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64287 Darmstadt, Germany Industrial companies can contribute significantly to reduce CO, emissions by using
waste heat through connecting their industrial energy supply system (IESS) to a district
heating system (DHS). This paper focuses on emission reduction potential of an
(industrial) heat transfer station (HTS) regarding energy flexibility and sector coupling
required for the successful integration of industrial waste heat. To optimize the
operating behaviour of the HTS, a data and optimization model is integrated into a
digital twin (DT) based on reference architecture model for industry 4.0 (RAMI4.0).
Within the DT, the information, functional and business layer are modeled. The effects
of operating the HTS supported by central modules of the DT are evaluated on one
year's data of an IESS of a real industrial site. The results show a potential operating cost
reduction by 6 % for the IESS and increases in profits of 1.3 % for the DHS. Scope 2
emissions can be reduced by 25 % for the IESS and 180 % for the DHS respectively,
strongly depending on emission factors and allocation methods.
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Introduction

Nations and companies are forced to reduce CO9 emissions and decelerate global warm-
ing, e. g. by increasing energy efficiency and the share of renewable energy production
(Masson-Delmotte et al. 2018). In this development, the transition of the heating sec-
tor is still in its infancy despite the relatively large share of thermal energy in the
total energy consumption. In Germany, the share of thermal energy in the industrial

sector is 70%, in the residential sector 90 %, respectively (Anwendungsbilanzen zur
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Energiebilanz Deutschland 2020). For the heat-related energy transition different path-
ways can be outlined: electrification, co-generation and district heating as well as power
to gas (Kavvadias et al. 2019). Sector coupling and electrification of the heating sector can
contribute to emission reduction by integrating renewable energy sources (RES) as well
as waste heat (Thomaflen et al. 2021). Here, DHS can help to overcome local surpluses
and shortcomings to enable a more flexible integration.

Industrial companies can contribute significantly to reduce CO; emissions by using
waste heat through connecting their IESS to a DHS, e. g. within densely populated areas
(Pelda et al. 2020). The extend to which sector-coupling and waste heat utilization are
possible strongly depends on temperature levels: for applications that can utilize waste
heat up to 100 °C, the potential in Germany is about 56 PJ/a; for use up to 70°C its 82 PJ/a
and for up to 35°C its 127 PJ/a, respectively (Briickner 2016).

To couple several thermal networks and utilize waste heat, a complex HTS consisting of
heat exchangers (HEX), energy converters, heat storage (HS) and a thermal circuit to inte-
grate heat is necessary. For a flexible coupling and beneficial operation of such complex
subsystems, characteristics of surrounding networks or relevant temperature levels need
to be taken into account for the operation of HTS (Ancona et al. 2015). Depending on
the HTS topology, integrated energy converters like heat pump (HP) or immersion heater
(IH) enable coupling with the power grid. Here, variable (thermal) operating conditions
and a volatile renewable energy supply require an operation optimization to maximize
revenues and minimize emissions (Kohne et al. 2021).

The operation optimization itself requires a profound data basis. Rising digitization
and standardization offer the opportunity to improve overall transparency and operation
in industrial production sites and processes (Posselt 2016). Especially for the integration
of complex interconnecting systems such as HTS, a digital representation in the form of a
DT (Stark and Damerau 2019) is necessary. To develop and integrate such cyber-physical
systems in industrial applications, the RAMI4.0 was developed as a fundamental architec-
ture for standardization in industry 4.0 (DIN - Deutsches Institut fiir Normung e.V. 2016).

This paper focuses on emission reduction potential of an HTS regarding energy flexi-
bility, sector coupling and waste heat utilization by connecting an IESS with a DHS. To
enable an autonomous, optimized control of the HTS, a data and optimization model is
implemented into a digital representation of the system. After a brief introduction of the
related work, the technical and digital system design is presented, followed by modeling
of central modules of the DT. The work is then tested and evaluated on a specific use case.

