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1 ABSTRACT

Urban infrastructure is accountable for a largeestwd carbon emissions, especially energy suppiyé¢et
the demand for thermal heat and domestic waterafdety the climate agreements these systems hae to
decarbonized. In urban neighbourhoods, districtihgaystems (DHS) are efficient solutions to syppat
and favoured by locally or regionally operating neipal utilities. To integrate renewable heat frawiar
thermal plants or waste heat from lakes or rivgraiging heat pumps, DHS in highly densed agglornmrat
face major problems. On the one hand the avaitplafiland respectively free space is limited. @e other
hand operating times of solar thermal plants angelscale heat pumps are similar considering a-feng
planning horizon. In this contribution a mixed ig¢e linear programming (MILP) model is developed to
determine the implementation of both options stilarmal plants as well as large-scale heat pumpd-is
with adjustable generation plants in an optimal wBlye model computes minimal investment costs and
related emission savings for different alternatii@egrating heat of renewable sources. The regalts
support the decision-making regarding the feagjbiliFurthermore, good combinations of different
renewable energy sources and their integration anlBHS can be identified even though the sources ar
distributed over the DHS. Main decision variables the choice of possible plant sizes under coreiide

of the (existing) DHS-network layout and availalsigace in highly densed urban districts. The network
topology as well as energetic and ecological cairgs (e.g. maximum flow capacity in pipes or opat
times of heat pumps due to boundary conditionseait Isources) lead to a selection of plant comlinati
which represent the optimal solution to lower tidissions at acceptable investment costs. The deselo
model is applied to a case study for an DHS in wlynduilt neighbourhood with several available heat
sources for heat pumps and free areas for solan#heollectors. The results proof the functiortted model
and illustrate that an energetic improvement of S is possible by integrating solar thermal pdaaatd
large-scale heat pumps at economically acceptainlditions.

Keywords: District Heating Systems, Heat Pump, Mikateger Linear Programming, Solar Thermal, Urban
Energy Supply

2 INTRODUCTION

The necessity of reducing anthropogenic greenhgasgGHG) emissions to decelerate climate change is
incontestable. Various infrastructure in urban hbmurhoods such as residential zones are resperisiba
large part of the GHG emissions, especially becdwesing and domestic hot water is often provided
individually by fossil-fueled energy supply systenmidus, urban built district energy systems must be
decarbonized. (IPCC, 2018; REN21, 2019)

Current policy measures of the European Union awral countries aim at upgrading buildings which
underlie a fossil-fired energy supply (e.g. KiW2P0). In contrast to individual heat supply, didtheating
systems (DHS) offer the possibility of absorbingaéte) heat from miscellaneous (renewable) energy
sources, transporting it over (long) distances praviding it elsewhere in various buildings for &sp)
heating and domestic hot water (preparation). Thislamental idea of DHS is shown in Fig. 1. It is
essential for the success of the energy trandgitiaha mix of local energy sources and variousreldgies
fulfil the DHS supply task in urban agglomerati@rsl neighbourhoods and contribute in the long teran
sustainable and preferably emission-free energyplgupncluding an improved energy efficiency.
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Traditionally, excess heat resources have thegiiroin other energy sectors, i.e. combined heatppovder
(CHP) plants for electricity generation or induatprocesses. Today, there is an additional inténdhe use

of renewable heat in DHS. A combination of provgliecycled and renewable heat is the focus foréutu
DHS. As a result primary energy supply for heat deds will be substituted and lower environmental
impact will be achieved. Some potential renewablergy technologies in DHS are solar thermal cablect
and heat pumps. Both have better economic andamaintal costs and benefits at a (large) distdates
compared to an individual building scale. For tieigson, their application in DHS makes particuéarse. In
the future, they will be of great importance, assibfired DHS supply possibly needs to be replaceer
time as far as possible. (Frederiksen and Wer@di3;2Wiltshire, 2016; Werner, 2017)

sl
.1l i
At

Fig. 1: Schematic overview showing the basic pafress DHS according to its fundamental idea.

