Data
Address

Plant operator Number of clients ~ Manufacturer

Grid operator Route length Capacity

Contact person Installed capacity First launch
Received subsidies Comments

Buffer storage
Biomass capacity
Overall capacity

Table 1: Information stored in the database

The image below in Figure 2 shows the input mask of the
database.
|Das Land HEIZWERKEDATENBANK
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Figure 2: Input mask of the database

At the moment there are 620 biomass plants listed in the
database.

Figure 3 shows the publicly available, GIS-based output
of the database. As shown, the plants are graphically
divided into the following subcategories: object supply
with up to two heat consumers (53 heating plants), micro
heating grids with up to 250 kW (138 heating plants),
local or district heating grids with more than 250 kW
(366 heating plants). For 45 heating plants there is no
specific data available. 39 plants have solar thermal
support.

.......

Figure 3: Publicly available GIS-based output of the
database. Green pins indicate plants with an installed
capacity of more than 250 kW, yellow pins indicate an
installed capacity up to 250 kW, the sun symbol indicates
solar thermal support.

4. BENEFITS OF THE DATABASE

The benefits of the database can be divided into in-
house benefits (benefits of the administrative body) and
external benefits (benefits for existing and future plant
operators/customers):

The Office of the Styrian Government uses the database
for strategic orientation when starting purposeful local
incentive  schemes or information  campaigns.
Furthermore, the database provides an overview about the
status-quo, which is also used for EC reports.

For existing and future plant operators as well as
customers the database offers an orientation about the
existing heat supply facilities which helps when either
planning a new heat plant or seeking for district heating
connection.

5. CONTRIBUTION TO THE EC PROJECT

As a part of the EC project SDHp2m the existing
database was amended (see chapter 5.1) and used
for an investigation (see chapter 5.2).

5.1 Publicly available display of biomass plants with
solar thermal support

Since the setup of the database in 2016, there has
always been the possibility to feed the database with

information about solar thermal support. As a part of the
project SDHp2m a visualisation of plants with solar
thermal support was added. So for the publicly available
part of the database there is now a sun symbol for every
biomass plant with solar thermal support (see Figure 3).

5.2 Investigation of the plant operators’ interest in solar
thermal support

The database was used for setting up a questionnaire
which was sent to more than 213 plant operators in
September 2017 (see Figure 4). Among other questions
plant operators were asked whether they were interested
in learning more about solar thermal integration for the
biomass plants. There was quite a high response rate with
21 % (45 plant operators). 7 % (15 plant operators)
holding 12 % of the heating plants (25 heating plants)
showed interest in further consultation concerning solar
thermal integration.

Those operators will be offered a two-day advisory
service in spring 2018 including the following steps: a
status analysis based on an on-site-analysis, a data
collection focusing on summer loads and grid losses, a
rough dimensioning of a solar thermal plant based on the
heat demand and the available area, yield assessment and
cost calculation, profitability calculation based on
available subsidies and financing, final discussion with
the plant/grid operator, written project report.

The advisory service is free for the plant operators and
is paid by a grant amount of the SDHp2m-project and
subsidies from the Styrian Government.
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Figure 4: Questionnaire sent to the Styrian biomass
plant operators in September 2017
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5. CONCLUSIONS
REFERENCES

As discussed in this article, the setup of a Styrian
database for heating plants based on renewable energies  Website:

offers various benefits for in-house usage as well as  Styrian database of biomass based heating plants
external use. Taking into consideration that the circle of  (Steirische Heizwerksdatenbank)

users is quite limited, the yearly access with almost 800  http://www.technik.steiermark.at/cms/ziel/116577771/DE
visitors shows that the information offered, is used in /

practice.
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PROPOSAL FOR NEW ISO STANDARD FOR GUARANTEED COLLECTOR FIELD PERFORMANCE
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Introduction

There is a significant and growing market of large-scale collector fields for district heating and
various industrial applications in Northern Europe, China, South America, Middle East and others
places.

There is a wish from the (potential) end users to have a check that the performance of their system
meets the expectations given by the contractor.

In the European SDH projects as well as in the IEA SHC, procedures for Guaranteed Collector Field
Performance has been developed and described in Fact Sheets. These procedures are mainly based
on Danish experience and practice in the field.

Now, based on these procedures — and based on the new I1SO Collector Test Standard EN/ISO 9806 —
and based on inputs from interested ISO member countries - a new ISO standard for Guaranteed
Collector Field Performance is proposed.

The Standard Proposal

The proposed standard specifies a procedure to give and check a guaranteed performance of large
collector fields. The collectors in the field can be glazed flat plate collectors or evacuated tube
collectors or concentrating tracking collectors. The standard will apply for all sizes of collector fields.

The performance guaranteed which is checked, is the thermal power output of the collector field —
the document specifies how to compare a measured output with the guaranteed/calculated one.

The guarantied performance is given based on collector parameters from collector testing according
to EN/ISO 9806 — taking into account uncertainties due to measurement uncertainty, pipe losses and
others.

Only the hours with the collector field in more or less “full operation” are taken into account, so e.g.
clear sunshine and no shadows are required for valid comparison between guaranteed and
measured power.

The result of the procedure is a simple comparison of the average power measured versus
guaranteed, for all valid periods — see fig. 1.

References

= EN/ISO 9806:2017, Solar energy - Solar thermal collectors - Test methods

=  SDH Fact Sheet 3.3 Performance guarantees (PDF) ,PlanEnergi, 2015

= |EA SHC Fact Sheet 45.A.3.1 Performance guarantee - Collector field power output (R1),
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Figure 1. Example of a guarantee which is just fulfilled -
the average measured power (Qp,..) is a little more than the guaranteed power (Q,)
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Introduction

Since the beginning of the 1990s, several large-scale solar thermal systems with collector areas of more than
1,000 m2 combined with seasonal thermal energy storage were built in Germany. The solar fraction of these
systems was planned to be in the range of 20 — 60 % of the total heat demand for space heating and domestic hot
water preparation. The holistic review of nine solar district heating systems shown in Figure 1, which were
realized as pilot systems in the research program Solarthermie2000 and Solarthermie2000plus is the basis for the
work in the research project ‘futureSuN — Analyzation, evaluation and development of future system concepts
for solar district heating systems with seasonal thermal energy storage’, which is funded by the German Federal
Ministry for Economic Affairs and Energy (BMWi). The goals of this research project as well as first project
results are introduced in the full paper of this contribution.

Hamburg (1996)
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Figure 1: German solar district heating systems with seasonal thermal energy storage realized during the research
projects Solarthermie2000 and Solarthermie2000plus. The systems reviewed in the project futureSuN are highlighted
with a yellow frame.

24



The goals of the research project futureSuN are the extensive assessment of the solar district heating systems as
well as the review and analysis of the experiences gained during their long-term operation. The holistic and
comparative assessment of the reviewed systems creates the possibility to compare the systems in an objective
way and to identify the strengths and weaknesses of the different concepts and technologies. A comparison to
similar systems on international level will be carried out as well. Measures for optimization of the system
efficiency will be identified from the review of the systems and communicated to the plant operators as a basis
for system optimization.

A further aim of the project is the development of concepts for new sustainable solar district heating systems,
which could lead to an extension of the range of functions of seasonal thermal energy storage. This includes for
example the investigation if there are reasonable integrated energy usage concepts of solar thermal energy and
excess electric energy for power-to-heat applications.

A general introduction of the research project as well as the current state of the project results will be presented
in the full paper of this contribution. The focus will be on the presentation of the set of evaluation criteria for the
energetic, ecologic and economic evaluation of the systems, which are defined in order to guarantee the
comparability of the different systems as well as their holistic analyzation. Subsequently, the results of the
analyzation of two of the solar district heating systems reviewed within the project on the basis of these criteria
as well as possible optimization measures will be presented.
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1. Introduction

In the frame of the 4GDH concept [1], the ability to integrate low temperature and renewable heat such as
solar heat is a challenge that future District Heating System (DHN) will have to meet. In that context, the CEA-
INES institute has decided to build an evolutionary solar DHN platform. Among the numerous purposes of that
platform, the ones linked to the integration of solar energy into 4" generation DHN are i) the implementation
and testing of various thermal solar panels technologies in a real DHN environment, ii) the comparison of
centralized and decentralized reinjection of solar energy into a DHN and iii) the coupling with thermal storage.

Additionally, this DHN platform addresses other challenges of the 4GDH concept [1] since it is also designed i)
to have low supply and return temperatures, ii) to be an integrated part of a smart energy system (connection
with gas and electricity networks considered), and iii) to test innovative planning algorithm developed at CEA-
INES [2]. The present work aims firstly at presenting in details this experimental solar DHN platform and
secondly at showing preliminary results obtained during the first months of operation.

2. Solar District Heating Platform presentation

The solar DHN platform consists in a two-tube district heating network of about 200m long, supplying heat to
one real building (tertiary) and to an emulated building (described later), as shown schematically in Figure 1.
Supply temperature can be varied between 50 and 90°C. The main production unit of this DHN is a condensing
gas boiler of 280kW. A solar field of 300m? (about 210kW) is also supplying heat to the network either in a
centralized or in a decentralized fashion, as shown in Figure 1. Various solar panels technologies, i.e. single- and
double-glazed serpentine copper flat plate, single- and double-glazed Multi-Port Extruded (MPE) aluminum flat
plate and vacuum tubes are implemented (see Figure 2). The network is also equipped with a hot storage tank
of 40m°. The connection between the distribution network, the hot storage, the solar field and the condensing
gas boiler is modular as highlighted in Figure 1. The latter allows testing different network architectures
together with various control schemes.
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=
I
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I
I
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:
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Figure 1: Schematic representation of the experimental solar district heating network at CEA-INES

As shown in Figure 1, a two-tube district cooling network alongside the heating network is also present with a
5m3 storage tank. It is planned to install in the coming months an absorption machine connecting the heating
and cooling networks. The following additional extensions of the platform are also planned for the coming
years:

*Corresponding author: e-mail : cedric.paulus@cea.fr / phone : +33 47979 21 17
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- A power-to-heat system (electrical boiler or heat pump) will connect the electrical network to the present

DHN;

- A cogeneration unit will connect the gas network, the electrical network and the present heating network;

- A bidirectional substation will reinject solar heat in a decentralized manner at the emulated building

location;
- Piping extensions will connect the present DHN to two extra building of CEA-INES.

Concerning the emulated building mentioned earlier, it consists in @ TRNSYS building model simulation that
calculates real time Domestic Hot Water (DHW) and space heating needs of the simulated building. These
needs are then sent to a Labview program, which itself sends the required information to various thermo-
hydraulic modules, composed of heat exchangers, valves, pumps and electrical resistances [3].

A £, N \ 8

Figure 2: Thermal Solar Collector Field installed at CEA-INES micro-district heating network (left: flat plates aluminum

MPE and copper serpentine, right: vacuum tubes)

3. Preliminary Results

Figure 3 presents the results of two consecutive days of operation of the present DHN in terms of powers,

temperatures and mass flow rates variations. On the production side, only the solar panels were used while

only on the consumption side, only the real building was supplied. It is seen that solar heat is stored during the
days and used during the nights by the real building (clean rooms). The maximum power and the average

energy production on the solar field reaches respectively 150kW and 2.7kWh/m?/day.
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Figure 3: Operation for two consecutive sunny days of October 2017 (top: Powers variations, middle: Temperatures

variations, bottom: Mass flow rates variations)
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Abstract — In this paper the integration of solar thermal energy into two different district heating
networks is assessed. In the first case the integration of larger scale solar thermal heat into an existing
coal fired district heating network is assessed. In the second case the integration of small scale solar heat
into a new settlement area with low energy buildings that will be entirely supplied by a new biomass
based district heating system is assessed. For both analyses the levelized costs for different combinations
of solar thermal collectors and thermal storages are calculated with the optimization tool energyPRO and
the achievable solar fractions are compared. In general the analysis showed that levelized costs of solar
thermal heat tend to be slightly higher than current supply portfolios but can compete with other
renewable heating options and integrate a significant share of solar heat and thus reduce the use of

valuable combustibles.

1. INTRODUCTION

The objective of this work is to identify possible design
options of integrating solar energy in district heating
systems and to assess their economic feasibility for the
cities of Ansfelden in Austria and Herten in Germany.
For these cases, a thorough analysis of the heating and
cooling sector has been carried out (Blchele and
Popovski, 2017a and 2017b) and heating and cooling
strategies have been derived in close cooperation with the
local authorities. The work has been carried out in the
frame of the Horizon 2020 project progRESSHEAT
(www.progresssheat.eu). The project included an
intensive analysis of stakeholders, barriers and drivers,
techno-economic modelling and the role of policies on
the local, regional and national level. All these activities
were embedded in an intensive stakeholder dialogue. The
research question of the analysis presented in this paper
is: What are the costs and opportunities for the integration
of small and large scale solar heat in new and existing
district heating systems in the two cities under
investigation?

2. METHOD

2.1 Overall Method

To answer the research questions the following steps
were carried out for each case study city: (1)
Documentation and quantitative description of the current
state of the district heating system in particular regarding
heat supply, CO,-emissions and costs of delivered heat.
(2) Discussion of possible technological alternatives for
the respective district heating system integrating solar
heat. (3) Set up of a model of the current system and of
the technological alternatives for the selected case studies
in the modelling software energyPRO. (4) Performance

of various calculations with the developed model for
several settings of the supply portfolio, for solar thermal
in particular regarding collector and storage size.
(5) Analysis of the results in terms of resulting energy
demand, share of renewable energy, CO,-emissions and
levelized costs of heat. (6) Derivation of conclusions
regarding the overall feasibility of integrating solar
energy in district heating based on a comparative
discussion of the results.

Although this key approach was similar for both case
studies, the specific questions and challenges were
different due to the very different initial setting, which
will be explained in the following:

2.2 The case study of Herten

For the case study of Herten the assessment focused on
integrating large scale solar thermal fields with flat plate
collectors from 1 000 to 50 000 m? in steps of 1 000 m?2
and two possible heat (pit) storages with 2 000 m3® and
10 000 m?® into the existing northern district heating
subnetwork of the city, which is currently mainly
supplied by coal. For this case no investments into
network infrastructure or additional supply units would
be needed, but the availability and costs of land and land-
shaping for the solar thermal fields are important to be
taken into account.

In the first step we calculated an hourly profile for the
district heating network based on given annual data. The
hourly demand profile was used to assess a realistic solar
fraction as well as levelized costs of heat (LCOH) of
solar thermal generation, which is only available at
certain times of the year and particularly during summer.
The hourly demand profile has been generated by
fractioning the annual demand of the district heating
network into hourly demand values. To do so 80% of the
district heating demand has been modelled to be linear
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dependent on ambient temperatures accounting for space
heating. A threshold value of 15°C ambient temperature
was used. Above this threshold no space heat is
demanded. The residual 20%-share of the district heating
demand is modelled independent from ambient
temperatures, assuming that it mainly results from
residential hot water demand.

In order to find the solar thermal system with the lowest
cost of heat the size of the solar field and the thermal
storage were varied for all combinations as described
above. Technical and economic assumptions such as
efficiencies for the solar fields as well as capital costs for
solar thermal plants including storage were taken from
solar district heating guidelines (Serensen, 2012) and are
stated in Table 1. The lifetime has been assumed to be 30
years for the solar plants including storages.

With regard to land area necessary for the solar thermal
fields nearby locations to the sub-systems connections
have been assessed applying Geographic Information
Systems. It has been assessed if the area for the fields
chosen is available and if it is marked as agricultural area.
This was based on the reason that agricultural land has
served as area for solar thermal fields in several other
projects. Thus, to allow the use of agricultural land for
solar thermal fields is not uncommon. Furthermore, the
price of agricultural land is by far lower than for areas
dedicated for trade and industry. Costs of land are derived
from a Geographical Information System from the state
North Rhine- Westphalia (BORISplus, 2015), the values
used are given in Table 1.

Table 1: Assumptions for the Herten case study

Parameter | Description
Solar Solar thermal collectors:
thermal e Collector area 1 000 m2 to 50 000 m?
supply e Collector temperatures: 80°C/40°C
system e Start efficiency: 0,827
e Pipe losses: 4%
e Investment costs including equipment:
Cost function ranging from
200 €/m2 to 400 €/m?
e Fixed operation costs: 0.5 €/ MWh
Thermal e Storage Temperature top/bottom:
pit storage 80°C/ 40°C
e Storage volumes:
0 m3/ 2 000 m3/ 10 000 m?
e Storage capacities:
0 MWh/ 88 MWh / 440 MWh
e Investment costs storage:
0€/416 000 €/ 1070 000 €
costol | 58 e/me
and
Cost land 6 €/m2
shaping
. e Interest rate: 7%
Economic - .
Parameter | ® L!fet!me solar plants: 30 years
o Lifetime heat storage: 30 years

2.3 The case study of Ansfelden

For the case study of Ansfelden possible supply options
for a new settlement area without existing infrastructure
were analysed. A 100% renewable district heating
network supplying the entire settlement area by a biomass
boiler with different combinations of solar thermal
collectors and also solar PV in combination with a heat
pump were considered. For this case study the levelized
costs of heat (LCOH) included all costs arising from the
installation and operation of all the components of the
future district heating system.