Related work

Existing research on integrating industrial waste heat or connecting IESS and DHS mainly
focuses on a general evaluation. While Marguerite et al. (2017) examines a specific use
case in Vienna to technically integrate low exergy industrial waste heat, Zhang et al. (2020)
presents a mathematical optimization approach to connect an industrial site and a DHS
regarding economic objectives. In Ancona et al. (2015), a general concept and layouts of
bidirectional HTS for generic prosumers in DHS are presented. Here, the thermal pro-
sumer is integrated into the DHS via HEX for consumption and supply. This concept is
technically implemented and experimentally evaluated in Pipiciello et al. (2021). For a
bidirectional integration of prosumers in DHS, Rosemann et al. (2017) focuses on general
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operating strategies, presenting four main strategies to combine a DHS, a solar thermal
system and a heat consumer. In Kohne et al. (2021) the explained aspects of integrat-
ing low exergy industrial waste heat, connecting IESS and DHS bidirectionally as well as
developing general operating strategies are combined into a hollistic technical concept of
an HTS.

Although Kohne et al. (2021) presents a general concept for a DT of an HTS, none
of the listed approaches consider a digital representation of an HTS in detail. However,
such complex and interconnecting technical systems can be translated as DT into the
industrial internet of things (IloT). In the five dimensional digital twin (5D-DT) model
(Tao et al. 2019), DT consist of the physical and virtual entity, a data model and services
as well as the necessary connections. Furthermore, Stark and Damerau (2019) defines
general characteristics of DT for production systems. To improve the operating behaviour
of technical systems by DT, Ashtari Talkhestani et al. (2019) describes an intelligent DT.
As explained, the RAMI4.0 offers an architecture to integrate physical entities into the
IIoT. Based on RAMI4.0 and the 5D-DT, Steindl et al. (2020) develops a generic digital
twin model (GDTM) for energy systems.

In this work, an energy flexible operation can be enabled for the interconnecting tech-
nical system as described in Kohne et al. (2021). The technical system and thus the data
and optimization model integrate and extend several approaches of the related work such
as:

e bidirectional heat exchange,

e integration of low exergy waste heat,
e several thermal networks of the IESS,
e sector coupling with the electric grid,
® economic and ecological objectives.

Moreover, the GDTM is transferred to a data and optimization model to holistically repre-
sent the energy flexibility of connecting DHS and IESS. Here, the business, functional and
information layer are focused and expanded to integrate an optimization model which
takes operating states of surrounding networks into account. Furthermore, economic and
ecological objectives are integrated into the data and optimization model and thus into
the GDTM, providing necessary information for optimized control. In addition, a pro-
totypical implementation on the base of a real industrial site is presented to proof the
functionality of key aspects.

System design

In this section, the overall system design of the HTS, the IESS and the DHS as well as
its energy flexibility potential is presented. Moreover, a digital representation for flexible
control of the HTS is outlined.

Technical system and energy flexibility

To maximize energy flexibility and integrate different waste heat sources, the HTS con-
nects a DHS and different heating and cooling networks of an IESS as in Kohne et al.
(2021). Typical IESS supply several heat consumers, mainly divided into production pro-
cesses and space heating. As these require different temperature levels, some industrial
sites operate heating networks with different flow temperatures, e. g. a high temperature
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heating network (HNHT) for production processes and an low temperature heating net-
work (HNLT) for space heating. Moreover, IESS can include a cooling network (CN) e. g.
for cooling production machines or energy converters.

Within the IESS, the HTS can be regarded as an autonomous operating system con-
taining a thermal circuit with a bidirectional heat exchange at the interface between DHS
and IESS. By that, thermal energy of an HNHT of the IESS can be used either to sup-
ply an HNLT or the DHS. Likewise, thermal energy from the DHS can be used to supply
an HNLT. The flow temperature of the HTS must be adapted depending on the required
temperatures of the connected networks. Moreover, to integrate a CN and its low exergy
waste heat, HP technology can be integrated, e. g. in the return flow of the HTS. This
power to heat flexibility can be increased by the integration of HS and IH.