In general, DHS are unique, e.g. regarding thesrafsesources or network size. Some of the biggjést

in Germany (e.g. Hamburg) respectively agglomenati@.g. the Ruhr area) rely on DHS to provide spac
heating and domestic hot water. DHS in-feed is paiased on CHP, because the plant operation can be
optimized by producing at times with attractive gownarket in-feed tariffs (cf. Fang and Lahdeln2l.&).
However, the operation of CHP plants is contro#aldo it is possible to achieve a beneficial irdféar
both, DHS and the power grid. In 2018, heat fromPCplants accounted for 80 % of DHS supply in
Germany. In the future the combination of (de-)teadized CHP plants and DHS in urban areas is
reasonable, since there is a link between the uakigower load and the heat load. Especially ineim
without wind and sunshine CHP plants can meet ésfivobligations for DHS as well as flexibility
requirements for the power grid with a high effraig. However, to achieve sustainable (district)rgye
systems deep energy savings are required and l@smtegration of renewable energy sources must be
pushed forward both in the electricity market amel heating market. (Connolly et al., 2014; Wer26d,7;
AGFW, 2019; Thommessen et al., 2019)

2.1 Integration of renewable heat into district heatingsystems

Locally or regionally operating DHS business u#bt often face a number of problems when upgrattiag
DHS performance or considering renewable energylgupossibilities for their existing infrastructure
Basically, technical and operational parametersewtral generation technologies are the formert@ints

in the decision-making during all stages from (ewuit) planning, through construction until operatio
especially for generation plants that generate freat renewable energy sources. In addition, a majo
problem in many high dense urban cases is theadi#ty of space or the competition in the use foé€)
land. Ongoing (sub-) urbanisation results in citigth high energy demands but scarce land for &ciexft
(district) energy supply and distribution, espdgiah DHS. Such initial conditions make the intetipa of
renewable heat more difficult since a specific amiai space is required. (Miglani, 2018)

Moreover DHS operation temperatures are crucidhéoverall system efficiency. Current DHS research
focuses inter alia on optimizing supply and rettemperatures. Hereby, the development of betténgip
technology is ongoing. Improvements are neededderdo become a reliable, cost-efficient basismfel
DHS schemes with lower temperatures and a largaresbf renewable energy sources. Furthermore, the
mature technology of surveillance systems, somlaitgd controls and heat meters needs to evolveake m
DHS smart in the sense of digitalization. Sevetadies show that DHS operation temperatures will
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decrease, so that heat loss reduction and anegifitieat generation become crucial. (Wiltshire,6201
Werner, 2017)

In Germany, the integration of e.g. large-scald lpeanps or solar thermal plants is becoming ineneghs
important which is apparent from the fact that kst call for bids to fund innovative CHP systemasw
oversubscribed for the first time in December 20b@ovative CHP systems are defined as selected and
modern systems with a high energy efficiency amd@HG emissions. As a requirement the cogeneration
plants need to be operated in flexible combinatitth other technologies, i.e. to achieve a hightiparof
heat supply from renewable energy. Therefore, amouative CHP system consists at least of three
components, i.e. the CHP plant itself, a compoff@nthe provision of renewable heat (e.g. solarrtiad)

and a electric heat generator (e.g. direct eletioiters). As a constraint the production of cogates
electricity and heat is intendet to be useful fothithe power grid and DHS and thus, must accod&toand

or loads, respectively. Additionally, the individummponents of innovative CHP systems must betljoin
regulated and controlled. (BAFA, 2020; BNETZA, 2020 KWKG, 2020)

2.2 Cannibalization effect and financial issues

To achieve higher shares of renewable energy in thid$tegration of solar thermal energy and heatgs
makes particular sense. However, operation timehade technologies cannibalize each other sinlz so
radiation and the required temperature from otbeewable heat sources are mainly reached in theneum
and transitional periods of a year. Thermal stasagen bridge the time between supply and consumptio
but require additional free space and imply higtasts for investment and operation. Fig. 2 comprsée
the common cannibalization effect of solar therpiahts and heat pumps in urban DHS in a graphiegl w

limit temperature for

\mwmp usage

average river or lake
temperatures

temperature; solar radiation

year

Fig. 2: Cannibalization of operation times for sdtegrmal plants and heat pumps by means of sadétian and the temperatures
of predestined heat sources.

Next to technical operation parameters financialés always play a great role in the choice of gner
supply source in DHS. Regarding the technologiefogus in this contribution, various advantages and
disadvantages can easily be identified, which el@ed to the long-term economic operation of thergy
supply plants.

Depending on the targeted energy yield, a solanthkplant requires a certain amount of free spatéch

IS (as described before) usually very limited ibbam agglomerations. These systems can be mounted on
roofs, which in turn places new static requirememtsuildings. For planning reasons, it is gengredisier

to install solar thermal collectors on new buildirtgan to retrofit it on existing buildings. As shoin Fig.