The new settlement area under investigation includes an
area of around 120000 m2 and according to current
planning it will be covered by different types of mainly
residential buildings and will have a plot ratio® of 0.45 to
0.55 per building lot. The expected buildings could
consist of around 100 single-family houses, 200 row
houses and 10 small multi-family houses. All of them are
foreseen to be built as nearly zero energy buildings and
therefore will have a very low heating demand. For each
of the three building groups, the hourly demand and
resulting heat load for space heating and domestic hot
water is calculated.

All of the buildings in the new settlement area are
assumed to be connected to a small low-temperature
district heating network. The length of the network to
connect all buildings is estimated to 1 500 m based on a
rough calculation with a Geographic Information System.
The expected supply and return temperatures are 65°C
and 40°C, respectively. These low supply and return
temperatures can be achieved because of the highly
efficient buildings (low heating demand) and low-
temperature radiators. Due to the low temperatures and
pre-insulted pipes of the latest generation, the network
losses are assumed to account for 10% of the annual
transported heat.

According to the heat load of the buildings and the
network losses a future demand profile for the district
heating network was calculated smoothening the load
over 4 hours. Still the high number of similar buildings
with similar user profile lead to relatively high peaks of
up to 2.9 MW and an annual total demand of 2.2 GWh.

Because no infrastructure exists yet, the network can be
built from the scratch. Thus, synergies with other
infrastructures like power lines and water channel can be
used leading to lower installation costs of around
300 EUR/m of network.

The analysed district heating supply systems consists of
a biomass-based boiler in combination with different
sizes of solar thermal collectors and thermal storages as
well as a heat pump and different sizes of photovoltaic
collector fields.

The wood chip biomass boiler is the main supply device
and with 2 MW of thermal output it is dimensioned to

1 Plot ratio is defined as the building floor area to the land area in a
given territory
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supply the demand in 98.3% of the hours (97.8% of
energy). This means that in less than 7 days per year
additional heating capacity is needed. An oil-fired boiler
with 3 MW of thermal output works as back-up and peak
load unit.

The area of solar thermal collectors is varied from 0 m?
to 2 000 m2 in steps of 200 m2. They are combined with
heat storages of 0 m3, 10 m®, 100 m® and 500 m3. The
solar thermal collectors are planned to be installed on the
district heating station and the surrounding buildings in
order to avoid spreading the solar collectors over all
buildings of the settlement area.

The photovoltaic panels are varied from 0 kWpeqa t0
1 000 KWpeq in steps of 200 kWea and are used to drive
a heat pump installed together with the PV panels. The
heat pump is designed to support the system only in times
when the PV system is generating electricity. Generated
electricity, which cannot be used in the heat pump, is lost.
The heat pump is designed to 500 kW of thermal output
at an electrical input of 150 kW resulting in a COP of 3.3.

Therefore, 11 different sizes of solar thermal collectors
and 4 different sizes of thermal storages together with 6
different sizes of photovoltaic panels make in total 264
combinations calculated for the case of Ansfelden.
Table 2 summarizes all assumptions made for the
calculation.

Table 2: Assumptions for the Ansfelden case study

e Investment cost including equipment:
Cost function ranging from
874 €/m?2 to 606 €/m?

o Fixed operation costs: 0.5 €/ MWh

Ground source compression heat pump:

o Rated electrical input power: 150 kW

e Maximal thermal output power: 500 kW
¢ Rated coefficient of performance: 3.3

e Investment costs: 1 000 €/kWth

Photovoltaic cells
o Installed areas 200 kWp — 1000 kWp
o Aggregated losses module to grid: 5%
o Investment costs including equipment:
Cost function ranging from
1056 €/kW to 1041 €/kW

Peak load and back up oil boiler

e Thermal output power: 3 MW

o Average annual efficiency: 85.3%

o Investment cost: 100 €/kW

o Fixed Operation Expenditures: 5 €/ MWh
e Cost of 0il:0.7 €/1 (71.4 €/ MWHh)

Parameter | Description

Buildings | 100 Single family houses, 200 Row houses
and 10 Multi-family houses
e Total built are: 56 300 m?
e Specific space heating (SH)demand:
19 -24 KWh/m2y
e Specific hot water (DHW)demand:
17 kWh/mz2y
e Total demand SH&DHW: 2 237 MWh
e Maximum smoothened load: 2.9 MW

Network e Length of DH network: 1 500 m

e Losses: 10% of annual production

e Capacity heat exchangers: 3.3 MW

e Specific invest costs network: 300 €/m

e Specific invest cost heat exchangers:
300€/kW

Wood chip boiler

e Thermal output power: 2 MW

¢ Average annual efficiency: 85.3%

e Specific investment cost: 250 €/kW

e Fixed operation costs: 5 €/ MWh

e Cost wood chips: 66.8 €/t (25.6 €/ MWh)

Supply
Systems

Solar thermal collectors:

e Collector area from 200 m2 - 2000 m?2
e Collector temperatures: 70°C/40°C

o Start efficiency: 0,80

e Pipe losses: 4%

Thermal e Storage Temperature top/bottom:
Storage 65°C/ 40°C
e Storage volumes:
0 m3/ 10 m3¥ 100 m3/ 500 m?
e Storage capacities:
0/0.28 MWh /2.75 MWh / 13.76 MWh
e Investment costs storage:
0€/11664€/39000€/94500¢€
Economic | e Interest rate: 3%
Parameters | e Lifetime supply units & storage: 20 years
o Lifetime network: 30 years
3. RESULTS

3.1 Results for Herten

The results for the district heating system in Herten
show that the LCOH of the solar thermal collectors in
combination with the pit storage can almost compete with
the current heat supply from coal, but would slightly
increase the cost of heat. In this case of course the solar
heat would replace coal and therefore contribute to a
significant CO, reduction. Furthermore in the case of
Herten the integration of solar heat was the cheapest of
the possible options to integrate renewable energy.

A visualisation of the evaluated cases is given in
Figure 1 showing levelized cost of heat (LCOH), solar
field size and storage size and the solar fraction
representing the share of heat demand covered by the
solar field during a year in the analysed district heating
sub-system. It shows that the lowest LCOH for different
field sizes can be achieved with corresponding storage
sizes. Accordingly, systems without thermal storage have
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the lowest LCOH for small systems below 4 000 m? field
area. However, with less than 5% the solar fraction is also
very low for this system design. Between 5000 and
22 000 m? of collector area systems with a relatively
small storage of about 2 000 m3 have lowest LCOH
achieving almost 20% solar fraction. Above 25 000 m?
systems with 10 000 m® storage become more cost-
effective and can achieve a more than 5 percent higher
solar fraction. The lowest LCOH of all calculated system
configurations ranges between 40 and 50 EUR/MWh.
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Figure 1: LCOH [EUR/MWHh] of the large scale solar
thermal system for the case of Herten

3.2 Results for the case of Ansfelden

Figure 2 shows the LCOH of the overall district heating
network for the new settlement area in Ansfelden when
integrating solar thermal collectors into a biomass based
system. The results show that the cheapest heat supply for
the new district heating grid would be achieved with the
biomass boiler without additional solar thermal collectors
but with a heat storage of 100 m3. This means that the
resulting levelized costs of heat (LCOH) from the solar
thermal system are higher than the heat generation costs
of the assumed biomass boiler. However additional solar
thermal collectors would only slightly increase the LCOH
for the calculated system but could reduce the demand for
biomass and therefore also reduce the risk for future price
volatility of biomass. Futhermore costs and negative
effects of transportation, which were not taken into
account in the calculations could be reduced.

In our case for example the integration of 800 m2 of
solar collectors together with 100 m3 heat storage would
increase the LCOH by around 10 EUR/MWh (+9.5%)
and could reach a solar fraction of 15%.
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Figure2: LCOH [EUR/MWh] of the overall district
heating system for the new settlement area in Ansfelden
when integrating solar thermal collectors into a biomass
based system

Although the results seem to be different from the case
of Herten, they show a very similar behaviour when only
considering the costs for the solar thermal equipment and
not for the overall district heating system: Figure 3 shows
the results for the solar thermal system only, including
solar thermal collector and heat storage but no
investments into network nor other supply units. In this
case the lowest LCOH for different collector field sizes
can be achieved with different storage sizes. Up to around
200 m2 of solar thermal collector the system without
storage achieves the lowest LCOH resulting in solar
fractions below 5%. For systems between 200 m2 and
500 m2 the combination with 10 m2 of storage achieves
the lowest LCOH resulting in solar fractions up to 10%.
For systems between 500m2 and 1500 m2 the
combination with 100 m2 of storage achieves the lowest
LCOH resulting in solar fractions up to 25% and collector
areas over 1500 m2 achieve the lowest LCOH in
combination with 500 m2 of storage and can reach solar
fractions above 30%. For small scale solar thermal
systems the lowest LCOH of all system configurations
are in the range of 80 EUR/MWh
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Figure 3: LCOH [EUR/MWHh] of the solar thermal system
only for the new settlement area in Ansfelden

Alternatively for the case of Ansfelden the integration
of solar PV together with a heat pump was investigated.
In this calculation the heat pump can only be driven by
the local PV field and no connection to the grid is
assumed. Hence the solar fraction in this case is defined
as the share of total heat produced by the heat pump
including the electricity from the solar PV and the
ambient heat. Figure 4 shows the LCOH of the overall
district heating network for the new settlement area in
Ansfelden when integrating solar PV together with a heat
pump into a biomass based system.

The results show that also in this case the cheapest heat
supply for the new district heating grid would be
achieved with the biomass boiler without additional solar
PV but with heat storage of 100 m3. Compared to the
integration of solar thermal collectors higher fractions of
solar heat (including electricity from solar PV and
ambient heat) can be reached at the same costs with the
combination of solar PV and heat pumps. For example
the integration of 400 KW/eax Of solar PV together with a
150 kW, heat pump and 100 m? heat storage would also
increase the LCOH by around 10 EUR/MWh (+9.5%) but
could achieve a solar fraction of 42%.
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Figure 4: LCOH [EUR/MWh] of the overall district
heating system for the new settlement area in Ansfelden
when integrating solar PV and heat pump into a biomass
based system
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4. DISCUSSION AND CONCLUSIONS

For the case of Herten a big scale solar thermal system
turned out to be an economically feasible solution for the
integration of renewable heat into the existing coal based
district heating grid. According to the calculation the
integration of solar thermal heat would increase the
current overall levelized cost of heat (LCOH) but reduce
the CO, emissions significantly due to replacing coal by
integrating a solar fraction up to 30%. However, the
results also depend on several assumptions and input
data, in particular the technical parameters and assumed
investment costs. One of the biggest challenges for big
scale solar systems near cities is the availability and price
of land and land shaping. Moreover, for the decision also
uncertainties regarding the future energy price
development need to be considered

The case of Ansfelden shows similar findings in terms
of effectiveness of integration of solar heat: Although the
portfolio containing solar thermal collectors is hot among
the options with the lowest costs, a significant share of
solar heat can be integrated at only moderately higher
costs replacing combustibles that might be needed in
other sectors like industry for higher temperature heat
demands, and would also decrease the risk of price
volatility of these energy carriers in the future. An
integration of PV, heat pumps and a heat storage leads to
higher shares of solar energy at similar costs than
including solar thermal collectors. This result of course
highly depends on the coefficient of performance of the
heat pump and can be reached only with low flow
temperatures and a well-designed heat pump. However, if
this is the case, higher shares of solar energy can be
integrated even if the heat pump only runs with local PV
collectors not connected to the grid and economics would
even improve, if excess electricity could be feed into the
grid or purchased when electricity prices are low.
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Abstract — District heating in dense urban environments possesses significant CO2-reduction potential. It
provides multiple possibilities for the hydraulic integration of renewable energies, storage technologies and
waste heat utilization. Thus fossil fuels are being substituted and the flexibility of the energy system
increases. Among the different possible energy concepts, the combination of large solar thermal plants with
long term thermal storages and partly compression and thermal heat pumps is gaining interest in several
countries such as Denmark (e.g. Silkeborg, Marstal) [11] and Austria (e.g. BigSolarGraz) [10]. A key step
towards an optimum and feasible design for this type of systems is the robust and transparent assessment
of the technical and economic aspects of the considered energy concepts during the feasibility analysis and
the early stages of such a project. In this regard, the suitability of the four free available feasibility tools for
the task are analysed and discussed with help of two scenarios. The review points out the suitability and
limits of each feasibility tool. Furthermore, the approach followed in the Urban-DH-extended project to
carry out feasibility analysis is presented. The approach mainly consists in the definition of different
independent blocks (energy units; e.g. solar installation, thermal energy storage) which can be combined

with each other to define any desired energy system in a simplified way.

1. INTRODUCTION

Within the Austrian research project Urban-DH-
extended, which aim is to increate flexibility of existing
district heating networks and share of renewables, three
different  district  heating systems (Klagenfurt,
Miirzzuschlag and Wien) are being analyzed. Different
extensions for the current energy systems have been
proposed. E.g. solar installation combined with long-term
energy storage with/without heat pumps, increase
operation hours of combined heat and power plant through
addition of large thermal energy storage tank. The work
carried out to assess until which extend the already
available feasibility tools are suitable for the task is here
presented. In this regard, the present work four available
feasibility tools; Sunstore 4, SDH Online-Rechner,
ScenoCalc Fernwéirme (SCFW) and f-easy, are presented
and reviewed with the help of two different scenarios for a
small size district heating system. Furthermore, the
modular approach for feasibility studies followed in the
Urban-DH-extended project is briefly introduced and
discussed.

2. FEASIBILITY TOOLS

2.1 Sunstore 4

As part of the European Project Sunstore 4, where several
industrial companies such as Marstal Fjernvarme and
SUNMARK as well as consulting companies such as
PlanEnergie and Solites has been involved, an Excel-based
feasibility tool has been made available on the project web
page [5]. This tool allows carrying out feasibility studies
for five different energy concepts, namely:

e Solar collector, seasonal water pit storage, heat pump
and biomass CHP (ORC)
e Solar collector, seasonal water pit storage, heat pump
and biomass boiler
e Solar collector, seasonal water pit storage and biomass
boiler
e Solar collector, seasonal ground (borehole) storage,
heat pump and biomass boiler
e Solar collector, short-term water tank storage and
biomass boiler
The Sunstore 4 tool is based on the district heating grid
in Marstal (Denmark) and includes data (default values)
from that project. The tool can be used with other boundary
conditions by selecting a different country/region, if
location is changed, new price data and yearly solar
radiation are used. The user can edit most of the suggested
values. The feasibility tool is limited to these five energy
concepts. In this regard, neither decentralized solar
thermal plants nor different control strategies can be
considered. Furthermore, district heating temperatures and
thus temperatures at the solar installation are not part of the
parameters. The obtained results are extensive; Results
include a report per each energy concept, including
investment costs, yearly costs and specific cost per MWh
or m?, as well as a short report comparing the different
energy concepts.

2.2 SDH Online-Rechner

This feasibility tool is based on a simulation study done
in TRNSYS [6]. Two main cases (decentralized solar
thermal installation and centralized solar thermal
installation with thermal energy storage) are considered
[13]. For each case, parameter variations have been carried
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out. Location (weather data and reference load profile),
collector type, collector orientation, tilt angle and area,
district heating temperatures (supply and return), storage
size (if applicable) are the main parameters. Missing
simulation results due to lack of data, yields interpolation
between available simulation results. The feasibility study
is completed by considering some economic and
ecological parameters, such as specific investment costs,
funding rate, interest rate, electricity cost, reference energy
source (e.g. gas) and its efficiency. The decentralized
system does not consider any load in the district heating
network and thus any restriction regarding the feed-in
capacity. On the other hand, the centralized system does
consider a reference load profile, which changes
depending on the chosen location. Unfortunately, the list
of available locations (weather and load data) cannot be
extended.

2.3 ScenoCalc Fernwdrme (SCFW)

SCFW is a calculation tool for the integration of solar
installations in district heating systems [12]. It does use
hourly weather data to calculate the solar gain. SCFW
allows the user to define collector efficiency, consider heat
losses in pipes of the solar installation and add efficiency
losses due to the use of antifreeze fluid. Furthermore, one
can choose between two control strategies, pre-heat or
heat-to-supply. In the latter case, solar temperature needs
to reach supply district heating system temperature. Solar
heat is supplied directly to the district heating network
when there is enough radiation and demand, otherwise heat
is stored into the heat storage tank. It is possible to consider
heat exchangers between the storage tank and solar
installation as well as between the storage tank and district
heating, and thus temperature difference between these
subsystems. The district heating system is defined by a
load profile with hourly values for load, supply and return
temperatures. The SCFW tool does calculate in greater
detail the solar gain and allows for some flexibility in the
control strategy of the solar installation. Storage tank is but
relatively simplified. The calculation tool lacks of an
economic evaluation and therefore cannot be fully
considered a feasibility tool.