Figure 1 illustrates the overall system and its possible interactions. Here, the energy
converters of the IESS and the DHS are displayed as a conventional system consisting of
combined heat and power (CHP) and (condensing) boiler (B). For cooling supply in the
CN of the IESS, active and passive cooling can be implemented depending on required
flow temperatures. If the required temperatures are higher than the environmental tem-
peratures, passive cooling can be used efficiently, e. g. by a CT. The presented work mainly
focuses on DHS with flow temperatures between 50 and 100 °C which can be connected
bidirectionally with an IESS. For a summary of different typologies of DHS we refer to
Lund et al. (2014).

The presented HTS enables energy flexibility in two ways: Firstly, the multiple options of
thermal energy exchange between different heating networks. Depending on the thermal
energy demand of the industrial site and the consumers in the DHS, thermal energy can
be shifted between the heating networks. Thus, different efficiency levels and emission
reduction potential of the energy converters at both sites can be optimized. Secondly,
by integrating power to heat technologies such as HP and IH, energy procurement can
be shifted between different final energy sources and low exergy waste heat can be inte-
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Fig. 1 Industrial heat transfer station as an autonomous subsystem of an industrial energy supply system,
flexibly connecting the industrial site with the district heating system
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grated. The resulting electrical power flexibility can be used in real time pricing or for
system services as described in Dong and Zou (2015).

Digital representation
To operate the HTS energy efficiently and flexibly, temperature levels and interdepen-
dent efficiencies as well as external and internal price and emission must be considered.
Consequently, a digital representation can enable an optimized and flexible control of
such a complex interconnecting system. Depending on the degree of digitization within
the industrial site, its energy management system (EMS) can be connected to the digital
representation of the HTS. The digital representation framework applied in this work is
based on Steindl et al. (2020) which integrates DT into the RAMI4.0. The embedding of
the DT into RAMI4.0 offers a suitable structure to describe and order the modules of a
DT. The concept is adapted for optimized control including a two-stage control approach,
especially considering the different connections to the surrounding systems as well as an
extended economic and ecological balancing. Whereas Steindl et al. (2020) present a data-
driven modeling approach, within this paper a white-box modeling approach is utilized
with regard to the simulation model. This allows for adjustments of the HTS structure
without being dependent on extensive operating data. By that, the presented DT can be
utilized along the RAMI4.0 life cycle axis, from development (e. g. dimensioning) towards
usage (e. g. optimized control).

Figure 2 shows the different layers of the digital representation. For a detailed descrip-
tion of the lower three layers (asset, integration and communication) we refer to Steindl
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Fig. 2 Digital twin of the industrial heat transfer station integrated into the layer system of the RAMI4.0 based
on Steindl et al. (2020)
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et al. (2020) extended by an information flow from the information layer to the asset
representing possible control signals of an optimized operating strategy as in Ashtari
Talkhestani et al. (2019). In the following, the upper three layers (information, functional
and business) are introduced and modelled.

Information layer Besides the internal runtime and engineering data of the HTS, a
DT needs corresponding data of the surrounding systems IESS and DHS in the form of
unprocessed data or key perfomance indicators (KPI). In an information management,

the different kind of data are processed and integrated into a holistic data model.

Functional layer As described in Steindl et al. (2020), the functional layer integrates ser-
vices into the DT. To enable a flexible operation considering technical, economical and
ecological data, a two stage control service is introduced. The strategy controller pro-
cesses market data and technical KPI to optimize a schedule while the technical controller
enables a higher frequented interaction with the technical system. The simulation model
is used for testing new control strategies and improved monitoring.

Business layer Within the business layer, the overarching objective is defined with which
the DT should support the physical entity. Furthermore, the degree of fulfilment of the
defined objective is evaluated by balancing economic or ecological quantities e. g. by con-
sidering scope 1 and 2 emissions (World Resources Institute and World Business Council
for Sustainable Development 2004). Thus, the business layer is directly connected to the
EMS of the industrial site.