2, the operating times are relatively easy to mtediiring the summertime of a year. This means dtter
operating parameters (e.g. thermal storage, DH& dgiiipensioning) can be easily determined with ttef
suitable calculation tools. Depending on the padérnocation of a solar thermal plant and the reeghi
operating conditions, the investment costs caneberchined. Operating costs of solar thermal pléote.g.
pumps or maintenance are usually the minor expandeare usually subordinated when considering the
entire lifetime of a solar thermal plant. (cf. Mahd; 2020)

The feed-in of environmentally sustainable heatibiyg heat pumps makes sense in DHS, especiallg sin
this technology can be achieved in a cross-sectoaginer to serve the power network as well. Fayelar
DHS, there are special requirements for the heatceoof the heat pump, which is correspondinglyaof
large-scale. In order to achieve high feed-in ceijesc high volume flows from a heat source areessary,
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which should also have a certain temperature lé&¥®lially lakes or rivers are suitable for this g, but
their temperature fluctuates over a year. It fobote outside temperature (very) phase-shifted veittd
(strongly) attenuated peaks, which depends onitleeos$ a lake or river. However, in certain seasoihnthe
year, operation often has to be discontinued ireombt to cool down the public waters too much, &g
reasons of species protection. Heat pumps which galkvantage of the ground temperature that risés wi
depth, operate at relatively constant source teatpeys. But the costs of drilling are for most Egan
countries not yet in a reasonable proportion toahergy yield. Generally, a large-scale heat pumap is
well designed in accordance with the existing cbonds of the heat source requires little space in
comparison to a solar thermal plant, although (&sadeasons of operational control) a separateatiog
building must usually still be erected at the selddieat pump location. However, financial iss@ggmrding
heat pumps in Germany do not depent on technicaiatipn. Current research shows that the integratfo
large-scale heat pumps into DHS are not cost cativeetvith (existing) fossil-fired units because thfe
regulatory and economic framework. (cf. Popovskilet2019)

2.3 Aim of this contribution

All in all DHS technology is improving and businessors react to political efforts to ensure aaunstble
energy supply for society. In high-dense urbaresildHS imply low heating costs due to the ability(re-)

use a range of (locally available) heat sourcepe@ally heat from CHP plants and waste heat from
industrial processes, as well as renewable heat ®olar thermal plants or (large-scale) heat pumps.
However, limited space and technological as welleasironmental requirements lead to challenges
regarding a sensitive DHS network and supply de&iga secure energy supply. Considering the nuraber
DHS supply possibilities in current issues, e.gsilmg from legislative framework (cf. BAFA, 2020),
optimization modeling can be a tool for an improdedign of DHS in urban districts or neighbourhoods

The main goal of this contribution is the developinef a computational method in order to determe
optimal design of renewable energy supply for urbietricts with DHS. There are several tools avdda
e.g. to determine excess heat potentials (cf. PERA2Z0), but decision-making regarding improving ®H
supply actually focusses on solar thermal plants large-scale heat pumps for legislative reasouws,ie
Germany as mentioned above. Since the operatitimoeg technologies cannibalizes each other, finding
optimal energy supply design considering thosewabhées as integration into existing DHS can be derp
Mixed integer linear programming (MILP) is chosendevelop a model with the implementation of both
options solar thermal plants as well as large-seadt pumps in DHS. This contribution attemptsddrass
the challenges associated with the modeling ofntgdtDHS supply design and operation of solar thérma
plants and large-scale heat pumps in the long-term.

3 METHODOLOGY AND MATHEMATICAL MODEL FOR IMPROVED ENE  RGY SUPPLY

The optimization approach developed within this tdbation minimizes the total investment costs and
considers GHG emissions (in carbon dioxide equittajeof an energy system. It includes a formulation
which allows the analysis of the impact of largaleteat pump operation on the temperature of aklieat
sources (ground and river water) with respect ® fthctuating performance due to external fact@s (
measured by the coefficient of performance, COPe mathematical model for an improved renewable
energy supply design in urban neighbourhoods wasloeed to overcome the problems arising from the
cannibalization of solar thermal and heat pumpstimeed before. With the MILP-model combinations of
different renewable energy sources and their iategr into a DHS can be identiefied as start valfioes
further steps, i.e. detailed planning and econaoraiculation for a supply concepts lifetime. The g@h
purpose of the model is shown as a graphic inJ:ig.