2.4 f-easy

It is a tool for a first approach of sizing and economical
balance of solar installation in district heating systems
develop by PlanEnergi. The main inputs are; load on
network, solar irradiation on horizontal, land area
available, price per m? land, distance to network
connection, average operating temperature and acceptable
heat production price. Based on these main inputs a sizing
for the solar installation with thermal energy storage is
suggested. Notice the tool permits the user to overwrite
some of the intermediate results such as collector area and
storage volume. Further information can be found in [3].

2.5 Modelling tools
2.5.1 EnergyPro

EnergyPro is a commercial modeling software with more
extensive capabilities than the previously mentioned
feasibility tools [7]. It has flexibility on terms of system
definition; the user can add different energy storages and
sources, define efficiency curves and merit order for them.
In this regard the software includes the possibility to
optimize the merit of order of the considered energy
sources including energy storages. The Modeled energy
system, thermal and/or electrical, is then technically and
economically evaluated based on the technical results and
the introduced economic data. Furthermore, EnergyPro
delivers an emission report to evaluate the environmental
impact.

2.5.1 Dymola, OpenModelica

Dymola [2] and OpenModelica [9] are respectively a
commercial and non-commercial software based on the
Modelica non-proprictary object-oriented modeling
language [4]. The field of application of Modelica is not
energy specific. In this regard there are free and
commercial libraries for a great variety of fields, namely
combustion, noise, fuel cells, building performance
simulations among others [8]. Thanks to the use of
standardized interfaces within Modelica, the compatibility
rate between different libraries is high. It allows the user
to select the preferred model and if necessary write its own
model and combine it with the already existing ones. So
far there are no specific models for feasibility studies.

2.6 Urban-DH-extended Modelica based feasibility tool

Within the project Urban-DH-extended Modelica models
for feasibility analysis purposes are being develop. They
intend to cover the most important gaps identified during
the review process of the existing feasibility tools, these
are

e Limitation consideration of synergies. E.g. thermal
energy storage could be used for several production
units such as a solar installation and combined heat
and power unit.

e Limited variety of energy concepts. One potentially
interesting missing energy concept is the coupling of
absorption heat pumps with solar installation and
thermal energy storage.

e Flexibility in terms of control strategies. Heat is
supplied and control options are limited to pre-heat or
heat-to-supply temperature. Further interesting
options are the use of stored heat to cover pick
demands. Thus, having different control strategies for
the solar installation and thermal storage which might
be different over the year.

e Unknown effect on existing energy production units.
The solar heat will substitute totally and/or partially
some of the exiting production units. It yields change
of the overall cost structure and therefore the system
should be evaluated as a whole.
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The followed approach to cover these gaps consist
mainly in defining each production unit as an independent
unit with a common main input and output signal. Namely
the requested heat to be supplied (input) and the heat to be
coped with the next unit (output). The basic model is
extended accordingly to the production unit physics and
needs. Some of the included models are below described.

Thermal heat storage is modelled with a cylindrical
thermal energy storage as a core (slightly modification of
the FluidStorage model from the BuildingSystems library
[1]. Two different boundary conditions can be defined, one
for the top and a second one for the bottom and side of the
storage tank). During charge phase fluid is extracted from
the bottom, heated up and stored into the top layer of the
storage tank. In the discharge phase, mass flow direction
is reverted and fluid is cooled down and stored into the
bottom layer of the storage tank. Set point temperatures for
the discharge and charge phase can be defined as a
parameter (constant) or as input values (E.g. based on data
from the district heating temperatures and/or solar
installation unit). Furthermore, the models include an
intern control to decide whether energy can be extracted or
charged. Some of the parameters that can be edited are the
heat loss coefficients for the bottom, side and top side of
the storage tank, geometry parameters (height and
diameter).

The solar installation model uses the ThermalCollector
model from the BuildingSystems as a core [1]. Collector
efficiency parameters, tilt angle, azimuth angle, and size
are the main parameters to be defined. Just like the thermal
storage tank, supply and return temperature can be here
defined either as a parameter (constant) or as an input, e.g.
data temperatures from thermal storage and/or district
heating system. Furthermore, the model receives
information through input connectors such as outdoor air
temperature, direct and diffuse irradiation.

Some of the others simplified models being develop are
boilers, combined heat and power plants and heat pumps
(mechanical and absorption).

Besides the technical definition of the production units,
all models include information to carry out an economic
evaluation of the system such as heat production costs,
electricity costs/revenue, expected life time, investment
and maintenance costs, price change factor and interest
rate.

Each system under study can be then analysed globally
by adding and connecting the necessary production units
and define more elaborated control strategies if needed.
This approach allows for flexibility in terms of modeling
detail as well as field of application (e.g. hybrid networks).
A key issue here is to be overcome the main drawback,
which is the time needed for modeling the different
subsystems and subsequent combination of them to model
the whole system.

3. CASE STUDY

3.1 District heating system

The case study deals with the integration of a solar
installation into a small city district heating system located
in Austria with a total yearly consumption of 35 GWh/a. It
is assumed that supply temperature varies over the year
between 70 and 90 °C and return temperature between 50
and 60 °C. A yearly average for the district heating
network temperature yields around 70 °C.

For a quantitative comparison of the feasibility tools, two
different cases are considered, namely the integration in
the existing system of a,

e 5000 m? solar installation with a 600 m3 water tank
thermal energy storage tank (TTES)

e 34000 m? solar installation with a 68000 m* (water
equivalent) pit thermal energy storage tank (PTES)

For both cases solar installation is south oriented with a
tilt angle of 35 degrees. The distance to the district heating
network is assumed to be 100 m.

3.2 Parametrization feasibility tools

In order to carry out a clear comparison it is beneficial to
use the same parameter set. This is but not completely
possible, mainly because the level of detail in which
energy concepts are modelled are different per each tool
and with it the necessary input data. The differences
regarding the input data and limitations between feasibility
tools are further discussed below.

Sunstore 4 does not consider any transmission losses
(heat losses between solar installation and district heating
network), merely storage heat losses. On the other hand, f-
easy consider transmission losses but no losses of the heat
storage. SDH Online and SCFW does consider both.
Furthermore, SCFW allows to define heat exchangers
between the district heating system and the storage as well
as between the storage and solar installation and with them
a temperature difference.

SDH Online and ScenoCalc (SCFW) use detailed
weather data with hourly values. SCFW allows the user to
import new weather data while SDH Online force the user
to choose between six specific locations. On the other
hand, the feasibility tools f-easy and Sunstore 4 simplify
the weather conditions by using a yearly solar irradiation
value. In this regard, SCFW, f-easy and Sunstore 4 are
based on a Test Reference Year (TRY) for the case study
location. Some key values are the yearly average outdoor
air temperature (8,2 °C) and the yearly global solar
radiation on horizontal (1100 kWh/a.m?). For SDH Online
there is no weather data available for the case study
location. From the available data, Hamburg and Wiirzburg
are the most suitable weather data because of similar
average outdoor air temperature (8,8 °C / 9,4 °C) and
yearly solar irradiation (952 kWh/m2/a/ 1090 kWh/m2/a).

All feasibility tools have the possibility to specify the size
of the solar installation and storage tank. SDH Online,
SCFW and f-easy allow the user to directly specify it. In
Sunstore 4 but, size is indirectly determined by defining an
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“expected net solar coverage” and the ratio “‘storage
volume / collector area”.

The efficiency of the solar installation and thus the net
solar gain is calculated in different ways among the
feasibility tools. Solar gain in f-easy is mainly affected by
the chosen average operating temperature. In Sunstore 4
an annual efficiency value for the solar collector and
thermal storage has to explicitly defined. SDH Online and
SCFW have a more detailed approach. Efficiency is
determined by choosing a solar collector. Likewise with
the weather data, SDH Online restrict the user to choose
between four specific solar collector technologies (specific
efficiency values are unknown) while, SCFW allows the
user to either select one of the available predefined
collectors or deploy a new collector. Besides solar
installation temperatures are indirectly set by defining the
district heating temperatures. Other parameters to be
defined are solar azimuth and tilt angle of the solar
collectors.

4. TOOL COMPARISON - RESULTS

Since the Modelica models for feasibility study are still
being develop and thus further adjustment and review of
the models and parameter set is necessary, results are write
down but left out of the comparison.

The results are obtained by using, when possible, the same
input data.

4.1 Case 1: 5000 m? solar installation with a 600 m* water
tank thermal energy storage tank (TTES)

Main results of the feasibility analysis for the case 1 are
summarized in Table 1.

Table 1: Main results for case 1

Feasibility tool Net solar gain | Investment
in MWh in million €

F-easy 1991 2,7

Sunstore 4 1750 1,6

SCFW (control to supply | 1564 -

temperature)

SDH Online 1569 1,8

(Centralized-Wiirzburg)

SDH Online 1257 1,8

(Centralized-Hamburg)

Modelica based 1317 -

The obtained net solar gains differ in a great extent from
each other. The differences between results of SDH Online
tool for different locations (Hamburg and Wiirzburg)
highlight the importance of the weather data. Thus, the
need of being caution with the direct use of the tool for
other regions than the available locations.

Sunstore 4, f-easy and SCFW are parametrized based on
the TRY weather data for the case study location. The solar
installation is but simplified in different ways. Among
these three feasibility tools, f-easy shows the most
optimistic net solar gain. A closer look into f-easy shows

how the size of the storage tank has no impact on the net
solar gain. Notice that the size of the storage supposed to
be one of the tool results. However, it is possible and
foreseen that the user overwrites this value. It has but not
the expect result, net solar gain remains constant and
exclusively the economic results vary. Thus, analyse
impact of storage size with this tool is not possible.
Furthermore, the fact that there is a clear proportional
relation between collector area and solar gains, even for
big solar installations, shows that storage losses are not
even indirectly considered, see Figure 1. Furthermore, the
linearity of the net solar gain implies the non-consideration
of relation between solar gain and heat load.
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Figure 1. Relation between solar installation size and
net solar gain of the f-easy tool with case 1-data set

A similar behaviour is observed in Sunstore 4 where the
change of the storage size does not affect the value of the
solar net gain. The thermal storage in Sunstore 4 is mainly
defined by two parameters; the ratio storage volume-
collector area and a percentage for the storage heat losses.
A warning avoids the user to define unreasonable sizes for
the thermal storage but are the parameters storage heat
losses and annual solar collector efficiency which really
affects the solar gain. In contrast, SDH Online and SCFW
adapt the heat losses of the thermal storage to its size and
thus changes on the storage size have a clear influence on
the net solar gain.

The investment costs are similar for SDH Online and
Sunstore 4. The higher investment cost of the f-easy tool
is mainly explained by the 800.000 € corresponding to the
land costs which are not considered by the other feasibility
tools. Notice that SCFW does not calculate any cost.

4.2 Case 2: 34000 m’ solar installation with a 68000 m?
pit thermal energy storage tank (PTES)

Main results of the feasibility analysis for the case 2 are
summarized in Table 2.

In regard of the net solar gain, SDH Online shows again
the dependency of the results to the chosen location.
Results for f-easy are again the most optimistic followed
by the Sunstore 4 and SCFW results. F-easy does not allow
to choose a pit storage technology. Instead, a
bond/borehole storage is chosen. The storage technology
does not have any impact on the results of the net solar
gain. It merely influences the investment costs.
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Table 2: Main results for case 2

Feasibility tool Net solar gain | Investment
in MWh in million €

F-easy 13565 16

Sunstore 4 11800 8,8

SCFW (control to supply | 11790 -

temperature)

SDH Online 8592 13,7

(Centralized-Wiirzburg)

SDH Online 7137 13,7

(Centralized-Hamburg)

Modelica based 8713 -

In case 2 there is a great difference between the economic
results of Sunstore 4, f-easy and SDH Online. Again, the
land cost of f-easy, 5,1 million Euro, explain part of the
difference. The specific investment costs for the solar
installation are slightly different, see Figure 2. The
investment cost of the solar installation for SDH Online, f-
easy and Sunstore 4 are respectively 6.8, 6.8 and 7 million
Euro.
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Figure 2. Specific investment costs used for the
feasibility tools SDH Online (blue circle), f-easy (gray
triangle) and Sunstore 4 (red square) as a function of
the solar installation size.

Much greater difference is related to the pit storage tank
costs, where specific costs from SDH Online are twice as
higher as the ones from Sunstore 4, see Figure 3. The
investment cost of the solar installation for SDH Online, f-
easy and Sunstore 4 are respectively 3,7, 1,9 and 1,8
million Euro. The difference on the storage price explains
part of the difference on the total costs, while a major part
is explained by the fact that SDH Online applies
surcharges for planning (10 %), equipment (7 %), building
and site (5 %), measurement, control and regulation (3 %)
as a percentage of the total investment costs.
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Figure 3. Specific investment costs used for the
feasibility tools SDH Online (blue circle), f-easy (gray
triangle) and Sunstore 4 (red square) as a function of
the storage size.
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5. DISCUSSION

The lack of reference values hampers the discussion
regarding the quality and accuracy of the results.
Considering the results from SCFW to be the most
accurate (notice that SCFW presents the most detailed
approach), it can be argued that the results from f-easy are
over-optimistic and that Sunstore 4 are slightly more
optimistic. Notice that f-easy does not take into account
heat losses of the storage and therefore have more
optimistic values for the net solar gain.

In regard of the applicability, with Sunstore 4 and f-easy
is possible to get reasonable sizing for the solar installation
and thermal energy storage. However, any of these two
tools cannot be used to study the effect of the size of the
storage on the system. Furthermore, in Sunstore 4 values
for the yearly efficiency of the solar installation and
storage have to be defined by the user. Here, even if
reasonable values are suggested (default values), a
previous work to estimate these values is necessary. Thus,
making the consideration of e.g. operating temperatures
and/or collector efficiencies a more complex task. On the
contrary, SCFW and SDH Online present a more
comprehensive approach, where physic parameters such as
operating temperatures, solar collector and storage heat
loss coefficients, among other parameters, have to defined.
It is based on these parameters that the solar installation
and heat storage efficiency are derived.

In regard of the transferability. All tools except SDH
Online can be easily used for other locations. This is due
to the importance of the weather data for such analysis and
that SDH Online includes data for a limited number of
locations (Barcelona, Frankfurt, Hamburg, Milan,
Stockholm and Wiirzburg) which cannot be expanded.

In terms of flexibility, f-easy is the most rigid tool with a
completely fixed energy concept (solar installation with
thermal storage tank connected to a district heating
system). SCFW is limited to the same system. However,
small variations can achieve by activating/deactivating
specific components: heat exchangers, storage tank,
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transmission pipes or even the district heating itself.
Furthermore, it is possible to choose between two main
control strategies, namely pre-heating (return mass flow
rate from the solar installation is heated up 8 K and used to
pre-heat the district heating network return flow. The
missing necessary heat to rise the temperature up to the
supply temperature is coped by a boiler) and control-to-
supply temperature (solar heat is supplied when the supply
temperature can be achieved). In addition, it can be
assumed that the district heating is large enough so that
solar heat gain can be delivered at any time. Under this
assumption, heat storage and load data are not needed and
therefore not used. With SDH Online mainly the same
energy-system as SCFW can be considered: decentralized
(solar heat is supplied at any time) and centralized (load
data is considered. Solar heat is buffered and supplied
when needed). The main differences are that the
components considered are fix and depends on the chosen
energy concept variation (centralized/decentralized). E.g.
decentralized does not need a heat storage and that the pre-
heat control strategy is not available (notice that this case
could be eventually modelled by adapting/decreasing the
heat load and the district heating supply temperature).
Sunstore 4 presents the widest set of energy concepts,
which were already listed in section

2.1 Sunstore 4. On the other hand, there is no flexibility
on how the system is controlled, e.g. no control over
operating temperatures, strategy: pre-heat/control-to-

supply.
6. CONCLUSIONS

The reviewed feasibility tools are easy to use; It is
possible in relatively few time to perform feasibility
analysis for different energy concepts. The applicability of
each tool is slightly different, Sunstore 4 and f-easy
suggest reasonable sizing for each component of the
system while SCFW and SDH Online allows the user to
study the effect of different solar installation and thermal
energy storage size. Excluding SDH Online all other tools
can be directly used for a different location and boundary
conditions. The accuracy of the results has not been
assessed. In this regard, differences from up to 27 % and
16 % in the net solar gain are observed for the first and
second case respectively (SDH Online and Modelica based
feasibility tool results not considered).