Modeling

In this section, the data model (information layer), the control optimization (functional
layer) and the economical and ecological balancing (business layer) are presented to
optimize the energy flexible operation of the HTS.

Data model

To enable a flexible operation of the HTS, data need to be gathered, processed and stored.
Therefore, a data model as shown in Fig. 3 is set up upon the basis of data interfaces,
data analytics as well as a data storage. Data interfaces allow access to data of external
systems like energy markets, weather services, the DHS or the EMS of the IESS e. g. via
application programming interface (API). Data analytics allow for deeper insights into
gathered data e. g. by linking different data to KPI or by applying more complex methods
like data mining to detect patterns and trends. With regard to the IESS and HTS, this can
be utilized to predict future thermal energy demands as well as identifying dependencies
between efficiencies, temperature levels and thermal energy demands e. g. via regression
analysis. For that, an efficient and reliable access to runtime and engineering data must
be guaranteed by the data storage. Within the data storage, processed and unprocessed
data is stored in a defined format to ensure its availability. By that, historical data can be
accessed on demand e. g. for data analytics.
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Fig. 3 Schematics of the data model with the connected systems and its acquired data. Necessary KPI can be
accessed by an advanced energy management or are being processed within the data analytics
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Due to the functional segregation of the data interface, analytics and storage the
data model allows for an optimal interoperability. Depending on the specific applica-
tion, the portrayed interfaces can be complemented on demand just as data analyt-
ics may show different levels of detail. As the KPI are a central feature of the data
model, they exhibit a standardized pattern, e. g. specific prices or costs. Similarly, the
KPI can be flexibly adjusted to the requirements of their application. With regard to
resilience, missing or erroneous data can be compensated, e. g. via interpolation or
boundaries.

The data model must process different kind of data depending on the data source
(Fig. 3), e. g. environmental data such as weather conditions or energy prices for electric-
ity or gas. Dependent on the electricity market, the price can be static or varying such as
in dynamic pricing models. To operate the connection to the DHS, the data model of the
HTS needs to incorporate thermal energy prices and revenues for procured or supplied
thermal energy. Prices can be static but also variable, e. g. dependent upon temperature
levels. Application specific characteristics must be considered by the data model as well.
With regard to electricity, different taxes and remunerations must be taken into account,
supporting key functionalities of the business layer. Additionally, data on emissions of the
DHS and the maximal procured or supplied thermal energy for each time step must be
known. In case of the HTS itself and the IESS these data can be technical runtime data
such as network temperatures or thermal and electric power of HEX, energy converters
and consumers. Moreover, engineering data can include nominal power or (part load)
efficiencies of energy converters. To operate the energy converters, storage and HEX of
the HTS the data model must process runtime and engineering data to derive KPI at its
technical boundaries which is exemplary shown in Fig. 3. Here, nominal power P"°™ and
efficiencies n = Ppn—f:n of energy converters, the thermal power demand P4™, the network

temperature T and final energy cost ¢'F and emissions e'F of a thermal network are used
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to derive the maximum power P™?* as well as specific internal cost and emissions at the
system boundary (HEX) of the HTS. The calculation of the latter is based on Egs. 1 and 2

where all final energy carries must be considered.
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As portrayed in Eq. 3, the calculation of the specific factors can be rather extensive.
Here, the specific internal costs of the HNHT is calculated based on the gas consump-
tion, electricity generation, the associated costs and rewards as well as the proportion of
own consumption «. If the IESS has an advanced EMS, these derived internal KPI can be
delivered by the EMS.
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Control optimization

The data model of the information layer can be used for monitoring and optimized con-
trol in the functional layer. To consider market data as well as reliably controlling the
technical system, a two stage control approach is proposed (Fig. 4). Based on data from
the data model such as day ahead prices, thermal energy cost and emissions, the strategy
controller uses mixed integer linear programming (MILP) to calculate a schedule for the
HTS, e. g. one day in advance. The task of the technical controller is the fulfilment of the
schedule interacting real time with the physical entity or simulation model. The simula-
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Fig. 4 Two stage control approach of the heat transfer station with connection to the data and simulation
model. The simulation model is integrated as a functional mock-up unit
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tion model is integrated as a functional mock-up unit (FMU) and calculates states of the
technical system based on the data model.