For the general MILP-model some indices, parameteds(decision) variables are being introducedifoe
steps, heat pumps, solar thermal and transpors gip®rder of appearance):

t=1,..,T
hp=1,.. HP
st=1,..,ST
tp=1,.., TP
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The mathematical model computes minimal total imesit costs (TC) with the objective function and
related emission savings (TE) for different alt¢ines integrating heat of renewable sources witle@ond

function:
minTC = Z Chp + Z Co + Z Cip

hp=1

T
Eref "t Dt
= Tl'ref

tp=1
Shp,t + SSt,t + Stp,t - Dt Vt

For the calculation of emissions (E) and the relatavings (TE) an energy supply reference (refpibe
assumed (i.e. often individual supply by heat Wsilen a building-scale). The main calculation oé th
economic variables depends on the selected tedpnatox, which ensures the energy supply of the
neighbourhood for the selected period (e.g. usuatig year). This is represented by the third eqnoati
above, whereas the demand (D) represents thedashtb well as the energetic DHS losses. In thitegg
different energy equations must be considereddeersl supply (S) possibilities:

Sstt = Tsem * SRy At - (1 = psem) — (kO,stm “Agt (Tst,t - Ta,t) + kl,stm CAge (Tst,t - Ta,t)z) Vst t
Shp,t = COPyp i+ Pry Vhp,t
COPhp,t = f(th; Tsource,t: Tsupply,t) Vhp,t
Stp,t = mt’p,t Cp (TDHS,supply,t - TDHS,return,t) Vip, t

. n 2
Mept = T dep™ P Vepe ViDL

As shown in detail for solar thermal plants, thare many parameters that influence the calculatiepgnd

on system properties (stm). This also applies & pamps and to the necessary transport pipesefner
this documentation is limited to the essentialueficing factors. All formulas regardig energetioersion
and supply are based on literature, where furthdrraore detailed (e.g. time stepwise) calculaticars be
found, too (cf. Witte-Humperdinck, 2019; Wessel2@17; Cube and Steimle, 1978; Doering et al., 2016)
Other current feasibility studies can be used fongarison in terms of energy calculation and evalna
(e.g. Bucken et al., 2017).

Current DHS Possible improvements optimization model

* Available land for
Solar thermal

*  Lakes, rivers, * parameters
ground for (large- # * decision variables
scale) heat pumps «  objective function

* Transport pipe to ¢ constraints é%* o
existing network & @é‘

Fig. 3: Schematic overview of the optimization miadde DHS supply design considering solar thermahgs and heat pumps.

In the case of solar thermal systems, the mairofador energy supply are the collector surface ¢,
location based parameters such as solar radig@iB), (rientation or angle of inclination, as wedl (gsolar
thermal and DHS) system temperatures and ambimgeatures (T). In the case of heat pump operation,
the COP is the most important variable. It depemighe capacity (K) of the heat pump and its specif
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system properties (e.g. refrigerant), and the teatpees of the heat sink (i.e. DHS supply) and keatce,
which are possibly weather-dependent. In the cdstramsport pipes, the DHS temperatures and the
maximum transport capacities (m), which can berdeted on the basis of the pipe geometry, are tkecis
for reliable operation. Constraints referring tegigting) network layout are considered in piperddters (d)
and its maximum flow capacity (v) (cf. OKL, 2016).

However, for cost calculation the main decisionalales are the choice of possible plant sizes (Khimat
pumps and A for solar thermal) and transport pgemeters (d for the diameter and | for the length)

Chp = C(th)
Csr = C(Ast)
Ctp = C(dth ltp)

For programming and solving this MILP-model, spksiaftware is needed. A common solver is CPLEX.
While solving this optimization problem, DHS topgloand the defined energetic and ecological comsra
above lead to a selection of plant combinationscivinepresent the optimal solution to lower the sioiss
regarding the investment costs. In parallel to uhderlying heat network design, the potentially sildle
supply concepts play a decisive role (e.g. conoedid existing networks, construction of new getiena
plants).