The modelica based feasibility tool shows a great
potential for carrying out feasibility analysis. The followed
approach can deal with the observed limitations of the
existing feasibility tools, listed in section 2.6 Urban-DH-

extended Modelica based feasibility tool. In this regard the

main two characteristics are,

e the flexibility of the modelling approach. Thus being
able to adapt to the problem needs. New components
can be implemented, existing ones adapted, and use
them to model and analyse any energy concept.

e work in different level of detail. In this regard, it is
possible to work on the component level; defining
specific energy systems, or use system models;
predefined models, e.g. solar installation with thermal
storage, where the missing step is to parametrize the
model and define proper boundary conditions.

The modelica based feasibility tools still needs some
refining of the models and validation before a detailed
comparison with existing tools can be carried out.
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Background

Local energy utility companies are increasingly favoring local renewable and low-carbon energy
sources (e.g., solar thermal, waste heat) for electricity and heat instead of using fossil fuels to
actively contribute to achieving climate targets. This process requires long-term implementation
strategies considering mutually social, technical and economic aspects.

As an example, the local multi-utility company Stadtwerke Gleisdorf GmbH has strong ambitions
towards implementing a renewable district heating system as a substitute for local natural gas
and other fossil based heating systems. Following this premises, the utility company started in
2009 with the construction of a biomass (two 850 kWy, biomass boilers) and solar thermal
(300 m2 gross collector area, 191 kW) based district heating system although a natural gas
infrastructure was already established in large parts of the city. In the course of ongoing
extensions, several larger consumers have been hydraulically connected, which were initially
supplied by natural gas boilers via micro-grids. Moreover, further feed-in points for distributed
solar thermal systems have been identified to increase the overall share of renewables. An
overview of the current supply situation can be found in Table 1. Each station is equipped with
feeding pumps as well as with thermal energy storages for load management.

Table 1: Overview current supply situation in Gleisdorf

Station 1 Station 2 Station 3 Station 4
Biomass boiler 2 x 850 kW - - -
Solar thermal 191 kWqy 182 kWqy -
Thermal 2X25m3 2Xx13.7 m3 5 ms3 6.2+ 7.1 m3
storage
N-Gas boiler - - 1030 kW 2015 kW

In 2015, the total district heating system had a length of 5.1 km supplying 70 consumers with a
load of 5.2 MWy, and a yearly consumption of 5,750 MWh (heat losses: 1,630 MWh, 22 %) were
connected. Due to the hydraulic set-up and current operation strategy, natural gas boilers were
used for base and peak load supply leading to around 30% of the final energy demand being
supplied by natural while the remainder was supplied by biomass and solar thermal (68%
biomass / 2% solar thermal).

Research questions (RQ)

The established district heating system with distributed conversion and storage units led to
several challenges with regard to system hydraulics and operation control:
e Analysis and optimization of the thermal merit order of the conversion units including
storage management
o RQ21: Which boilers should be operated when in order to minimize heat generation
costs, fossil fuel demand and energy efficiency?
e Assessment of current and future district heating operation characteristics
o RQ2: What are the effects of further district heating extension as well as further
integration of renewables and thermal storages on a) economics, b) emissions, c)
physical parameters such as temperature and pressure levels and d) technical
parameters such as electricity demand for pumping or full load hours of boilers?
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e Optimization of overall district heating system performance by means of implementation
of advanced control strategies and adapted system hydraulics
o RQ3: What are the characteristic actuating variables in the control system today?
What are the technical (control system, hydraulics) bottlenecks and how to
overcome them?

Results

The status quo of the district heating system in 2015 as well as future scenarios were analyzed
and optimized applying analysis of monitoring data, energy modeling (EnergyPLAN) and
thermo-hydraulic simulations (simplex, STANET). Different measures to increase both energy
efficiency and the share of renewables were identified, investigated and partially already
implemented:
¢ Reduction of thermal losses in the distribution network by implementation of a weather-
depended supply temperature control
e Adaptation / optimization of hydraulic set-up and control strategy of distributed boilers
and pumps
o to enable base load district heating supply via biomass boilers and solar thermal
and
o to reduce natural gas boiler operation to peak load hours by control of boiler merit-
order / part load operation, improved control of the network heat pumps and
storage management
e Installation of a roof-mounted solar thermal collector field with a gross collector area of
496 m? (316 kWp ) and impact-analysis for another 250 kW, base load pellets boiler
e Assessment of customer substations and identification of critical operating conditions
(above average supply and / or return temperatures)
We could show by simulation that the overall share of renewables in the system can be
increased from 70% to 85% by optimized hydraulic integration of the wood-chip boilers (already
implemented) and even increased up to 92% if additional renewables are integrated (solar
thermal system already realized, pellets boiler pending). A total cost assessment based on real
cost data from the utility company shows that levelized costs of heat may be decreased by 4-
6% in a scenario with optimized integration of the wood-chip boilers combined with solar
thermal and pellets boiler installed. In terms of emission, CO;¢q are reduced by 41-59% while
NOXx emissions rise by 17-22% and dust (PM10) by 32-36% respectively. Furthermore, new
distributed consumers summing up to 4 MWy, of capacity can be integrated without critical
effects on supply security, temperatures and pressures while boiler capacity only needs to be
increased by 1.5 MWy,.
A major outcome and success story of the project is linked to improvements to the existing
control system. A virtual controller based-on real-time district heating simulations was
developed and programmatically linked to the existing control system via a standardized
interface protocol. The virtual controller is already implemented and currently tested in actual
operation.

Outlook

Further improvement potential has been identified for several customer substations (mainly high
return temperatures) and is going to be further analyzed. Consequently, higher solar thermal
yields are expected if network temperatures are being decreased and thermal storage
management further improved.

Moreover, from a spatial energy planning perspective long-term strategies for renewable district
heating extensions are developed in the framework of other ongoing research projects. Here,
recommendations for local stakeholders (local government, city and landscape planning
departments, energy utilities, etc.) are derived enabling long-term infrastructural changes in the
community based on combined technical simulation and spatial planning knowhow. These
recommendations are jointly developed with the local stakeholders in Gleisdorf and are part of
the current efforts for a new spatial development and infrastructure plan for Gleisdorf.
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Abstract — The present document describes the performance and operation of a solar district heating plant
in the southern suburbs of Copenhagen, in Solrad Kommune. The present decentralized plant is one of its
kind since it is independently supplying with heat the district heating network by itself for consecutive
weeks, even months fully automatically. This capability derives from the fact that a hot water
accumulation tank of 1,250 m? is integrated in the system. This allows the solar field to charge the
thermal storage tank with hot water with surplus heat during the day especially during the summer
months. As a result the tank will be discharging that heat during night time and overcast days, allowing
the operator to make major cost savings by not operating the natural gas fired engines. The plant has
shown superiority in terms of temperature controlling in both the solar thermal field and the supply of the
district heating network. The plant consists of 2,569 m? of flat plate collectors and has a peak capacity of
1.9 MWth. In its first year of operation it has managed to cover 28% of the annual heat demand with a
production of approximately 1,300 MWh. During its guarantee period the plant has over performed 105%
and it has covered almost the entire heat demand from May to September.

1. INTRODUCTION

By the end of September 2016 Denmark has reached a
milestone regarding its solar thermal activity. More than
one million square meters of solar collectors had been
installed by that time [1]. Among those hundreds of
thousands of flat plate collector square meters was the
solar district heating plant of Solred Kommune (Solrad
Municipality) at the small town of Havdrup. Although the
solar district heating plant is relatively small in size
compared to the rest of Denmark, it has a unique
characteristic. The plant in Havdrup is a distributed solar
district heating system. This means that the solar plant is
directly feeding the district heating grid with hot water.
Normally “these plants use the grid as storage (as long as
they provide a minor amount of heat in comparison to the
total load of the district heating system” [2]. However,
the solar plant in Havdrup due to the integration of a large
hot water storage and its complex control philosophy can
supply the heat to the grid 24/7 for several weeks
especially during summer. That results in substantial
savings for the district heating plant (Solrgd Fjernvarme)
as they are capable to completely shut down their gas
boilers for a longer period.

2. DESCRIPTION OF THE SOLAR DISTRICT
HEATING PLANT

2.1 Plant layout

The solar plant in Havdrup consists of 2,569 m? of
GREENoneTEC flat plate collectors from the GK3003
product line, a technical house with all the technical
equipment, instrumentation and heat exchanger and a hot
water accumulation tank with a capacity of 1,250mq. The

GREENoNeTEC panels have a 13.2m? gross collector
area and a mix of single- and double glazed collectors are
used in the solar field. These panels embed serpentine
risers which helps the circulation as the water rises from
the bottom footer to the top header as it gets warmer. The
solar field includes 11 parallel rows of up to 20 solar
panels connected in a series.
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Figure 1: Havdrup distributed solar district heating plant

2.2 Mix of single- and double glazed collectors

As seen in Figure 2, due to space limitation the top two
rows had to be bended in half. The first half of each row
contains single glazed collectors while the second half
consists of double glazed collectors in order to minimize
the heat losses as the operating fluid (i.e. water/30%
glycol) gets heated up by the sun.
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At the north-west corner of the plant, the hot water
accumulation tank and the technical building are located.

o\ W S

Figure 2: Solar district heating plant layout

2.3 Annual heat production targets

The plant is designed to supply heat to approximately
350 households (i.e. 1,200 inhabitants) covering as much
as 28% of their annual heat demand during an average
weather year. That way Solrgd Fjernvarme is saving 233
tons of CO; yearly.

3. CONTROLLING ADISTRIBUTED DISTRICT
HEATING PLANT

Figure 3 shows the SCADA system on site at technical
control room. This also gives an overview of the different
system components as well as various operational modes.
The operational control philosophy of the plant in
Havdrup has two main goals. It maintains a stable solar
field outlet temperature not only in clear sunny days but
in cloudy periods too.

[Anlagsmms: Idle

Midlet udgangs temp. 25.6°C
Midlet sol radition 72.7 Wm2
7001 75.1 Wi/m
T-002 75.2 Wim*
7003 77.6 Wim*
Udendsrs temperatur 141°C
[ Gnsket temperatur ud of safe o7 oC

TT-007
20.1°C
o

Raskke 13

TT-005
203°c_|

Reskke §

Additionally, it supplies the district heating network
with an accurate forward temperature, in the range of 65-
75°C depending on the season. The control of the plant
allows preheating early in the morning by recirculating
the flow both in the primary and the secondary side,
through the respective by-pass valves. Furthermore, it
embeds two anti-freezing modes. The first one starts
when the ambient temperature gets a few degrees lower
than 0°C. For more aggressive cold weather with ambient
temperatures around -10°C or below, the secondary anti-
freezing mode kicks in, using heat either from the top of
the tank or from the city grid.

During normal operation, the plant has the possibility to
supply directly the heat to the grid through the assistance
of a so called “city pump”. Since the plant is intentionally
overdimensioned there are instances especially during
summer, that there is surplus of heat produced. This heat
excess is directed to the top of the accumulation tank.

As the top of the tank becomes hotter and hotter as the
days pass by, it is important to maintain the stratification
of the different temperature levels of the tank.
Specifically, during morning hours when the plant has
just completed preheating and the temperature of the hot
water is still lower than both the top of the tank and the
district heating, the flow is driven to the middle diffuser
of the tank. These “middle” temperatures cannot be
utilized and occupy significant space on the tank. For that
reason, there is a shunting procedure. In cases, when the
temperature coming from the secondary side of the heat
exchanger is very high or at least higher than the desired
temperature in the grid, the small shunt pump withdraws
water from the middle of the tank to cool down the
forward stream towards the city grid and get rid of these
middle temperatures at the same time.
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Figure 3: Screenshot of the SCADA system of the solar plant
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For instances, when more than half of the tank is full
with very high temperatures, the shunt pump withdraws
cold water from the bottom of the tank and/or the return
flow of the city.

Last but not least, when the tank gets more than % full
of hot water of around 90°C, then the operator gets a
notification to manually operate the night cooling mode
during the following night. In that way, significant part of
the tank’s hot content circulate at the solar field and
eventually lose is energy to the surroundings. Before
activating the night cooling mode, it is important to know
what is the weather forecasted to be the following day. In
case it is a cloudy day, then there is no reason for the
operator to discharge the accumulated heat.

As a result there will be enough space to store the
expected heat the coming day.

4. SOLAR DISTRICT HEATING PLANT
MONITORING

The solar district heating plant in Solred is already
more than one year in operation and the results are more
than satisfying. In Figure 4 the control of the outlet
temperature of the solar field can be seen. This is a case
of sunny and stable conditions. It becomes apparent that
the outlet temperature is following with high precision
the desired temperature setpoint which is adjustable by at
any time.

In addition to that, Figure 5 shows how the outlet
temperature of the solar field is maintained fairly constant
in days with high radiation oscillations caused by passing
clouds.

Measured Performance - 27/05/2017
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Figure 5: Field performance and collector outlet temperature
control under clear sky conditions

It is worth noting at this point that the solar district
heating plant in Solrgd is expected to be doubled in the
coming years resulting in an increased thermal energy
yield. This implies that the system is already dimensioned
to the full scale of the final solar field aperture area. All
underground piping and hot water accumulation tank are
over-dimensioned for the current size of the plant.

Measured Performance - 12/05/2017

——Thermal Output Total Radiation Flow rate Temperature IN  ——Temperature Out
2.000 120
1.800
%‘ 1.600 100
Ny
st =
5 o
S 1.400 £E
© 80 o
° ®
& 1.200 L
5 3
N T
¥ 1.000 60
= e
= 800 o
45' 2
= 40 O
3 600 S
= 5
E 400 =
g 20
=
200
0 -0
07:12 08:24  09:36 10:48 12:00 13:12 14:24 15:36 16:48 18:00 19:12 20:24
Time hh:mm

Figure 4: Field performance and collector outlet temperature control under unstable weather conditions
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The immediate result, is that no night cooling was
necessary to be activated during the whole summer of
2017, since the storage tank had enough “room” for the
excess heat produced from the field. Thus, the plant was
capable of supplying the district heating grid all the way
from the beginning of May to late September. Figure 6*
illustrates the energy level of the hot water accumulation
tank in MWh during this period. As it can be seen, the
energy inside the tank never dropped below 1.5 MWh
meaning that there was always sufficient energy stored.

IEnergy level in the accumulation tank [MWh] I

Figure 6: Hot water accumulation tank energy level from May 1 to
September 30" 2017

Therefore, that resulted already in major cost savings for
Solrgd Fjernvarme, as the gas-fired engines were shut
down throughout all that period and the city was using
solar heat.

Figure 7 shows late days in May, where someone can see
in greater details the temperature forward to the grid, the
return temperature from the city to the plant as well as the
heat content inside the storage tank.

Very stable forward temperature to DH grid [C]

\ Return temperature from DH grid [°C]

Accumulation tank energy level [MWh]

Figure 7: District heating supply and return temperatures and storage
charge/discharge for the last week of May 2017

Even though instantaneous oscillations in the forward
temperature of the solar plant to the city are not
noticeable by the end-users, it is of great importance to
deliver accurately the right temperature to the grid. Since,
the solar plant is a decentralized entity, it is highly
dependent on weather conditions and especially the solar
radiation. However, the integration of the hot water
accumulation tank balances the temperature that is

L In Figure 6 there is one time that the energy content
drops to zero due to a system restart

supplied to the district heating grid, by shunting in colder
water when the supply temperature starts to increase
higher than the desired setpoint. In Figure 7 the precision
and stability of supply temperature from the plant to the
grid is shown (i.e. 70°C). The instant spikes take place
during the transition from one operational mode to
another which has as a result the opening and closing of
the various valves. Therefore, there will be some
“trapped” plugs of water with slightly lower or higher
temperatures that will create this instant spikes which do
not last more than a few seconds.

5. CONCLUSION

4.1 Thermal performance of the Solrgd solar plant

The solar plant is regulated to maintain an outlet
temperature of around 95-97°C and has proven to do so
with excellent precision, even in unstable weather
conditions.
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Figure 8: Annual thermal performance and demand curves

The plant has a peak thermal output of 1.8 MWth and
an estimated yearly production of approximately 1,300
MWh. In a clear summer day the solar field can produce
up to 12 MWh of heat. Figure 7 illustrates the annual

thermal performance and demand in a monthly
resolution.
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Figure 9: Measured vs. Calculated performance
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The plant has been delivered to the client at the end of
spring 2017 and has been over-fulfilling its guaranteed
performance since then, as it is shown in Figure 8. Until
the end of June 2017 the plant was performing 5% better
than the expected calculated performance
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Abstract — This paper considers a solar combined heat and power (CHP) system comprising parabolic
trough collectors, a backup boiler, and an organic Rankine cycle engine. Its application is especially
analysed in the context of a district heating and cooling network with a temperature of 20-30 °C, where
distributed heat pumps are used as user substations. The case of a high temperature traditional network is
however also considered. The analysis includes TRNSY'S simulations for different geographical locations
and different variants of the system configuration. Technical performances are presented in terms of energy
outputs, which are then used for economic estimates. A similar analysis is carried out also for a flat plate
collector field for heating only, in order to compare different possible ways of exploiting the solar resource.
The solar-CHP configuration is found to yield acceptable economic performances, provided an extensive
use of the backup boiler is considered. Environmental implications and alternative solutions are discussed.