The MILP model of the strategy controller calculates the thermal power for each time
step for the different HEX as well as HP and IH by minimizing its internal cost (min CHTS),
In the following the main equations (power balances) of the MILP model are outlined.
Equation 4 describes the thermal power balance of the HTS for each time step t including
every HEX as well as the thermal power of the HP P;h‘HP and the HS P;h’HS.

0 — pthHP | pthHNHT _ pthHNLT
-t

; ; + P;h,in,DHS _ PEh,out,Dl—[S + Pth,]—[S (4)

t

The thermal power of the HP is limited by its efficiency (coefficient of performance

(COP)) n'?, nominal power P™aHP and the maximum cooling demand P?max'HP

(Egs. 5-8). The efficiency of the HP can be set either time dependent or constant.

P;h,HP — Pfl’HP _{_P;h,c,HP (5)
P;h,HP _ PSI,HP - pHP 6)
P;h,c,HP < Pg,max,HP )
P;el,HP < pebmax,HP (8)

The IH is part of the HS (Egs. 9-10) and limited by its efficiency n:! and nominal power

Pel,max,IH
pthIH _ pellH IH 9
t =4 "Nt ©)
Pfl’IH < Pel,max,IH (10)

The thermal energy which can be stored in the HS Q! has a maximum capacity Q™%HS

(Egs. 11-12)
HS — QS 4 (P;h,HS + P;h,l]—[) At 11)
0 < @ < Qi (12)

The thermal power of each HEX is limited by the KPI of the surrounding systems espe-
cially the maximum power PthmaxHEX (Eq 13) To decide whether thermal power is
supplied by the DHS P"PHS o1 fed into the DHS PMUPHS 4 distinction has to be

integrated with the binary variable Sin'DHS (Egs. 14-15).

0 S PEh,HEX S Pth,max,HEX (13)
0< P;h,iﬂ,DHS < pthmaxin,DHS ain,DHS (14)
0< P;h,out,DHS < pthmaxoutDHS (1 _ ain,DHS> (15)

eLHTS
Pt

Besides the thermal balance, the electric power demand of the HTS is calculated in

the electric power balance (Eq. 16). To consider peak loads, the electric power of the HTS
is added up with the electric power demand of the industrial site Pfl'FaCtory and the change

of the peak load PebdeltaPeak js cajculated compared to the former peak pebeurrentPeak,

e,LHTS el IH el,HP
Pt = pett 4 pS (16)
P?I,HTS + P?I,Factory _ Pel,currentPeak < Pel,deltaPeak (17)
0< Pel,deltaPeak (18)

Equation 19 calculates the total scope 1+2 emissions of the HTS EHTS as internal values

depending on the thermal power shifted between the different thermal networks through
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the HEX or the HP as well as the emissions from the electric power procurement Efl.
The emissions of each time step are dependent on the thermal power P; and the specific
emissions of each thermal energy source e; (Eq. 20).

EHTS _ Z ( E']:—[NHT _ E?NLT i Eitn,DHS _ E?ut,D]-[S T E;el) 19)
teT
Etzet-Pt-At (20)

The overall cost CHTS of the HTS for the calculated time horizon include cost for thermal
and electric energy, electric peak power as well as cost for COy emissions (Eq. 21). The
cost for CO; emissions can be either set to scope 1 (direct) or scope 1+2 (direct+indirect)
emissions dependent on the specific optimization goal. The specific cost c; for each term
are either external cost such as day ahead prices of the electricity market or thermal
energy cost of the DHS as well as internal prices such as cost for thermal energy supply in
the HNHT (Eq. 22). Moreover, revenues R of the HTS are included such as the supply of
thermal energy for the DHS or CN calculated by specific revenues r; (Eq. 23).