However, in general the MILP-model developed comisiddistributed locations and sources in existing o
new-built DHS in urban neighbourhoods. As the aldéd space in high dense urban districts limit the
amount of possible solutions drastically regardaagar thermal plants, the main focus is often atallo
optimal solutions for (large-scale) heat pumpsrangport pipes, which connect DHS. Hereby, maximum
pipe flow and operating times of heat pumps dukawndary conditions of heat sources are considéned.
cases where a solar thermal plant is combined avitinge-scale heat pump, the challenge is to owszdbe
cannibalization effect. Sometimes a combinatiotrarfisport piping, solar thermal plant and heat pisripe
best solution, because new transport pipes caspgaanrenewable (excess) heat from both, solantaleand
heat pump operation in other networks which wouldeowise be fossil-fired during times in which the
cannibalization effect would be felt.

4 MODEL APPLICATION TO A CASE STUDY

In this section the mathematical model developeapdied to a case study in the German Ruhr arétar A
the second world war DHS were introduced in théaasince there is a high dense population whicligésp
high heat demands. Nevertheless, some parts Ruhearea rely on individual heating systems otding-
scale. Improved DHS energy supply needs to be dereil today and the MILP-model can support the
decision-making. In order to illustrate this, asfithe investigated neighbourhood is introduced.
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Fig. 4: District heating and gas supply areas inhdiim (Ruhr), Germany, and localisation of the iniggged neighbourhood

(Lindgens-Areal) in the urban area. Existing enegggeration plants and possible places for newaaps and solar thermal

collectors assumed are included as well as a ded3HS route in the neighbourhood. (Modified fronai, 2019; Rédel and
Urbanski, 2020; cf. RHA, 2020)
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The planned neighbourhood is located in the citidfheim (Ruhr) on the western side of the Ruherriv
between the districts Broich and Saarn. It coverstal area of approximately 42 ha and is an urban
development project of the former Lindgens leatfagtory. In the published urban development draft a
scarcity of space and a resulting competition imgeof land use can be illustrated by the delinatabf the
project development area. Fig. 4 shows the plamegghbourhood and the surrounding heat supply alith
relevant energy generation facilities of a localberating municipal utility. For the planned neighthood a
new DHS with heat supply from a solar thermal pkmd large-scale heat pumps is considered, too.

Due to its location several energy supply possésican be identified. There is an island in tharRiocated
east of the neighbourhood. This area comes intstiguefor the use of solar thermal energy, espgcial
because of its size about 60 ha. Solar thermakdolls on the roofs of (new-built) objects in the
neighbourhood are also sensitive. Furthermore,tyiwes of large-scale heat pumps are considereahwhi
differ in their heat source. The first uses riveter and the second uses energy from the grouiine isouth

of the neighbourhood, which can technically be enmnted by e.g. borehole heat exchangers. Firally,
network connection to the existing DHS in the narthst also be considered. The route of a trangppet
can be oriented along the course of the main rAagl.connection pipes for correspondingly large gger
supply systems are also taken into account.

4.1 Extract of data and relevant calculations of the mdel

Basic weather-related influences that apply to yvawssible energy supply design concept has to be
determined carefully. For the MILP-model typicaltalas used for this purpose, which is called “Test
Reference Years” (DWD, 2020). The outside tempeeatand solar radiation are of particular interkst.
the following Fig. 5 average values per month apresentated at the location of the new neighbauatho
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Fig. 5: Average ambient temperatures and solaatiadi for the case study.

It is noticeable that the curves are similar. Ofirse, this was to be expected, as these curvedbean
understood as the cause of the cannibalizatiortefescribed at the beginning. Note in this figurat the
values for solar radiation are somewhat distortedhie hourly resolution of the data set. During tagy,
obviously, higher values can be expected, espgdraihe summer period. The peak in the data sed is
918 W/m2. An average annual temperature of arodntClcan be determined.

However, all further calculations are based on hiberly values of the data set. This approach pkys
particularly important role in all calculations fsolar thermal plants. Various collector types fraiferent
manufacturers are also included in these calculsti®hese can be taken from another data set(SK,
2020). Within the framework of MILP-model developmhea separate database was created with the ltypica
solar thermal collectors from known large-scalejgmts in Germany. In order to calculate the twothea
pumps considered in the model, different data rbestollected for the Ruhr river water temperaturd a
ground temperature, respectively. In the first neemd@d case (LANUV, 2020) is a very helpful sourde o
information. There is a collection of historicaber water data (e.g. temperatures) and relatedisiatzout
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the geographical information of the metering staiin the German state of North Rhine-Westphalia. A
station suitable for the area under investigat®olocated in the immediate vicinity of the hydromovplant
(see Fig. 4). For the present MILP-model calculatiater data of the past year are used. In genecan

be noted that the course of the water temperatliems the course of the ambient temperature wishigint
time lag.