1. INTRODUCTION

The current trend for district heating (DH) is to decrease
the operating temperature, with the main goal of reducing
thermal losses. The recently proposed 4th generation
networks are expected to work at supply temperatures of
the order of 50 °C, much lower than the 90 °C typically
used in traditional 3rd generation networks (Werner et al.,
2014; Lund et al., 2017). Within the H2020 FLEXYNETS
project, even lower temperatures are considered, with the
twofold purpose of opening the way to the exploitation of
low-temperature waste heat (as the one available from
cooling applications) on the one hand, and to introduce
reversible heating and cooling networks on the other.

In this context, the traditional approach to DH should be
entirely revised. Considering the importance of the
coupling between thermal and electric sectors, as well as
the importance of increasing the share of renewable energy
sources (even more with heat pumps, introducing
additional electric consumptions), an important chapter of
this transformation should involve combined heat and
power (CHP) systems. Traditional CHP is based on gas
engines and it provides an efficient source for DH. A lower
temperature network would have the benefit of decreasing
the condensation temperature for these units, thereby
increasing their efficiency. Thanks to this effect and
having in mind the need to enhance clean energy sources,
it is also interesting to consider a solar CHP system,
composed of concentrating collectors coupled to an
organic Rankine cycle (ORC) engine. Concentrating
collectors, rather than the flat plate collectors usually
mentioned in the solar district heating context, are crucial
to reach the temperatures needed for ORC operation.

This system solution is the core of this paper, where
different plant configurations (also including a boiler to
extend the operation of the ORC and make the system
more economically profitable) are considered. The yearly
energy performance of the CHP system is evaluated by
means of detailed TRNSYS simulations. A comparison
with a flat plate collector field is also carried out.

2. BACKGROUND

The integration of heat pumps in district heating presents
a series of interesting aspects. In the context of traditional
DH networks, high-temperature heat pumps can be
installed at facilities with cooling or refrigeration needs in
order to reject heat directly to the network. While
convenient in some cases, this way of recovering waste
heat requires a relatively complex plant, which might
reduce the willingness of some companies to start the
connection. In the FLEXYNETS project, the opposite
point of view is assumed: the network temperature is
lowered at a nearly ambient temperature, so that direct
integration of waste heat is always possible. Distributed
heat pumps are instead considered as residential
substations, making it possible to provide the desired
temperature to the users.

This type of approach, while possibly more expensive in
terms of installation costs, offers three important
advantages: (i) a much easier integration of all waste heat
sources located in the urban context, (ii) a strong coupling
with the electric sector, with the possibility of applying
demand side management to pools of small heat pumps
coupled to local water storages (Pau et al. 2017; Monti et
al.,, 2017), (iii) and a reversible system, able to
simultaneously provide district heating and cooling (DHC)
on the same pipes. The current electrification trend, also
expected for the mobility sector, as well as the increasing
decarbonisation of the electric grid, provide promising
support to this option.

In this context, the role of CHP systems should be re-
analysed. A lower temperature network can improve the
electric efficiency of cogeneration systems, but the use of
heat pumps to raise the temperature again, with
corresponding electric consumptions, would largely
reduce this benefit. Moreover, the overall environmental
balance of this approach clearly depends on the nature of
primary sources.

With these premises, it is interesting to consider the
option of a CHP system with renewable sources. Here, we
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consider the solar source option, coupled to a boiler to
extend its operation. In order to exploit a high level of
flexibility, a gas boiler is considered for detailed
modelling, though a biomass boiler could also serve to this
purpose (biomass being considered renewable and carbon
neutral under certain conditions).

In order to obtain temperatures high enough for
cogeneration it is not possible to use flat plate collectors
(FPC), but solar concentrating collectors are needed. In
particular, this paper considers the case of parabolic trough
collectors (PTC). Concentrating collectors can reach very
high temperatures with special technologies (e.g., vacuum
tubes and molten salts), but here less expensive and
simpler collectors are considered, to operate in the range
of 200-250 °C. They can then be coupled to ORC engines,
which can easily be adapted to these source temperatures.
This offers a compromise between efficiency and costs.

ORC engines are however rather expensive components.
A common rule of thumb is that they are easily payed back
when the yearly operation hours are of the order of 4000
or more. Since the solar availability is typically of the order
of 2000 h per year, unless a rather large thermal storage is
used, a backup boiler is needed.

Of course, since there are more efficient ways to generate
electricity burning gas, some trade-off between the need of
increasing the operation hours and the need to have a high
renewable share. As already mentioned, biomass can also
be considered to solve this conflict. The purpose of this
work is however to offer a description of the gas-based
system, as a starting point for future elaborations. A
comparison with the alternative way of exploiting the solar
resource via FPC is also presented.

3. METHODOLOGY

3.1 Energy concept

From a high-level point of view, the overall CHP energy
system can be represented by a schematic single line
connection diagram as shown in Figure 1 below. It is split
into three parts, based on the used working fluid. Energy
Generation Units (EGUs) use oil, Energy Distribution
Units (EDUs) use water, and Energy Conversion Units

(ECUs) interact with both oil and water. The main
distinguishing point is their relative function in the energy
system and in particular:

EGUs generate thermal energy by utilizing solar or
gas. Moreover, a small storage tank is included as an
energy buffer.

ECUs serve the primary purpose of conversion of
thermal energy from the oil loop into either thermal
energy in the water loop or electrical energy.

EDUs are comprised of components responsible for
meeting heating and cooling loads.

EGUs are responsible of delivering heat to the ORC. In
this context, parabolic trough collectors are considered,
which can be operated in series with or as an alternative to
the gas boiler. The ORC can be designated as the central
core of the CHP concept since it can produce
simultaneously thermal and electrical energy, and the
relative energetic output and system efficiency are
dependent on its working conditions. The ORC is designed
for a maximum inlet temperature at the evaporator of
245 °C and therefore thermal oil (Therminol SP) is
selected as the heat transfer fluid to be used in solar
collectors and other EGUs. The condensing heat of the
ORC can be delivered to the network at a temperature
range between 20 °C and 70 °C. As an alternative, the
network temperature is raised directly by EGUs, solar
collectors or gas boiler, which exchange heat with an
intermediate oil-to-water heat exchanger. Although the
presence of cooling schemes is not considered in this
paper, EGUs can deliver heat for a sorption (ad- or
absorption) chiller with a wide temperature range
depending on the specific technology (250 °C - 65 °C).
Minimum supply temperature is a function of the return
temperature from the network and in any case cannot be
lower than 7 °C. Condensing heat from the chiller could be
rejected through a conventional wet cooling tower in order
to guarantee a design return temperature to the chiller of
25 °C.

Besides the system represented in Figure 1, a FPC field
will also be considered (scheme not reported in figure).
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Figure 1. Single line diagram of the solar CHP system.
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3.2 System layouts and working boundary conditions

The simulation platform for the assessment of different
CHP layouts is carried out with the simulation software
TRNSYS (Klein et al., 1979). The simulation approach
adopted in the work is typical of energy potential studies
where the network is assumed as an infinite load at
constant return temperature and the CHP operates
throughout the whole year (winter and summer) for
delivering heating. This assumption mimics a condition
where the solar CHP system covers a base load for the
network, while variations with respect to this base load are
covered by other units not considered here.

Solar PTC field, gas boiler and ORC unit are sized
mutually in order to guarantee an optimal operation. EGUs
as solar PTC field and gas boiler need to deliver heat to the
ORC evaporator at a rather constant temperature, here
fixed to 225 °C and therefore their capacity is sized
accordingly. Performance characteristics of system
components are derived from market available products
(more information on the specific sizes of system
components are listed in Table 1).

Table 1. Characteristics of CHP system components.

Parabolic trough collector (PTC) field

Number of solar collector panels 12 -
Number of solar loops 3 -
Specific nominal power 537 W/m?
Width of a single collector 2.37 m
Length of a single collector 26.16 m
Distance between rows 5.8 m
Flat plate collector (FPC) field

Number of solar collector panels 72 -
Number of solar loops 12 -
Aperture area of a single module 10 m?
Specific nominal power @ 70 °C 650 W/m?
Gas boiler

Nominal capacity 582 kw
Maximum outlet temperature 280 °C
Operation range 30...100 %
Avg. combustion efficiency 90 %
Organic Rankine cycle (ORC) unit

Evaporator nominal capacity 530 kw
Electrical power output range 71-99 kw
Electrical power consumption 14 kw
Evaporator temperature range 185-245 °C
Condenser temperature range 20-70 °C

For PTC collectors, the efficiency curve of real collectors
used in the BRICKER project is assumed. This is npp¢ =
0.747 IAM — 0.64(Tf — T,mp)/DNI, where 1AM is the
incident angle modifier, T is the average fluid
temperature, Ty, iS the ambient temperature, and DNI is
the direct normal irradiance. Similarly, for FPC an
efficiency curve valid for real collectors used in the InSUn
project is assumed, namely 7ngpc = 0.811 — 2.71(Tf -

Tomp)/Gr — 0.01(Ty — Tamy)* /Gy, Where Gp s the
global irradiance on the collector plane.

In the paper, four different variants of such generic solar
CHP concept are compared. In the first layout, S01, a flat-
plate solar collector (FPC) field transfers heat to the
network through a heat exchanger (HEX). The working
fluid in the solar loop is a glycol-water mixture operated at
a constant mass flow rate of 40 kg/h/m2. Configuration S02
is similar to SO1 but FPCs are ideally replaced by high-
temperature PTCs. In cases SO1 and S02, almost the same
collector aperture area (744 m? for PTCs and 720 m? for
FPCs) is maintained. Clearly, cases SO1 and S02 do not
correspond to a CHP system, but just to a simple heat
source. In configuration S03, PTCs deliver heat to an ORC
that rejects its condensing heat into the network. Thanks to
this configuration, the combined production of heating and
generation of electricity is possible. The last concept, S04
integrates the presence of a gas boiler (BLR) that assists
the PTC loop. This new component is sized in a way to
deliver heat at 225 °C and it is always activated.

Note that the chosen sizing was tailored to the full
configuration, i.e., PTC+BLR+ORC, so that the solar field
peak power and the boiler minimum power (30 % of peak
power) yield the ORC power (with a small difference to
account for thermal losses in the circuits). In this way, the
boiler is always on and ready to modulate to compensate
the solar field fluctuations. For configuration S03, where
only PTCs and ORC are included, it would be reasonable
to reduce the ORC size to match (at most) the solar field
peak power (of the order of 400 kW). For simplicity,
however, the same sizes were kept for all configurations.

These four concepts are operated in two district heating
conditions:

1. A traditional DH network characterized by a return
network temperature Ty, - = 50 °C, where the heat
generation system has to guarantee a temperature
rise (corresponding to the supply-return temperature
difference) AT,z = +30 K.

2. A FLEXYNETS network characterized by a return
temperature Tpepy, = 20 °C, where the heat
generation system has to guarantee a temperature
rise ATyeny = +10 K.

For simplicity, the operating temperature of PTCs is
fixed independently of the network temperature.
Consequently, in configuration S02 the performance is not
improved when lowering the network temperature.
Conversely, for configuration S01 the collector
temperature was properly adjusted: about 70 °C for the
traditional case, about 45 °C for the FLEXYNETS case.
Indeed, while configuration S02 in FLEXYNETS seems
hardly interesting, it is useful to assess the efficiency
improvement resulting for flat plate collectors in a low
temperature context.

While the used numbers are realistic for the considered
sizes, some overall improvement for a larger system could
be expected. This point will be mentioned later in the
context of economic estimates.
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The dependency of thermal and electrical outputs from
inlet temperatures into ORC’s evaporator and condenser
are taken into account by interpolating a performance
matrix filled with manufacturer data. A similar approach is
applied for combustion in the boiler.

Circulating pumps for oil and water loops are sized
according to expected volumetric and mass flow rates and
pressure drops. Power rated are derived from commercial
available products. Pump consumptions are calculated
both as electricity consumptions and as dissipated heat
(additional thermal input to the system).

3.3 Control strategy

To integrate and run homogeneously all the components
of the plant, an appropriate control strategy is developed.
The architecture of the control rules consists of five
elements listed in the following:

e Feedback signal is the information required from the
Sensors.

e Hysteresis is an elaboration of the acquisition signals
in Boolean format. The hysteresis, in thermal
systems, is useful to avoid continuous oscillation of
the signal due to the nature of the system.

e Schemes represent the working modes used by the
system. The schemes are defined as algebraic
combination of hysteresis.

e Modulation refers to pumps and valves and it is used
to scale the control signal of the component. The
modulation can be either a fixed value or a function
of another independent variable (temperature or
mass flow rate).

e Control signal is the command given to the devices
to be controlled,; it is the combination of schemes and

modulations.
Measured
variables
Y
Controllers
* A
Operational Modulation
schemes coefficients

\ J

Control signal

!

Component

Figure 2. Structure of the control logic.

The activation of working schemes is based on real-time
measured variables and in particular:
e T1:inlet oil temperature to the PTC solar field (used
in configurations S02, S03 and S04).
e T2, T3:inlet and outlet oil temperatures to/from the
gas boiler (used in configuration S04).

e T4:inlet oil temperature to the evaporator side of the
ORC (used in configurations S03 and S04).

e T5: outlet temperature from secondary side of heat
exchanger (used in configurations S01, S02 and
S03);

e T6: inlet water temperature to the condenser side of
the ORC (used in configurations S03 and S04);

o R1: DNI measured on collector absorber surface.

3.4 System analysis

The performance analysis of the CHP configuration is
evaluated at the boundary comprising EGUs, ECUs and
EDUs as shown in Figure 1. At this boundary, energy
inputs, outputs and losses are quantified and in particular:

e System inputs: useful energy provided by the solar
field (P1) and gas boiler (P2); electricity inputs for
water and oil pumps, ORC power consumption.

e System outputs: heating production supplied to the
network and electricity generated by the ORC.

e System losses: thermal losses from hydraulic
components like pipes, buffers, storages and
hydraulic junctions.

Inputs and outputs are used for calculating Final Energy
(FE), Primary Energy (PE) and equivalent CO, production,
according to the conversion factors reported below.

Besides energy efficiency indicators, economic
performance figures are crucial for evaluating the
profitability of different CHP configurations. Energy
tariffs are referred for the network manager and typical of
industrial customers. As well as environmental reference
data, economic data are reported below.

Economic data. For each system block (FPC, PTC, ORC,
BLR), investment costs as well as operation and
maintenance costs where taken into account. The
following values were collected from four different
European projects (InSun, REEMAIN, BRICKER,
FLEXYNETS) and from energy agency reports.

FPC:

o Investment cost per unit area: ¢y, rpc.a = 400 €/m?
(InSun, deliverable 6.4). This is assumed to be the
reference value for fields of a size of about 2000 m?
(roughly 1 MW of thermal power). Costs typically
decrease with the field size. A range of 300-600 €/m?
seems in general a reasonable choice. These are
considered overall costs, including balance of plant
and installation.

e  Operation and maintenance costs: these are assumed
to be negligible. In practice, one expects electricity
consumptions for pumping of the order of 1 % of the
thermal power output. Pumping costs are here
counted separately.

PTC:

e Investment cost per unit area: iy, prca = 400 €/m?
(data from InSun, FLEXYNETS). Again, this is
assumed to be the reference value for fields of a size
of about 2000 m? (roughly 1 MW of thermal power).
Costs typically decrease with the field size. A range
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of 300-600 €/m? seems a reasonable choice in
general. These are considered overall costs,
including foundations, balance of plant, installation.

e Operation and maintenance costs: a yearly rate
Toamprc = 0.5 %, with respect to investment costs,
is assumed (e.g., for buying spare parts). Similarly to
FPC, pumping electric energy is of the order of 2 %
of the thermal power output. Pumping costs are here
counted separately.

BLR:

e Investment cost per unit POWer: Cipirp =
60 €/kW (Danish Energy Agency, 2016).

e Operation and maintenance costs: a Yyearly rate
ToampLr = 10 %, with respect to investment costs,
is assumed. The above reference (Danish Energy
Agency, 2016) reports costs of about 1.1 €/MWh,
which, assuming continuous operation throughout
the year, would correspond to about 9 €/kW, i.e.,
15 % of the investment. This value is here lowered
to 10 % due to the modulating behaviour of the
boiler.

ORC:

e Investment cost per unit thermal input power:
Cinv,orc,p = 500 €/kW (compatible with data from
REEMAIN, BRICKER, FLEXYNETS). More
generally, a range of 400-600 €/kW seems
reasonable (overall costs).

e Operation and maintenance costs: a Yyearly rate
Toam,orc = 3 %, with respect to investment costs, is
assumed. Electricity self-consumption can be in the
range 7-15 % of the electricity output and is counted
separately.