CcHTS — Z (CtHNHT +CPHS 4 el 4 Cﬁcoz) 4 CPeak

teT (21)
_ Z (R]t-[NLT _ R?HS _ Rg:N)
teT
Ct =Ct Pt - At (22)
Rt:rt-Pt-At (23)

All of the equations with index ¢ are calculated for the time horizon T of the MILP model
which can be set individually. In the use case, the MILP based on the described power
balances is used which are parameterized from the data model. To improve the overall
MILP model also temperature dependencies as described in Kohne et al. (2019) can be
integrated.

The technical controller receives the schedule generated by the strategy controller as
an input. Besides fulfilling the schedule, the technical controller must also ensure that
temperature requirements are met to operate the technical system sufficiently. Therefore,
the technical controller interacts constantly with the simulation model or physical entity
and uses PID control elements to adjust and calculate control signals for the subsystems
of the HTS such as energy converters and pumps. Here, runtime data from the HTS and
the surrounding systems are necessary. The control signals of the energy converters can
be calculated by Eq. 24 where e typically represents the difference between target and
actual temperature.

¢ d
u:[(p*e—i—Ki/ edt—i—KdEe (24)
0

The simulation model must contain physical equations of the HTS and may contain ones
of the surrounding systems evaluate control signals and the economic and ecological bal-
ancing. Those physical equations of the HTS as well as the engineering data of the data
model can be utilized to generate estimates for the PID parameters, e. g. by applying the
method presented in Chien (1972). By that, the users effort for PID parametrization is

minimized.
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Economic and ecological balancing

The DT of the HTS must be connected to the business logic of the IESS and its EMS
to determine and evaluate its operating behaviour. The overall balancing can be divided
into economic and ecological quantities. Within the IESS, the ecological balancing can
be achieved by assigning specific emission factors to energy flows. Depending on neces-
sary level of detail, scope 1 and scope 2 emissions as well as primary energy demand for
DHS are common assessment criteria (DIN Deutsches Institut fiir Normung e.V. 2018).
As demonstrated in Kohne et al. (2021) the aforementioned criteria are strongly influ-
enced by the operating conditions within the thermal networks. Therefore, the business
layer must be provided with information about the current utilisation level and efficien-
cies of the energy converters of the the HTS. Moreover, purchased as well as supplied
thermal and electric energy is of key interest. Especially with regard to electric energy,
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Fig. 5 Thermal power distribution throughout the different seasons in 2019: A spring, B summer, C fall, D
winter
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the distinction between purchase and supply is of key interest as applied. Therefore, the
balancing requires detailed information about the IESS via the EMS. Similar to the ecolog-
ical balancing, the economic balancing can be achieved by assigning specific prices/cost
to energy flows. Depending on the energy procurement of the IESS, those prices can be
static or dynamic. Additionally to the energy procurement, the business layer may sup-
port regulatory requirements of the IESS with regard to the accounting of energy taxes
and fees.

Simulation

Within the following section, key functionalities of the presented digital representation
are demonstrated. For this purpose, a physical simulation model of the HTS and the sur-
rounding systems is developed in the object-oriented modeling language Modelica. The
model is then translated as a FMU and embedded within a Python framework presented
in Kohne et al. (2020). The Python framework allows a time-discrete interaction with the
physical simulation model, which was extended by the two stage optimization approach.
With regard to data management, the object oriented approach of the framework allows
for an straightforward implementation of the described data model. Here, in addition
to the calculation of specific factors, initial approaches for data analytics like regression
analysis where implemented.