As Fig. 6 shows, there were gaps in the recordinth® water temperature in some places. In therdéigu
measured data is represented by completed linesngssihg time periods are represented by dashed.lin
The gaps may be related to malfunctions of the oréas devices. For this reason the temperatureg wer
first compared with the temperatures of the nexilallle measuring point upstream the Ruhr rivere Th
location of this measurement is Bachum. It is reztiile that especially in summer significantly loweter
temperatures of the Ruhr are present at this measlacation. It can be assumed that this is relatethe
industry located along the Ruhr river. Water frawers is often used as a refrigerant in producgimcesses
or for (fossil-fired) electricity generation. Esj@ty during summer it heats up. As many industfiese
traditionally settled in the Ruhr area, an increagse of river water as a refrigerant is to be etgukand
therefore, the variance of the measurements caxjtlained. In order to set reasonable values invithé°-
model calculation, the water temperature of thet{afly) next metering station was also compareds |
located in Dusseldorf on the Rhine river. Herejnailar course of the water temperature can be oBser
From all available water data, the model calculatespresentative annual course, which correspoesisto
the data of the Milheim metering station, if poksiDeviations are corrected in a meaningful waselson
the measured values of the other two meteringosisitiFig. 7 shows the calculated river water teatpee
for furhter system analysis within the MILP-model.

30 30

Miilheim measured
—— Bachum measured

Disseldorf measured

Temperature / °C
=
@
Temperature / °C

0 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000 ] 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000
hour of ayear / h hourof ayear /h

Fig. 6 (left): Water temperatures of relevant rivéar the case study calculation. Fig. 7 (right)pReentative annual course of the
river water temperature available for the operatiba heat pump.

Furthermore, different ground temperatures mustdiermined. For this calculation, the approach mling

to (Thommessen et al., 2018) is used, which isbasghe ambient temperature data from (DWD, 2020).

a certain depth, the ground temperature respongisnertly or time-delayed to the ambient tempemtand
with very damped peaks. A baseload heat pump cde mse of this for DHS supply, but the achievable
temperature and energy yield must be in a reasenaldtionship to the drilling depth and the costated
for boreholes. In the model a usual depth of 8 s assumed. Additionally, the ground temperatura at
common depth of 1.2 m for DHS pipes was determitedcalculate the DHS heat losses in the
neighbourhood according to (Thommessen et al., 2F1@. 8 above summarizes these results.

a0

"Ambient temperature
35

Ground temperature (1.2 m
depth)
= = Ground temperature (8 m depth)

30

25

20

hour of a year / h

Fig. 8: Ground temperatures calculated from theianthlemperature.
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In addition to solar thermal collectors, databasfebeat pumps (and their essential system progentig.
refrigerant) and common pipelines were implementad.exemplary approach for DHS route selection is
presented in (Résimont, 2019). It was adaptedi®ipurpose of this contribution to determine theting of
transport pipes which connect the investigatedhimgrhood with existing DHS nearby. Basically, jose
transport pipe to the existing DHS called “Stadtefiitnakes particular sense (cf. Marx, 2019).

Finally, the calculated DHS heat losses are indudethe total energy demand of the neighbourhded.
described in the MILP-model a chosen energy sugplign must cover the total demand at all times. In
order to determine an annual energy balance innt#ighbourhood a heat load curve is generated, as
described in (Witte et al., 2019), which resultairequired total heat demand of 2.1 GWh/a (heaibde of

the buildings and heat losses of the DHS). Herebgliding flow temperature control depending on the
ambient temperature is assumed with DHS supply ¢eatpres of 110 °C in winter and 70 °C in summer.
The value of the DHS return temperature is assumadnstantly be 55 °C. The determined value fer th
total heat demand is consistent with the resultutated from other approaches (cf. PETA4, 2020|I&4det

al., 2018), where e.g. an average DHS efficiency).8f has been assessed at 100 % DHS share for the
location of the investigated neighbourhood. Figefresents the heat load curve or the requiredsggay,
respectively.

Within the MILP-model, the economic calculations pbssible energy supply solutions are based on
established average values from literature. Thestment costs of each possible solution is caledlat
depending on the main influencing factors of a supption described in section 3. Specific averagsts

for solar thermal energy are estimated at 350 €fo?. heat pumps 2,000 €/kW are assumed. Regarding
transport pipes, general costs of 1,000 €/m aresidered. Additionally, individual costs (e.g. foivit
construction) are assumed and added dependinganuke of a transport pipe.