For all components, a lifetime L = 20 years is assumed,
though lifetimes of at least 25 years are realistic for most
of these components.

As it can be seen, we assumed the same costs for FPC
and PTC. Of course, depending on the company and the
actual field conditions (e.g., type of ground), differences
can arise. These effects are expected to lie within the given
ranges.

Besides component costs, it is necessary to estimate
energy costs. The following assumptions were done:

e Electricity costs. Electricity prices can vary
significantly across Europe. Moreover, one has to
take into account differences between residential and
industrial costs, as well as taxes. Here we consider
two options: (i) the cost for buying electricity,
assumed to be equal to the 2015 EU average (as
reported by Eurostat) for non-household costs
including taxes, i.e., o pyy = 147 €/MWh; and (ii)
the cost for selling electricity, assumed to be equal
to the 2015 EU average for non-household costs
excluding taxes, i.e., ¢ 5oy = 87 €/ MWh. Ranges of
+/- 50 % for these values can reasonably be
considered (e.g., the average 2015 price for non-
household electricity including taxes was

259 €/MWh in Denmark, against the 76 €/ MWh of
Sweden).

e Gas costs. Similarly to the case of electricity, the
2015 EU average for non-household users including
taxes was assumed, i.e., ¢;qs = 43 €/MWh. Ranges
of +/- 50 % hold also in this case.

Concerning the cost of the thermal energy sold to the
network, we take as a reference the case of a gas boiler. In
this case, the overall cost is higher than the pure gas cost.
Assuming a boiler efficiency ngz = 90 %, one would get
Cgas/MpLr = 48 €/MWh. We therefore assume c., =
50 €/MWh, rounding up to roughly take into account
operation and maintenance costs. Again, a rather wide
range of values could be considered in general.

With this information at hand, one can estimate the
economic performance of the different considered
configurations.

Economic performance is mainly compared through
annualized costs. To this purpose, the interest rate r;,; =
3% is assumed. This corresponds to an annuity a =
Tine/[1 = (1 + 113.) 7] = 6.7 %.

Environmental data. From this point of view, two types
of information are considered: the primary energy factors
for electricity and gas and their corresponding conversion
factors in terms of CO, emissions. We assume the
following, mainly taken from Ref. (IINAS, 2017).

Electricity

e Primary energy factor, f;; ., = 2.26. This means that
in order to produce 1 kWh of electricity, 2.26 kWh
of fossil fuel energy are needed. With the increasing
renewable share of the electricity mix, this value is
expected to decrease. Values of 1.5-2 are already
reasonable for some EU countries.

o Emissions, frpze = 0.377 tMWh. As the primary
energy factor, also this value depends on the actual
electricity generation mix and is expected to
decrease in the future.

Gas

e Primary energy factor, ffsgqas = 1.1. This value
includes the additional fossil fuel consumptions for,
e.g., gas transport.

e Emissions, foz gas = 0.25 YMWh.

With these values, it is possible to assess the

environmental savings given by the different
configurations with respect to the reference situation.

4. RESULTS

The developed model was used to estimate the system
performances for the 4 different configurations mentioned
above (S01-S04), 3 different geographic locations (Rome,
Stuttgart, London), and 2 different network temperatures
(see above). Hence, 24 simulations were run in total.

In the following, the main results are summarized, first
recalling the main effects of changing geographical
location and network temperature, then presenting actual
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results for the different configurations for the Rome
climate and the lowest network temperature.

Effect of geographical location. The geographical
location affects the performance of the solar field. The
effect is different depending on the collector type: taking
the Rome climate as a reference, the Stuttgart climate gives
rise to a reduction in the output heat of the order of 40-50
% for flat plate collectors and of 50-60 % for parabolic
trough collectors. The different effect on FPC and PTC can
be explained by the different operation (FPC are fixed and
exploit global irradiance; PTC include 1-axis tracking but
exploit only direct irradiance). The given range takes into
account the slightly different results depending on
operation temperature and system configuration.

Effect of network temperature. The network temperature
affects the performance of the ORC engine,
correspondingly changing the condensation temperature.
The lower the network temperature, the higher the ORC
electric efficiency. Moreover, the network temperature
affects the performance of FPC collectors, giving rise to
different thermal losses (PTC are instead operated always
at a high temperature, independent of the network
temperature). In practice, one finds that reducing the
condensation temperature from 50 °C to 20 °C, the ORC
electric efficiency increases by 30-40 %, with negligible
dependence on the location (the given range depends
instead on the system configuration, the efficiency
improvement being higher in the configuration without the
boiler). The increase of the FPC efficiency when lowering
the operation temperature from traditional to
FLEXYNETS is instead of the order of 35-55 %, the
improvement being higher for locations with lower solar
irradiance (i.e., the benefit of adopting a lower network
temperature is more evident for London, where the
collector efficiency increases of about 55 %, than for
Rome, where the efficiency increases of about 35 %).

Results of the different configurations. We compare the
different configurations for the case of Rome and a
FLEXYNETS network. Variations due to location or
network temperature can be estimated according to the
general comments made above. Fossil fuel savings are
calculated with respect to a reference system where heat is
generated by an industrial gas boiler and electricity is
generated by the electric grid.

Configuration S01, FPC+HEX:

e Yearly final thermal energy output, Eyp oy fin =

766 MWh.

e Yearly pumping
7.7 MWh.
Investment cost, C;,,, = 288 k€.

Net present value NPV (1., L) = 265 k€.

Internal return rate IRR = 11.4 %.

Payback time PBT = 8 y (simple payback time
7 years).

e Levelized cost of energy, LCoE = 26.7 €/ MWh.

consumptions,  Egpymp =

e Yearly primary energy consumption of fossil fuel
origin, E;r = 17.3 MWh, against reference
consumptions of 936 MWh, with savings of 98 %.

e Yearly CO;, emissions of about 2.9 t, against
reference emissions of about 213 t, with savings of
99 %.

Configuration S02, PTC+HEX:

e Yearly final thermal energy output, Eyy oy fin =
631 MWh.

e Yearly pumping

14.4 MWh.

Investment cost, C;,,, = 298 k€.

Net present value NPV (1;,,¢, L) = 118 k€.

Internal return rate IRR = 6.9 %.

Payback time PBT = 13 y (simple payback time

10 years).

Levelized cost of energy, LCoE = 37.4 € MWh.

e Yearly primary energy consumption of fossil fuel
origin, E;r = 325 MWh, against reference
consumptions of 771 MWh, with savings of 96 %.

e Yearly CO, emissions of about 5.4 t, against
reference emissions of about 175 t, with savings of
97 %.

Configuration S03, PTC+ORC:

e Yearly final thermal energy output, Eyy oy fin =
554 MWh.

e Yearly final electric energy output, E.;ouefin =
102 MWh.

e Yearly electric consumptions (pumping and ORC
self-consumptions), E,; ;, = 41 MWh.

e Investment cost, C;,,, = 563 k€.

e The NPV at 20 years with an interest rate of 3 % is
negative. This configuration is hence not
economically viable with the considered parameters.
Note that the sizing of the ORC is done for the
configuration with the boiler and results unnecessary
large for this configuration. Reducing the ORC size
(e.g., to match the PTC field nominal power of
400 kW) would significantly reduce investment
costs and yield a simple payback time of about 17
years.

e Yearly primary energy consumption of fossil fuel
origin, Efr = 927 MWh, against reference
consumptions of 908 MWh, with savings of 90 %.

e Yearly CO, emissions of about 15.4 t, against
reference emissions of about 192 t, with savings of
92 %.

Configuration S04, PTC+BLR+ORC:

e Yearly final thermal energy output, Eip, ourfin =
3910 MWh.

e Yearly final electric energy output, E; oyuefin =
742 MWh,

e Yearly electric consumptions (pumping and ORC
self-consumptions), E,; ;,, = 149 MWh.

e Yearly gas consumptions, Eg,; = 4313 MWh.

consumptions,  E¢; pymp =
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e Investment cost, C;,,, = 598 k€.

e Net present value NPV (r;,;, L) = 656 k€.

e Internal return rate IRR = 12.8 %.

e Payback time PBT = 8 y (simple payback time 7
years).

e Levelized cost of thermal energy assuming the
buying price for electric energy, LCoE,, = 38.7
€/MWh. Note that different possibilities for the
allocation of costs in the case of cogeneration are
possible (Frederiksen and Werner, 2014).

e Yearly primary energy consumption of fossil fuel
origin, Ey;r = 5082 MWh, against reference
consumptions of 6456 MWh, with savings of 21 %.

e Yearly CO; emissions of about 1135 t, against
reference emissions of about 1366 t, with savings of
17 %.

The levelized cost of energy is here calculated with the
annuity method, i.e., LCoE = (a Ciny + ¢5)/Etnout fin:
where c,, are the yearly costs (operation and maintenance,
electricity, and fuel; the yearly electricity production
revenues, calculated using the market price for electricity,
are subtracted from yearly costs when calculating the
levelized cost of thermal energy in cogeneration mode).

It can be seen that configurations S01 (FPC+HEX) and
S04 (PTC+BLR+ORC) are the most competitive ones,
with very similar economic performances in terms of PBT
and IRR. Note however that for the PTC+BLR+ORC
configuration the assumption of continuous operation was
made. This is convenient from the economic point of view
(as it increases the number of operation hours of the ORC,
allowing for a shorter payback), but it is questionable from
the environmental point of view (due to the high gas
consumption). Indeed, as a result of the extensive use of
the boiler, the renewable share in the energy source mix is
limited, giving rise to low-impacting savings (order of
20 %, for both fossil fuels and emissions).

This aspect could be changed with a reduced number of
yearly operation hours for the boiler, though at the price of
worse economic performances. As an alternative scenario,
we therefore assume a system operating 50 % of the time
(12 h/day, shutting down the boiler for the rest of the time).
One can quickly make a rough estimate of the
consequences in terms of PBT: since operation time is
reduced by half, so are reduced revenues, so that one needs
twice the time to pay back the investment. The PBT, which
IS Yppr, s = 8 Years at 100 % operation, then becomes of
the order of 16 years (neglecting here details about interest
rates). Conversely, one can approximately estimate the
number of yearly operation hours h,, needed to get a given
PBT of yppr years. Indeed, the product hy, yppr yields the
total number of operation hours to pay back the investment
and is roughly constant (again neglecting interest rates).
For example, if ypgr = 10 (corresponding to a PBT equal
to the 50 % of system lifetime) is considered acceptable,
yearly operation hours can be reduced to hy/hy ¢ =

Yeer,fun/Yeer = 80 % (with obvious meaning of the
subscripts).

It is also worth pointing out that, in the above estimates,
the buying price for electricity was always assumed. In a
FLEXYNETS network with significant electric
consumptions due to heat pumps, it is indeed reasonable to
assume the possibility to reuse internally all the electricity
produced by the ORC. The use of the selling price for
electricity would make the investment much less
profitable. Indeed, assuming that the electricity produced
in excess with respect to pumping energy and ORC self-
consumptions is paid using the selling electricity price of
87 €/MWh, for configuration S04 (PTC+BLR+ORC) the
NPV drops from 656 k€ to 127 k€, the IRR decreases from
12.8 % t0 5.2 %, and the PBT increases from 8 to 15 years.
The corresponding LCoE for thermal energy becomes
47.8 €/ MWh, only slightly below the reference price.

Before closing this section, it is worth recalling the
effects of network temperature and location. As mentioned
above, the temperatures of a FLEXYNETS network
improve the net ORC efficiency by 30-40 % with respect
to a traditional DH network. The yearly electricity output,
equal to 742 MWh with Ty, = 20 °C, is indeed only
573 MWh with Ty, = 50 °C (while electricity self-
consumption is about 149 MWh in both cases). This would
significantly reduce revenues. In practice, it turns out that
with the conditions of a traditional network (and using the
above economic reference value) the PBT of configuration
S04 (PTC+BLR+ORC) increases from 8 to 12 years when
using the buying price for all the sold electricity.
Moreover, when using the selling price for the net
electricity output, the PBT becomes longer than the
assumed system lifetime (differently from the case with
the FLEXYNETS temperature). Since in a traditional
network it might be more difficult to self-consume all the
produced electricity, this result shows the poor feasibility
of a solar-CHP system in that context. Similarly, moving
from Rome to norther climates reduces the convenience of
the system due to the smaller solar fraction. For example,
for the Stuttgart climate the PBT increases from 8 to 11
years.

5. CONCLUSIONS

The present work analysed a possible solar CHP system,
comparing its  performances  with  alternative
configurations exploiting solar heat, for different locations
and for different network temperatures.

The system was simulated in detail from a technical point
of view, in order to calculate energy outputs including
dynamic effects. These results were then coupled to
economic estimates to assess the general feasibility of the
system. Environmental figures were also provided.

It was found that, while clearly challenging, the
considered system has some feasibility margin. In this
respect, some comments are in order.

Due to the significant investment costs of current ORC
systems, a large number of yearly operation hours is
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needed in order to make them economically convenient.
This requires to extend operation beyond the period of
solar availability. In this paper, the option of using a
backup gas boiler was used. While technically and
economically convenient, this is environmentally
questionable. Alternative solutions can be provided by
biomass boilers or thermal storages (with a proper relative
sizing of solar field and ORC).

We have also shown that the FLEXYNETS context
improves the feasibility of the considered solar-CHP
system, taken as a single entity. Indeed, it lowers the
condensation temperature of the ORC thereby increasing
its efficiency. Moreover, it offers higher self-consumption
opportunities (due to the presence of heat pumps),
allowing to assume higher values for electricity. Looking
to the entire picture, however, one should consider that if
the generated electricity is mostly absorbed by heat pumps,
the resulting solar-CHP + HPs system offers an energy
output similar to a simple heating system. Other solar
district heating options (e.g., with FPC) could then be more
competitive, though the additional flexibility (including
reversibility) provided by the thermal-electric hybrid
system certainly brings some added value.

Finally, it is worth recalling the significant variability of
many of the parameters used in these economic estimates.
The reported ranges show that one can expect large
differences from country to country, and possibly from
now to a near future. Hence, in spite of the evident
challenges posed by a solar CHP solution, it can be
interesting to continue similar investigations, with the
purpose of developing more diversified solutions for the
next energy system.
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SUMMARY

A new concentrating solar power (CSP) plant combined with biomass combined heating and power (CHP),
using organic rankine cycle (ORC) technology has been taken into operation in Brgnderslev, Denmark during
spring 2018. The price for biomass is expected to increase with more and more use of this very limited
energy source and then CSP will be cost effective in the long run, also in the Danish climate. Oil is used as
heat transfer fluid in the high temperature PTC collectors in this application for district heating. Total
efficiencies and costs, competitive to PV plants, are expected. The paper presents a performance analysis of
the full scale CSP collector field of 27000 m?in the Danish climate during 2017.

key-words: concentrating solar power, combined heating and power, organic rankine cycle, TRNSYS

1. Introduction

The potential for installing ORC-units in Danish district heating plants with wood chip boilers is calculated to
30 utilities with more than 20,000 MWh in yearly heat production [1]. The first Danish plant (4 MW heat and
0.75 MW electricity) was implemented in 2011-12 in Marstal.

Aalborg CSP A/S has developed a concentrating solar collector array design. It has been demonstrated in
several pilot plants. In the Brgnderslev plant a further improved large collector array layout and control for
operation temperatures up to 312°C is demonstrated.

The Brgnderslev district heating company, expects lack of biomass in the future, resulting in higher prices.
Therefore they implemented a CSP-plant, to supply the ORC with hot oil in periods with enough DNI (Direct
Normal Irradiance). The collector array area is 27000 m? and the nominal peak power is 16 MW, see figure 1
and 2.

The collector array consists of very large 700 m? PTC (Parabolic Trough) collectors units with just one
tracker each. Four such units are connected in series in each loop to reach a high flow velocity in the
absorber tubes. The heat transfer media is a special thermal oil.

DTU has previously developed solar radiation models to determine the DNI availability in Denmark, see
figure 3. They also investigated the potential performance for good PTC collectors utilizing direct solar
radiation with promising results, see figure 8. Also a normal flat plate collector needs some direct radiation to
reach operating temperatures and deliver heat.

56



Figure 1. The Bronderslev ORC-CSP biomass combined heat and power plant. The collector area is 27000 m? and
nominal thermal power 16 MW.

The collector absorber tubes are of vacuum type giving extremely low heat losses even at high

temperatures. This means that the collectors can start at extremely low beam radiation levels and that the
tubes keep the temperature like a thermos flask between the sunshine periods.

Vacuum Tube Absorber

Parabolic Glass Mirror

. . | ~il, WS

Figure 2. Closeup of the PTC collectors showing the vacuum tube absorbers, glass mirrors and the optimized
mechanical trough metal structure. Only one tracker is needed for a 120 m long trough with almost 700 m? aperture
area.
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Flgure 3. The Solar radiation distribution and ava|Iab|I|ty in Denmark. Yearly Solar radiation for area 1:DNI=1179
kWh/mZ. Global (total Horisontal=1029 kWh/m Total on Flat Plate Collectors=1198 kWh/m?.Yearly Solar Radiation
for area 6: DNI=1382 kWh/m?. Global Radiaton=1145 kWh/m?. Total on Flat Plate Collectors 1279 kWh/m?.