Use case

The effects of operating the HTS supported by central modules of the DT are evaluated
on the basis of an IESS of a real industrial site which is already connected to a DHS in a
inflexible manner, allowing only a constant heat supply into the DHS. The IESS and DHS
inherit the general structure presented in Fig. 1. Regarding the IESS, the HNHT exhibits
a flow temperature of about 115°C mainly supplying production processes, the HNLT of
about 90°C supplying building services. The DHS supplies residential buildings with a
flow temperature of about 100°C. The selected use case is representative for IESS as it
exhibits a conventional, gas-based heating supply structure as well as a typical topology
with separated thermal networks for heating and cooling applications (Kleinertz et al.
2019). Furthermore, the temperature levels of the thermal networks are characteristic for
the manufacturing industry. The hydraulic topology of the HTS is set up as presented in
Kohne et al. (2021) consisting of four HEX, a HS as well as a HP and IH for sector coupling
purposes.

Results

Since the thermal energy demand of IESS and DHS varies throughout the year, a simu-
lation study consisting of four different scenarios (winter, spring, summer and fall) was
conducted. To evaluate the effect of operating the HTS, for each of those scenarios a base-
line scenario as well as an optimized scenario were simulated over a time horizon of two
weeks. During the baseline scenarios the HTS is not used to exchange thermal energy
between the IESS and the DHS. During the optimized scenarios a schedule is generated
by the optimization model for which a time 24 hours with a 15 minute period time is set
and subsequently applied to the HTS. The simulation results are then evaluated regard-
ing economic and ecological criteria. Within the evaluation, the HTS is considered to be
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a part of the IESS and therefore the industrial site. By that, all revenues and costs which
are related to the operation of the HTS are credited to the IESS.

As illustrated in Fig. 5 the presented optimization model is able to plan a flexible oper-
ation of the HTS which can be applied to the physical simulation model via the technical
controller. The data model generates enough insights for the optimization model to take
into account variable operation conditions throughout the year. Thus, the optimization
model is able to plan an optimized combination of the available thermal energy sources.
During the transitional periods (spring and fall) the schedule is characterized by a het-
erogeneous thermal energy supply. Here, the DHS occasionally operates as heat source
or heat sink. During summer, no heating demand with regard to HNLT is present result-
ing in a sole heat supply into the DHS via HNHT and HP. On the contrary, during winter
HNLT exhibits a high heat demand resulting in a combined heat supply through HNHT,
HP and DHS. The degree of freedom regarding the operational optimization is expanded
by the energy flexibility of the HTS, which is clarified in Fig. 6. Firstly, by enabling a flexi-
ble thermal energy heating networks. Therefore, the DHS can be utilized as a heat source
or sink for the IESS, e. g. depending on the current thermal load and therefore heat price
within the IESS. Likewise, by utilizing flexible power to heat technologies such as HP or
IH and therefore reacting to energy price fluctuations.
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Fig. 6 Analysis of the energy flexibility of the HTS: A Flexible thermal energy exchange between different
heating networks, B Power to heat flexibility
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The evaluation of the simulation results in Table 1 clarifies that within all scenarios the
operation of the HTS generates an economic benefit for both stakeholders, the IESS and
DHS. With regard to economic objectives, only operating expenses are taken into account.
Capital costs are not assessed within the analysis. Evaluating the IESS, the operation of
the HTS leads to a mean reduction of operating expenses of about 6 %. On one hand the
B can be substituted with cheaper thermal energy from the HP and DHS during thermal
energy demand. On the other hand, the HTS allows for an increase of the CHP utilization
by selling heat to the DHS during low thermal energy demand. The increase of the CHP
utilization furthermore decreases the electric grid consumption of the IESS. With regard
to the DHS the HTS can raise the mean profit by 1.3 % either by offering less expensive
thermal energy or by increasing heat sales.

Considering scope 1 emissions, the operation of the HTS does not lead to a ecologi-
cal benefit on an overall level. This is due to the fact that the HTS couples conventional
thermal supply systems without renewable or high temperature waste heat sources. Due
to economic objectives, the B are substituted through a combination of HP and CHP in
which the CHP has a relatively low thermal efficiency compared to the B. Taking scope
2 emissions into consideration the overall emissions of IESS and DHS can be reduced by
25% and 180 % respectively. The operation of the HTS allows the substitution of heat-
only B through an beneficial HP and CHP. Especially the increased utilization of the CHP
including the feed-in into the electric grid positively influences the scope 2 emission bal-
ance. On this basis, it should be noted that scope 2 emissions are highly dependent on the
applied allocation methods as well as the structure of the regarded supply systems. The
allocation method which was applied in this paper counts the avoided emissions within
the electric grid towards the emissions of the CHP. Even though representing the state-
of-the-art, the applied allocation method allows CHP systems to have a negative emission
balance with regard to scope 2 emissions.