500

required heat supply / kW

150

0 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000

hour of ayear / h

Fig. 9: Required DHS supply for the neighbourho@d¢ulated on an hourly basis.

4.2 Results

In this section the results of the energy systemyais performed with the developed MILP-model are
presented. The approach differs from other curliéetature (cf. Witte-Humperdinck, 2019). However,
similar approaches can be observed for energymyatalysis as well (cf. Miglani, 2018). For an ioyed
energy supply of the new neighbourhood an optinsaicept consists of a river water heat pump and an
additional transport pipe. The chosen heat pumpabge with ammonia as refrigerant and a associated
connection pipe from the river to the district asidered. The transport pipe is of size DN 300@mhects
the DHS of the new neighbourhood with the existiegwork “Stadtmitte”. The route follows the coursfe

the main road over a length of about 1 km. The eh@®ncept implies total investment costs of 1.44am

€ (in addition to the costs incurred in any cagetlie construction of the new DHS). The saving&6fG
emissions calculated by implementing this distecergy supply solution amount to 388,478 t carbon
dioxide equivalent. The presumption that biomethi@neel CHP plants are operated in the existing DHS
plays an important role in this assessment.

The heat pump selected can be operated througyetreand therefore, it has many hours of operation.
winter full-load operation is not possible becattse river water is cold and a minimum cooling dowwr2
°C is set as a boundary constraint in the MILP-nhoNevertheless, a temperature control by pre-hgati
from the DHS with higher temperatures can be camsill as an additional improvement, since a cororecti
pipe for the heat pump from the river to the nemitood would have to be built in any case. Howetrex
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river water reaches high temperatures in summethabothe energy conversion process of the heappum
works particularly efficiently. This can be seeonfr the course of the COP for the river water hesigp
operation over one year. This is shown in Fig. A0the heat pump selected. The average annual COP
amounts to 2.74. However, for the continuous opmrashown, maintenance and service intervals would
also have to be considered. Obviously, a heat pranpot be operated during these periods.

No heat pump is selected that uses the ground tewope as a heat source due to the usable ground
temperatures and the temperature of the DHS tordaded. During the course of the year, the require
temperature rise to supply ground source energythet DHS is often higher than the temperture ofsa

river water heat pump. So the efficiency of thethmamp is finally worse. The cost of drilling alptays a
major role. Furthermore, associated drilling c@sts added to the costs for connection pipes. Aghahe
ground source heat pump is located closer to tighbeurhood, additional costs for drilling are natified.

This result was to be expected. The fact that theeldped MILP-model excludes such a supply possibil
illustrates its suitability as a decision aid wilgard to the feasibility of improved (and renevedl@#nergy
supply concepts.

3
g
g
5

heat pump perform:

0 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000
hour of ayear / h

Fig. 10: Performance of chosen river water heatppum

No solar thermal plant is part of the solution gih®y the model. One reason is that the year-ropedadion

of the chosen river water heat pump can ensureserload supply on its own. Due to the free capegitn

the existing network and the selected transporg,pipe energy needed to cover the demand beyond the
supply of the heat pump is obtained. Moreover ctigts for connecting a solar thermal plant on skend in

the river are extremely high. It would be imperatte build a culvert. In this context, further ac$ must be
taken to ensure that the underground constructimhralated works are successful. Of course, sustsco
plays a role in the decision, too. Nevertheless,NhLP-model could have chosen solar thermal ctibiesc

on the roofs of the buildings in the neighbourhdadt, the costs involved could have been avoidecksihe
predictable operating time of such solar thermahfd makes no sense due to the DHS supply poteftial
the river water heat pump and, especially, to attmédcannibalization effect.

However, if a thermal storage tank is integrated the energy supply concept, the final result ddabk
different again. Depending on the long-term stratefithe utility company (e.g. DHS expansion tovgatide
south or connection of new customers along thesprant pipe towards the north) it may make senseotif
even necessary. Of course, in such cases thethaiahal energy demand increases. With the addltiona
possibility of interim storage, more renewable ggefrom a solar thermal plant or a ground sourcat he
pump could be fed into the DHS and via the transpigre also into the existing DHS. However, energy
supply from a new CHP plant should also be examinddrther investigations. As shown in Fig. 4 abpv
various DHS in the overall urban area are supydied CHP plant.