2. The Plant Technology

The ltalian Company Turboden has delivered the ORC unit. In the last 15 years Turboden has
implemented ORC-units at about 300 places. Of these, approximately 250 plants are heated up with oil from
biomass boilers and of these 250 plants, 170 are placed in Germany, Italy and Austria. One plant using CSP
as heat source was implemented in Morocco in 2010 and three new plants are under implementation or
planning in Italy. The technical efficiency when using solar as heat source is higher than 15%. CSP Solar
power with ORC is thus as efficient as photovoltaic systems and on top of this the large fraction of ORC
condenser heat, can be used for district heating in this plant design giving a favorable total efficiency. The
ORC CSP principle is schematically shown in figure 4.

a.Solar collector

L - b.Heat storage
d —— Generator| c.Admission valve
d.Turbine

L P
3 c. e.Recuperator
e f.Pump
b g.Condenser

Figure 4. The ORC CSP principle. In this case the collector field is directly connected. In Brgnderslev oil is used in
the collector array.
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The total Brgnderslev system is shown in a simplified drawing in figure 5. The solar collector array can
deliver heat both via the ORC machine or directly do district heating. The same for the biomass boiler, that
also has a heat pump, to make use of waste heat from the biomass chimney and convert to district heating

v @ 6

26,929 m? Heating Electricity
primary energy  periodically produced

energy.

CSP collectors

€SP parabolic troughs

Heat storage tank

1
1 :
======= =Heat Transfer Oil I
)/.T .

== =District Heating

The city of Branderslev

Fig.5. Flow sheet of biomass CHP-plant with ORC-power unit and feed-in of solar thermal energy both to the ORC
and district heating network [3].

3. Measurements
To be able to analyze the collector field performance accurately the Brgnderslev plant was instrumented

carefully with advanced solar radiation equipment. Figure 6 shows the weather station and the DNI sensor
measuring the direct or beam solar radiation coming from the sun disc. This sensor is very sensitive to dirt

and is equipped with an air pressure cleaning device. _

. f
I 3 - N
W
.

Figure 6. The weather station and DNI sensor for direct solar radiation measurements. Note the automatic air pressure

cleaning system.
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4. The 27000 m? CSP Collector field modelling

A detailed TRNSYS model has been developed for the full size collector field, so that control and
performance can be investigated in detail.

Then effects of for example weather and operating conditions can be exactly taken into account and a true
performance check can be made.

In figure 7 a comparison between modeled and measured power and temperatures is shown. The
agreement is very good over the whole day. The thermal power delivered to the district heating network is
also peaking close to the nominal 16 MW.

In figure 8 the solar radiation conditions with DNI (Direct Normal Incident radiation) and direct radiation in
the tracking collector plane is shown for the same day. Also the incidence angle is given. This shows the
effect of turning the tracking axis from exactly North South direction. The daily profile is then changed and
may be adapted to the highest electricity price that at present often is in the mornings at around 8-10.

In figure 9 all relevant temperatures and the oil and water mass flow rates are shown. It can be seen that
during this day the flow control is done only on the water side of the heat exchanger not on the oil side. The
oil side shows very high temperatures compared to what is delivered to the district heating network. This
control strategy can be optimized later when the plant is in full operation with ORC electricity production.

250 18
DH Power

===+ Calc. field outlet temp.

—— Meas. field outlet temp. | | 16
===+ Calc. water outlet temp.
200 Meas. water outlet temp.| | 14

=== Calc. DH Power
Meas. DH Power
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% 10 =
© Oil Outlet Temperature 5
a 8 2
% 100 o
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T.‘ ]
\‘
50 \ 14
/ DH water Outlet Temperature \
\
fi voo?
.’, \‘
O - | | |\_ _ O'
5 10 15 20

Time [h]

Figure 7. Detailed TRNSYS model validation for direct District heating operation. The match is very good concerning
power but also temperature levels on water and oil side.
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Figure 9. The most important temperatures and flows during the validation day in figure 7. The flow on the water side
of the district heating heat exchanger is controlled to get a constant forward temperature to the district heating network.
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Figure 10 shows the potential yearly thermal performance of a CSP solar collector field for different regions
in Denmark determined with the validated model.
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Figure 10. Potential CSP performance in different parts of Denmark at a wide temperature span. Bornholm has an
extra favourable climate being and island. The difference between the other locations is surprisingly small. Danish
reference year data and a validated collector model and parameters have been used.

5. Conclusions

The 27000 m* CSP array performance and control has been modelled in TRNSYS and a model validation
is presented in this paper.

The first detailed results show a collector array performance close to the expectations.
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EFFICIENT HEAT DISTRIBUTION IN SOLAR DISTRICT HEATING SYSTEMS
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Abstract — This paper contains a short analysis showing the main benefit for solar district heating when a
novel heat distribution concept with low temperatures is applied. The analysis is performed by comparing
the annual solar heat output from a solar collector field for current heat distribution temperatures in
Sweden with the corresponding output for the novel heat distribution concept. The results show that the
new low temperature concept provides 66% more solar heat for a typical solar collector. Hereby, the solar
collector field can be reduced with 40%, giving a corresponding cost reduction for solar heat generated.
Another result is that the cost gradient for lower costs from lower return temperatures is five times higher
for solar district heating compared to current heat supply in Swedish district heating systems. One major
conclusion is that high heat distribution temperatures in current European district heating systems are a
major barrier for the competitiveness of solar district heating.

1 INTRODUCTION

Most current solar district heating systems utilise
conventional methods regarding district  heating
technology for heat distribution. The present heat
distribution technology has been developed over the
course of a couple of decades. During this period, end
users heat demand has been high, compared to what
might be expected from future new and renovated
existing buildings. Furthermore, heat has conventionally
originated from high temperature sources, commonly by
fossil fuels that can generate high temperatures with ease.
These two conditions have of course had an impact on
technology development over the whole period.

In the future, however, these conditions are about to
change. According to legislation from the European
Union, such as the energy performance in buildings
directive (European Union, 2010), heat demand from
buildings will decrease, and according to the renewable
energy directive (European Union, 2009), less availability
of high temperatures from fossil fuels is expected. A
somewhat common feature of renewable energy sources
is that they will not be able to deliver high temperatures
at the same extent as fossil fuels have done. This is
especially valid for solar district heating, since higher
temperatures are more difficult and expensive to achieve.
Hence, low temperatures are essential to improve system
efficiency of solar thermal systems. This conclusion can
also be expressed as: high heat distribution temperatures
in current district heating systems are a major barrier for
solar district heating.

Thus, there is a challenge for current distribution
technology to change in order to cope with surrounding
factors that are in motion. As when, buildings have low
heat demands, heat supply is derived from low
temperature sources (renewable, recycled, and stored
heat), and lower system temperature levels will be
required. As it seems apparent that a change towards
lower temperature levels is necessary, the important
question arises: what should this change or enhancement
of current distribution technology consist of?

This question is essential in the development of the
fourth generation of district heating (4GDH) technology,
defined in (Lund et al., 2014). This definition implies that
the current technology generation is called the third
generation of district heating (3GDH).

2  THE CONCEPT

In previous research we have worked with a principal
concept for future innovative heat distribution technology
in order to obtain lower annual average return
temperatures (Averfalk & Werner, 2018). In said
research, we have identified three important paths to
achieve lower temperature levels in future district heating
systems. These are:

e Three-pipe heat distribution networks

e Apartment substations in  multi-family
buildings

*  Longer thermal lengths in heat exchangers

One of the major drawbacks of current heat
distribution technology is the embedded temperature
error that occurs when no heat demands exist. At such
times, supply temperature water needs to be by-passed
into the low-temperature return pipe, causing
considerable higher return temperatures. This happens
because of supply temperature drop at a no flow situation.
We refer to this as temperature degradation. In current
distribution technology, the operational strategy is to mix
supply and return water, we refer to this as temperature
contamination and we consider this a bad utilisation of
exergy. And especially so, since the situation will occur
more hours of a year when buildings thermal
performance increase. Thus, the extent of this problem
issue will grow by time.

We suggest three-pipe distribution networks as a
strategy to avoid temperature contamination. By doing so
we introduce a second return pipe in the distribution
network, this additional return (recirculation) pipe should
only be used to at times when it avoid temperature
contamination, as seen in Figure 1.
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We suggest apartment substations to eliminate
domestic hot water circulation in multi-family buildings.
This facilitates control of flow separation into ordinary
(delivery) return and the new recirculation return, since
domestic hot water circulation is a constant source of
delivery flow. Furthermore, due to temperature
requirements of domestic hot water circulation with
regard to the Legionella issue, it also a source of high
return temperatures (at least when compared to the ideal
of the 4GDH systems).

In addition to this, we suggest heat exchangers with
increased thermal lengths in order to decrease the
logarithmic mean temperature difference between flows
in a heat exchanger, with the purpose to decrease
temperature levels further.

Recirculation flow with supply temperature

Total supply flow )

)

Delivery flow with return temperature

Figure 1. Denotes a conceptual depiction of the separation of
total supply flow into a recirculation return flow and a
delivery flow return.

In previous simulation work we have achieved results
that indicate that these three changes achieve annual
average return temperatures of around 20 °C for a small
single-family house area, which is in line with ideal
return temperatures of the 4GDH systems, as seen in
Figure 2. Whereas, the ideal supply temperature is about
50 °C without requiring any auxiliary local heat supply.
Various simulated annual average distribution
temperatures from (Averfalk & Werner, 2018) are
presented in Figure 3.

Simulation of heat losses, when comparing the
situation in Figure 2, indicates that steady-state heat
losses are equal. Currently, our research is still on a desk
research level. However, we are interested to establish
relationships with anyone that might be interested to take
these ideas into a demonstration level project.

Figure 2. Presenting a standard configuration of twin-pipe
(DN65 insulation series 3), to the left alongside with
corresponding conceptualisation for a triple-pipe, to the
right. The numbers are represented as annual averages
temperatures for a single-family house area.

Temperature (*C)
60

Contemporary case Future case

—Supply Commen return NTU(4/0.5) = =Delivery return NTU(4/0.5)

‘Common return NTU(8/1) = Delivery return NTU(8/1)

= Recirculation return

Figure 3. Annual simulation results regarding the case area
temperature levels at the starting point to the distribution
area. Horizontal axis displays the variation of heat power
signatures, expressed as corresponding specific heat
demands in kWh/m2, year. The two vertical lines point out
two different simulation cases: one contemporary case with
high heat demands to the left and one future case with low
heat demands to the right. According to (Averfalk &
Werner, 2018).

3 THE BENEFICIAL OUTCOME
The main economic value of lower annual average
supply and return temperatures concerning solar district
heating is higher conversion efficiencies in the solar
collectors.
Other future economic benefits in 4GDH systems are:
*  Lower heat distribution losses since lower
temperatures than 3GDH systems
«  Geothermal wells with higher capacities
*  More easy access to low-temperature excess
heat without heat pumps
«  Higher COP in large heat pumps
»  Higher recovery from flue gas condensation
when using wet fuels, such as biomass and waste
»  Higher power-to-heat ratios in steam CHP plants
using biomass or waste
»  Higher capacities in heat storages that also have
access to high temperature heat sources

As an example, the economic difference for a solar
collector field between different generations of heat
distribution temperatures can be estimated in an analysis.
The required input parameters for this analysis are the
annual heat output with respect to mean fluid
temperature, the installation cost for solar collectors,
annual average network temperatures, the efficiency for
the heat exchanger between the solar collector circuit, and
the financial parameters of lifetime and hurdle rate.

The following input information has been used in the
analysis:

* Annual heat output concerning Stockholm
(Sweden) for Arcon-Sunmark HTHeatBOOST
35/10 solar collectors according to
documentation in (Technical Research Institute
of Sweden, 2016) and presented in Figure 4.
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» Installation cost for solar collectors from
Silkeborg, Denmark 2016 (225 euro/m?solar
collector area).

* Annual average network temperatures of 86-
47°C for a typical Swedish 3GDH system,
according to (Frederiksen & Werner, 2013).

* Annual average network temperatures of 50-
20°C for a new 4GDH system with novel heat
distribution technology.

»  Heat exchanger between the solar collectors and
the district heating network with thermal length
(NTU = number of thermal units) of 6.

* Annuities for lifetime of 20 years and 4% hurdle
rate.

Annual heat output,
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Figure 4. Annual heat output for four different locations
from a typical solar collector with respect to mean fluid
temperature, according to (Technical Research Institute of
Sweden, 2016).

4  RESULTS

For the 3GDH system, the mean fluid temperature in
the solar collector circuit becomes 73°C, since the
temperature difference becomes 6.5°C from the thermal
length of 6. The annual heat output from the solar
collectors in Stockholm will be 379 kWh/m?, according
to Figure 4. The corresponding heat generation cost will
be 43.7 euro/MWh from a collector investment of 594
euro per annual MWh,

For the 4GDH system, the mean fluid temperature in
the solar collector circuit becomes 40°C, since the
temperature difference becomes 5°C from the thermal
length of 6. The annual heat output from the solar
collectors in Stockholm will be 627 kWh/m?, according
to Figure 4. The corresponding heat generation cost will
be 26.4 euro/MWh from a collector investment of 359
euro per annual MWh.

Hence, the considerable lower 4GDH temperatures
increase the annual output from the solar collectors with
66 percent compared to current 3GDH temperatures. This
gives a cost reduction of 17.3 euro/MWh or 40 percent.
The cost gradient for a reduction of the return
temperature with 27°C in a 4GDH system becomes then
0.64 euro/MWh,°C. The corresponding average cost

gradient for Swedish 3GDH systems has been estimated
to be about 0.13 euro/MWh,°C according to (Frederiksen
& Werner, 2013). Hereby, solar collectors are five times
more cost sensitive than traditional heat supply in district
heating systems. This is an illustrative example of the
main driving force for implementation of 4GDH systems
in areas with new buildings.

euro/MWh, °C
0.7

0.6

05

04

03

0.2

0.1

0
Current Swedish 3GDH system

Figure 5. Examples of cost gradients for lower heat supply
costs at lower return temperatures for 3GDH system based
on conventional heat supply and 4GDH system based on
solar district heating.

Solar district heating in 4GDH systems

The total cost reduction of 17.3 euro/MWh obtained
from the combination of solar district heating and lower
heat distribution temperatures is considerable when
comparing with the average price of district heating in
Europe that is about 65-70 euro/MWh, according to
(Werner, 2016).

The estimated cost reduction has also about the same
magnitude as the total annual capital cost for distribution
pipes in a district heating system. This cost can be
estimated to be 14.7 euro/MWh for a distribution network
with an average investment cost of 400 euro/m and linear
heat density of 2 MWh/m.

5 DISCUSSION

This short analysis has been performed by comparing
the novel heat distribution concept with current heat
distribution temperatures in Swedish district heating
systems. Many district heating systems in Europa apply
higher temperatures (Averfalk et al., 2017). Hence, the
identified benefit with the novel heat distribution
technology will be higher when comparing with these
higher network temperatures.

On the other hand, network temperatures are
somewhat lower in Denmark than in Sweden (Gong &
Werner, 2015). In these cases, the expected benefit with
the novel heat distribution technology will be somewhat
lower.
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6 CONCLUSIONS

The following three main conclusions can be obtained
from this short analysis:

e High heat distribution temperatures in current
European district heating systems are a major
barrier for the competitiveness of solar district
heating.

e Considerable less solar collector area is
required when the novel heat distribution
technology with lower network temperatures
are applied in new district heating systems.

e Solar district heating has a cost gradient for
lower temperatures between 3GDH and 4GDH
systems that is five times higher than the
average cost gradient for current Swedish
3GDH systems.
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Abstract — Energy management systems that guarantee a system-wide control of district heating systems
are already state of the art. However, a bidirectional heat transfer station (for heat supply and uptake) in
combination with an intelligent control strategy for the entire district heating system still has to be
developed. While in a laboratory test, the properties of a prosumer are examined, a numerical model is used
to investigate the effects of several prosumer on the entire district heating system. The simulation model,
consisting of two parts, allows to investigate the bidirectional heat transfer station. The first model part
depicts the primary side of the district heating system. Data from a real-life medium-sized district heating
system is used as reference. The second part of the model forms the bidirectional heat transfer station and
is individually set for each prosumer. A secondary storage exchanges energy with the decentralized heat
source, the district heating system and the heating system of the consumer. The numerical model allows an
energetic and economic investigation of district heating systems containing several prosumers. Hydraulic
problems such as flow reversals can also be investigated. The simulation model has been validated on the

basis of laboratory experiments.