The presented results clarify that the operation of the HTS leads to an economic bene-
fit by connecting an IESS and DHS in an energy flexible manner and additionally provides
an ecological benefit when taking scope 2 emissions into account. Furthermore, results
underline the necessity of a operational optimization due to dynamic operating as well as
complex interdependencies of the heat and electricity sector. The aforementioned inter-
dependencies may also limit the transferability of the presented results with regard to a
different supply structure or temperature levels of the IESS or DHS.

Conclusion
This paper presents a data and optimization model integrated into a DT of an HTS. The
HTS exchanges heat between an industrial sites’ IESS and a DHS based on the techni-

Table 1 Simulation results: changes in emissions and economic benefit between baseline and
optimized scenarios

A Scope 1 emissions [t] A Scope 2 emissions [t] A Economic benefit [€]

IESS DHS b IESS DHS b IESS DHS b
Winter -128.7 1704 42.1 -112.2 -203.9 -316.1 19,386 1,246 20,632
Spring 79.7 -74.5 52 -126.9 -285 -155.4 6,912 2,086 8,998
Summer 263.5 -225.1 384 -249.6 634 -186.2 23,668 3,360 27,028

Fall 125.2 -116.9 8.3 -158.9 72.1 -231.0 6,436 4,438 10,874




Kohne et al. Energy Informatics (2021) 4:24 Page 15 0of 17

cal system presented in Kohne et al. (2021). The technical system and thus the data and
optimization model integrate and extend several approaches of the related work such as:

e bidirectional heat exchange,

e integration of low exergy waste heat,
e several thermal networks of the IESS,
® sector coupling with the electric grid,
e economic and ecological objectives.

To optimize the operating behaviour of the HTS, a digital representation is integrated
into the RAMI4.0 and the information, functional and business layer are further modeled.
Hereby, the GDTM is transferred to the developed data and optimization model to holis-
tically represent the energy flexibility of connecting DHS and IESS. Within the data model
(information layer) different data from the surrounding systems, the energy procurement
of the and the subsystems of the HTS itself are considered and processed into KPI for the
optimization model. As part of a two-stage control approach (functional layer), the opti-
mization model sets an operating schedule for a technical controller which performs the
operating strategy interacting with a simulation model. The overall system design is con-
nected to the EMS of the IESS and thus integrated into a business logic (business layer)
considering economic and ecological objectives. The objectives are integrated into the
data and optimization model and thus into the GDTM considering necessary information
for optimized control.

To analyze the energy flexibility potential of the HTS as sector coupling system, the
modules are implemented as extension to an existing optimization framework. The
effects of operating the HT'S supported by central modules of the DT are evaluated on one
year’s data of an IESS of a real industrial site. For each season (winter, spring, spring, sum-
mer, fall) different operating strategies are observable which underlines the necessity for a
flexible results show a potential operating cost reduction by 6 % for the IESS and increase
in profits of 1.3 % for the DHS. Scope 2 emissions can be reduced by 25 % for the IESS and
180 % for the DHS respectively, depending on emission factors and allocation methods.

The presented data and optimization model is developed as a proof of concept. Thus, in
future work, more complex optimization models, e. g. considering temperature changes,
can be integrated. Moreover, machine learning applications can be used to enhance the
data model and thus optimization performance. An automated parametrization of the
presented data and optimization model would facilitate the presented approach. In this
work, rather conventional supply systems are analyzed which can be extended by more
innovative or complex systems in the future. Similarly, different temperature levels of the

IESS and DHS can be considered to assess the potential impact.
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