The optimal supply concept chosen by the MILP-madeéts the total annual heat demand of 2.1 GWh and,
additionally, environment-friendly energy is fedanthe existing DHS during the summer months. The
energy balance for the neighbourhood shown in ige H illustrates these relationships. The rivatex
heat pump feeds a total of 1,317.7 MWh of thernnalrgy. About 12.5 MWh are transported into the DHS
“Stadtmitte” in summer, while 839.8 MWh are drawarh it during the rest of the year.

In general, just over 60 % of the total annual desng covered by the river water heat pump. Onotie
hand, this is due to the base-load operation ohé&a¢ pump and, on the other hand, to relativelydemand
peaks in the winter and in the transitional periotsis is because a high standard of the buildijegs.

E SHAPING URBAN CHANCE REAL CORP 2020: SHAPING URBAN CHANGE

IF'(')WI'TEZ%'H EEWRSY Livable City Regions for the 21 * Century — Aachen, Germany



Christian Thommessen, Jan Scheipers, Jirgen Roeslikmgleinzel, Somil Miglani, Balazs Bokor

insulation) is expected as most buildings will vty constructed in the investigated neighbourhdduok
selected supply transport pipe covers the remaiméag load peaks.

or supply / kw

ad

year

Fig. 11: Energy balance of chosen concept.

The energetic results determined support the daeeisiaking process when examining the feasibility of
improved DHS energy supply concepts. However, #dseilts are based on many assumptions and variable
parameters, so the calculations do not replacetalet energy system design or final dimensionieg.(
plant sizes or pipe diameters). In particular,¢henomic calculation of energy supply concepts kshoat

be limited to the investment costs alone. In subsegwork also operating costs should be taken into
account and should be discounted over the lifebfrtee plants chosen for an optimal solution. InrGany,

e.g., there is an awkward regulatory frameworkihsa the operation of heat pumps is not cost-cortneet
compared to other (fossil-fired) energy supply eyst (cf. Popovski et al., 2019). However, the MILP-
model created is an approach that can be furtheglaleed in any direction and take other influencing
variables into account.

5 CONCLUSION AND OUTLOOK

There are many requirements for energy supply sysia urban districts. Especially in the heatingtee
the challenge of ensuring an improved energy sufgplgociety and, e.g., the integration of moreereable
energy (sources) is becoming apparent. Urban plgnmas to meet the expectations of various dis@pli
and business actors in order to implement enerfigiexft supply solutions both in new neighbourhoeds
well as in existing urban districts. DHS can pravighergy for space heating and domestic hot watar i
particularly efficient and environment-friendly walyn order to encompass several sectors (i.e.raygt
and heating) DHS is increasingly seen as an intgugnd of the overall energy system, e.g. to endinée
usage of increasing and fluctuating renewable ebegt

In the context of this contibution, a MILP-model svdeveloped, with whose it is possible to improveSD
energy supply concepts by examining various (rebé&ysenergy supply options. The main focus was on
solar thermal plants and large-scale heat pumpausectheir operating times are similar. In ordeavoid

this cannibalization effect, the model computewitnual data in high temporal resolution. Spedllfjic a
mathematical optimization based on hourly data easied out to investigate whether the constructibn
new plants is worthwhile. The final investment sostere used as a decision parameter. They vary
depending on the energy supply source associateasice.g. civil constuction.

The functionality of the model was demonstrated@isi current case study from the Ruhr area. Kadjrfgs
are that, from an energy point of view, (existimgighbourhoods, as well as (regenerative) energplgu
possibilities, are individual and depend on martgeal impacts that can hardly be influenced onevet at

all (e.g. solar radiation for solar thermal pladte to a geographical location). The boundary caims
implemented to calculate the case study mainlyénfte the result. However, by applying the MILP-glod
an energetically reasonable concept could be detednwhich is associated with acceptable additiona
investment costs and a high saving of GHG emissions

Furthermore, worthwhile approaches for further stigations or further development of the model were
identified. The consideration of other technicateyns, e.g. thermal storages, may be useful. Meretve
consideration of operating costs as well as pldeatirhes is recommendable against the background of
current political and legal conditions. Finallyetadaptation of the MILP-model to other use casedso of
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interest in order to identify further improvemeruaspibilities and to implement appropriate solutidos
improved energy supply design in urban DHS.
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