1. INTRODUCTION

Local and district heating is an environmentally friendly
heat supply by efficient energy generation plants, the use
of combined heat and power and the use of residual and
waste heat. About 24 % of all apartments in Austria are
heated with local or district heating (FGW, 2016).
However, operators (especially of smaller and medium-
sized grids) are faced with economic challenges
concerning decreasing heat demand due to better building
standards (Averfalk and Werner, 2017; Lund et al., 2010).
The exploitation of all optimization potentials by means of
efficiency improvement measures (heating plant, grid and
consumer), as well as the use of renewable heat is
becoming increasingly important. The individual heat
transfer stations, which form the link between district heat
suppliers and end consumers, are of particular importance
for an optimal district heating system. The following two
points are essential for an efficient and economic supply:

- Control and operating strategies that exploit all
optimization potentials, integrate favorable renewable
heat sources and enable a high degree of utilization
over year-round operating concepts.

- Development of a multifunctional heat transfer station
which can be integrated into an optimized control
strategy.

The development of bidirectional heat transfer stations in

combination with intelligent control strategies for entire

district heating systems is to be carried out in the course of
the research project MULTI-transfer (Rabensteiner et al.,
2017). The systems are studied both for new buildings as
well as for the stock. A detailed consideration of two
application cases on the secondary side is carried out:

- Solarthermics

- Waste heat integration by heat pumps (e.g. from

refrigeration plants)

2. HYDRAULIC INTEGRATION

Measures on a single point in the grid (e.g. on the
secondary side) can have effects on the entire grid.
Therefore, the entire system has to be considered when a
bidirectional heat transfer station is installed. The pressure
in the district heating line is very important. Similar
pressures on the primary and secondary side are
advantageous. The integration of prosumers with certain
infeed variants becomes more difficult at higher pressures
in the primary circuit. The low flow in summer can lead to
hydraulic problems when integrating prosumers. Today,
there is almost no experience in the hydraulic design of
such systems.

The integration of decentralized heat generators into the
grid can be carried out directly, hydraulic separated by
means of a heat exchanger or hydraulic decoupled via a
hydraulic separator or with a decentralized energy storage.
Prerequisites for a direct connection are that the
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decentralized heat source can withstand the high-pressure
level and that only water is used. A hydraulic separation is
always required for the integration of solarthermics and
refrigeration systems.

The location of the prosumer in the district heating
system is important. The stabilization of the system
pressure is of utmost importance and allows easier feeding
into the district heating system. Especially in the case of
pipes made of steel, the temperature in the system must
also be kept as constant as possible to avoid fatigue
fractures due to thermal stresses (Kim et al., 2016). The
location can limit the infeed of prosumers in already
existing systems. In individual cases, the water column
may even come to a standstill, particularly in cases of
prosumer installations nearby to strand ends. According to
Streicher (2005) there are basically three technical
possibilities when feeding heat into existing district
heating systems (compare Fig. 1):

- Flow from the return to the forerun

- Return rise

- Forerun rise

flow flow flow
P<

return l return M return l l

P

Fig. 1: Hydraulic integration of decentralized heat suppliers:
Flow from the return to the forerun (a), Return rise (b),
Forerun rise (c)

The abstraction of the heat transfer medium from the
return line and the re-feed into the forerun line (Fig. 1a)
requires a high pumping power because the differential
pressure between forerun and return line has to be
overcome. The small flow and the high differential
pressure (up to 1 bar) could be problematic during infeed.
There are only a limited number of pump manufacturers
for such applications. The return temperature remains
constant during infeed using this hydraulic integration
variant.

The abstraction and re-feeding of the heat transfer
medium takes place in the return line using the return rise
(Fig. 1b). The pump energy is provided by the network
pumps or by own heat exchanger pumps. A pressure-
reducing valve must be provided in the return line in the
first case in order to be able to control the flow through the
heat exchanger. The heat exchanger pumps overcome the
pressure losses of the heat exchanger, the control valve and
the connecting lines. The efficiency of the centralized heat
source is slightly reduced when a condensing boiler is
used. Only additional energy can be introduced into the
district heating system. The primary heat generator cannot
be completely replaced. A return rise with the associated
higher return temperatures is not advantageous in many
smaller grids. However, a return rise can be quite useful in
the case of relatively high temperature levels.

The heat transfer medium is abstracted from the forerun,
passed through the bidirectional heat transfer station (heat
exchanger) and fed back into the forerun, when using the
forerun rise (Fig. 1c). As with the return rise, a pressure-
reducing valve has to be installed into the district heating
line — in this case, however, not in the return but in the
forerun line. The pressure-reducing valve can be dispensed
by installing a heat exchanger pump. The grid losses
increase due to the higher grid temperature. The efficiency
of the primary heat generator remains unchanged.

3. BIDIRECTIONAL HEAT TRANSFER STATION

Fig. 2 shows the hydraulic scheme of the bidirectional
heat transfer station. This interconnection enables that heat
can both be obtained from the grid and be fed into the grid
by all three variants described above. 4 connection points
are necessary at the district heating line. A speed-
controlled pump is used on the primary side of the transfer
station. Therefore, no pressure reducing valves are
necessary in the corresponding district heating line. 4 and
2 three-way valves are installed on the primary and
secondary side, respectively. By actuating these valves and
switching on and off the corresponding pumps, various
operating modes can be set. The associated
interconnections can be seen in Fig. 3.

secondary side >

flow

return

heat reser

Fig. 2: Hydraulic scheme of the bidirectional heat transfer
station

Initial cost calculations already show that this heat
transfer station is a theoretical approach. The costs for the
transfer station which allows all infeed variants are high.
An installation is also complicated by the fact that 4
connection points on the district heating line are necessary.
This means that additional lines are necessary at existing
plants. The complexity is reduced for transfer stations that
can only perform one infeed variant. Regardless of the
chosen variant, however, at least 3 connection points are
necessary, so that a new connection is inevitable for
existing connections. The variant with the flow from the
return to the forerun alone could preserve the two-line
system.
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Fig. 3: Switching of the bidirectional heat transfer station:
Heat absorption from the grid (a), Flow from the return to the
forerun (b), Return rise (c), Forerun rise (d)

4. NUMERICAL MODEL

While in a laboratory test, the properties of a prosumer
are examined, a numerical model is used to investigate the
effects of several prosumer on the entire district heating
system. The simulation model consists of two parts. The
first model part depicts the primary side of the district

heating system as detailed as possible, including the
central heat source and the heat distribution system. Data
from a real-life medium-sized district heating system is
used as reference.

The second model (Fig. 4) forms the bidirectional heat
transfer station and is individually set for each
consumer/prosumer. The model considers stratified
storages located at different consumers/prosumers. The
model can be used to predict the time of heat input (into
the district heating system) and the temperature level of
this heat.

The illustrated simulation model in Fig. 4 calculates a
prosumer with a solar thermal system. The model consists
of different blocks. In the "Consumer" block, the data from
the respective consumer of the reference district heating
system are read in. Since a primary-side solar thermal
system has already been installed at the heating plant on
the reference district heating grid, real-time measured
global radiation data can be acquired in the block "Solar
data". The "Solarthermics” block calculates the available
solar heat. The collector area was calculated according to
the design diagram for solar collector surfaces for hot
water preparation and heating support from Hoval GmbH.
A solar coverage of about 25 % has been assumed. The
size of the secondary storage was designed using the same
diagram. The “Stratified storage” block calculates the
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Fig. 4: Simulation model of the bidirectional heat transfer station in Matlab/Simulink
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thermal stratification according to Eq. 1. The block called
“Bidirectional heat transfer station” is the direct link
between the grid and the prosumer and determines the
operating mode based on the temperature in the storage
and in the grid.

The two model parts allow an energetic and economical
investigation of district heating systems with a large
number of consumers/prosumers. This is enabled by
combining the models. The primary side model receives
data of the prosumers' strategy from the second model.
Hydraulic problems such as flow reversals can also be
investigated.

4.1 Control loops

The control loops of the simulation model are described
with reference to Fig. 5. The heating circuit pump is
controlled via the return temperature. A return temperature
of 30 °C is assumed in the standard case. The heat output
is taken from consumer data from the reference district
heating system.

Three different operating options of the solar thermal
system can be set. In the low-flow mode, the mass flow is
15 kg/(m*h) in terms of the collector area. A mass flow of
40 kg/(m?-h) is set in the high-flow mode. In the matched-
flow mode, the mass flow can vary between 1 and
50 kg/(m*h). The mass flow is adjusted in 1 kg/(m*h)
steps in the just mentioned operation mode. The stratified
storage is loaded via a stratified storage lance. Thereby, the
return from the collector into the stratified storage can take
place at different levels, but not at the same time.
Normally, level 6 is fed. In the case of the matched-flow
mode, the pump speed is controlled in such a way that the

" Read in: |
Distributed |

Control: ~ f
Heating circuit |7
|
|

Control:
_..| Pump and
stratified
storage lance

Fig. 5: Control loops of the simulation model

temperature of the feed medium corresponds to the storage
temperature at level 6. If the mass flow rises above
50 kg/(m?-h), the inflow occurs one level higher (level 7).
The higher temperature in the level above results in
reducing pump speed and thus the volume flow is sinking.
The infeed takes place up to level 11 with this control
strategy. In the case of extreme solar irradiation, an
injection at elevated temperatures can be carried out at the
highest level. In the low- and high-flow mode, a stratified
storage lance is also installed. The only difference between
these variants is that the temperature cannot be adjusted to
the respective level. This results in a slight disturbance in
the thermal stratification.

The key factor as to whether the storage is charged or
discharged is its temperature. The user can determine
which temperature is to be used as the control variable for
charging and discharging. The following selection options
are available for the reference temperature:

- Average temperature in the storage

- Temperature of the lowest layer in the storage

- Temperature of the top layer in the storage

The corresponding three-way valves are activated, and
the pump is switched on between heat exchanger and
stratified storage if the reference temperature reaches a
present value. During discharge, the corresponding
reference temperature in the grid is used in addition to the
reference temperature in the stratified storage. If the
reference temperature in the stratified storage rises above
a preset value, the storage temperature at level 11 is
compared with the reference temperature in the grid. The
reference temperature in the grid is the return temperature
when using the return rise. Only when the highest storage

°© o

forerun

return
-
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temperature (level 11) exceeds the return temperature in
the grid, the heat flow from the prosumer towards the grid.
For a possible infeed, the temperature in the uppermost
layer of the storage must be significantly higher during the
forerun rise. The forerun temperature of the grid is used as
reference in this case. When using the infeed variant with
the flow from the return to the forerun, the return
temperature of the district heating line is also used as
reference. In this case, indeed, it must be taken into
account that, under certain circumstances, the resulting
forerun temperature of the grid (after injection) decreases
when the top storage temperature is lower than the forerun
temperature of the grid (before feeding). However, there is
nevertheless a heat flow from the prosumer to the grid,
since this infeed variant increases the flow.

The loading of the storage occurs when the reference
temperature in the storage falls below a pre-set value and
the supply temperature in the grid is higher than the
temperature in the uppermost layer of the stratified storage.
For simulation purposes, a similar flow on the primary and
secondary side is assumed. The maximum flow is
determined either by the maximum flow rate of 2 m/s or
by the maximum heat transfer capacity of the already
installed heat transfer station of the individual consumers
in the reference district heating system.

4.2 Influence of the reference temperature

For each of the following examples, a return rise as infeed
variant is assumed. Charging and discharging takes place
between 52 and 53 °C and 62 and 63 °C, respectively. The
three examples differ only in the type of reference
temperature. While in the first case, the average
temperature in the storage is used, in the second and third
case, the uppermost and the lowest temperature in the
storage are used as reference.

Before describing the series of measurements, the
mathematical model of thermal stratification will be
explained briefly. The energy balance for each node of the
stratified storage is calculated according to Eq. 1 (Solar-
Institut Juelich, 1999).
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The differences of the reference temperatures in the
stratified storage and their effects on the operation of the
bidirectional heat transfer station are listed below. Fig. 6
to Fig. 9 show the differences for a simulated day.

A thermal stratification is formed in the upper region of
the storage when using the average storage temperature as
reference (compare Fig. 6). There is no thermal
stratification formation in the lower four levels. On the one

hand, this is explained by the fact that charging and
discharging via the grid takes only place between level 5
and 11.
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Fig. 6: Storage temperature and heat output when using the
average storage temperature as reference

On the other hand, the mathematical model (Eq. 1) of the
stratified storage simulation does not allow the
consideration of temporal thermal stratification formation.
During night and morning, the storage is periodically
charged by the grid because of the constant heat transfer to
the heating system (red line). A plus-sign in front of the
transferred heat means that heat flows from the grid to the
storage on the secondary side. Induced by solar yield, the
average storage temperature rises, starting at about 10 am,
so that no loading through the grid is required anymore. In
addition, the heating system switches off immediately. The
water is taken from the bottom layer during loading via the
solar thermal system. A thermal stratification in the lower
part of the storage is formed. The average storage
temperature of 63 °C is exceeded at 2 pm. The transfer
station switches to the infeed operation. When heat is feed
into the district heating system, there is an increasing
temperature drop with increasing storage height. The
average storage temperature drops during discharging.
After 35 minutes, the average storage temperature of 62 °C
is already exceeded, resulting in termination of the
discharge cycle. The short discharge cycle can be
explained by the fact that discharging by heat transfer to
the grid with 13.5 kW is considerably higher than the
current solar yield (Shortly after 2 pm, there is a significant
drop in the solar yield). A second discharge cycle starts at
3:30 pm. This leads to an increasing convergence of the
lowest and highest storage temperature. In the evening, the
solar yield drops back to zero and the heat absorption from
the heating systems increases again. The average storage
temperature decreases afterwards. A storage temperature
of 52 °C is exceeded at about 6:30 pm and the storage has
to be charged via the district heating grid. Due to the
heating mode, return water with 30 °C reaches the lower
part of the storage. Thus, the thermal stratification
disappears again in this area.
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Fig. 7 shows the system behavior when using the
temperature of the uppermost layer as reference. The
system is very sensitive. The charging cycles increase the
temperature in the uppermost layer significantly, so that
the reference value of 53 °C is reached quickly. Due to the
short charging cycles, almost no thermal stratification
occurs in the entire storage. The stratification arises only
through the solar yield. In this variant, no discharge takes
place via the grid for the day under investigation. After
completion of the solar yield, the thermal stratification
collapses again. The subsequent charging cycles are again
very short. The storage capacity is only minimally used in
this variant.
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Fig. 7: Storage temperature and transferred heat when using
the temperature of the highest layer as reference

Fig. 9 shows the system behavior when the temperature
of the lowest layer in the stratified storage is used as
reference. As it can be seen, the model can only adequately

UltraGas

! o

map this case. Since charging and discharging via the
district heating system does not affect the lowest layer, the
present reference temperature of the grid is the decisive
factor for the operating state. The temperature in the
uppermost layers corresponds approximately to the
forerun temperature of the grid.
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Fig. 9: Storage temperature and heat output when using the
temperature of the lowest layer as reference

There is always a change from short charging and
discharging cycles. Usually it should come to no
discharge. Apparently, also short charging cycles occur
when the flow temperature is below the temperature of the
uppermost layer of the storage. Accordingly, it comes in a
supposed charging cycle to a cursive discharge of the
storage. Thus, in fact, a discharge of the storage occurs
during a planned charging cycle.

bidirectional heat transfer station

Fig. 8: Laboratory test of the bidirectional heat transfer station
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4.3 Model validation by laboratory tests

The laboratory setup is shown schematically in Fig. 8.
The central heat source of the district heating grid is
simulated with a gas condensing boiler (UltraGas®,
50 kW). This boiler supplies a buffer tank. The pump
DKP1 assumes the function of the network pump.
Downstream consumers and prosumers are simulated by
an adjustable heat exchanger. In addition to the heat
absorption from the grid, the installed heat transfer station
allows also an infeed by return rise. To overcome the
pressure loss in the heat transfer station, the pump DKP
VA3 is installed. Heat generation on the secondary side by
the prosumer is also simulated by a gas condensing boiler
(UltraGas®, 50 kW).

With regard to the simulation, the following changes
occur for the laboratory operation:

- The loading of the stratified storage tank does not take

place via a stratified storage lance.

- A discharge of the stratified storage tank can only take
place via the grid. An extraction by the heating system
was not included.

Fig. 10 shows the validation results for the plate heat
exchanger. The dashed lines in this diagram and in the
following indicate the measured values in the laboratory.
The solid lines indicate simulation results.

drops. Unlike in the laboratory, the power decreases faster,
so that in the study area, the amount of transferred heat is
about the same size. Also in the simulation, there is a
volume flow from the beginning on both the primary and
secondary sides.

Taking into account the inertia of the heat transfer station,
a line with a certain length was assumed between the
transfer station and the secondary buffer. Thus, the cooling
in the intermediate circuit could be well imitated (see Fig.
11 and Fig. 12).
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