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Abstract: In the fight against anthropogenic climate change, the benefit of the integration of
fluctuating renewable energies (wind and photovoltaics) into the electricity grid is a widely proved
concept. At the same time, a fluctuating and decentralised supply of energy, especially at lower
voltage levels, leads to a local discrepancy in the power balance between generation and consumption.
A possible solution in connection with demand side management is the grid-oriented flexibilisation
of energy demand. The present study shows how the use of an innovative hybrid-redundant
high-temperature heat system (combined heat and power (CHP), power-to-heat system (PtH),
gas boiler) can contribute to a flexibilisation of the electrical energy demand of plastics processing
companies. In this context, the flexibilisation potential of a company is to be understood as the
grid-related change of the energy supply through a change of the energy sources within the framework
of the process heat supply. For this purpose, an omniscient control algorithm is developed that
specifies the schedule of the individual system components. A sensitivity analysis is used to test
the functionality of the control algorithm. Determination of the electrical flexibilisation potential is
carried out via a comprehensive simulation study using Monte Carlo methods. For this purpose,
the residual load curves of four characteristic distribution grids with a high share of renewable
energies as well as heat load profiles of injection moulding machines are taken into consideration.
A frequency distribution provides information on the electrical flexibilisation potential to be expected
depending on the various combinations. The evaluation is carried out using a specially introduced
logic, which identifies grid-relevant changes in the company’s power consumption as flexibilisation
potential based on a reference load curve. The results show that a reliable energy supply for
production is possible despite flexibilisation. Depending on the grid under consideration, there are
differences in the exploitation of the potential, which essentially depends on the installed renewable
capacity. Depending on the scenario under consideration, an average of up to 1486 kWhel can be
shifted in a positive direction and 1199 kWhel in a negative direction.

Keywords: distribution grid stabilisation; plastics industry; residual load; flexibilisation of energy
sources; Monte Carlo simulation; hybrid heat generation

1. Introduction and Problem Definition

The Paris Climate Change Convention adopted in 2015 represents a significant milestone in
the fight against anthropogenic climate change. For the second time since the Kyoto Agreement,
countries around the world have committed themselves to minimising greenhouse gas emissions [1].
Pushed by various global and national challenges, such as the finite nature of fossil fuels, high amounts
of energy imports and rising energy consumption and costs, a radical rethink has taken place in
politics, society and industry. However, the increased utilisation of renewable energies has created
new challenges for all involved.
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With renewable energies making up 38.2% of its total electricity generation, Germany already
plays a pioneering international role in terms of potential expansion and system integration [2]. For the
year 2050, the IEA estimates the worldwide share of renewable energies will be at 57% [3]. Whereby the
share of fluctuating renewable energies, e.g., wind energy and photovoltaic systems, will predominate
(in Germany at 87%) [4].

Due to the land requirements of regenerative energy systems, as well as meteorological and
geographical reasons, renewable generation plants are often built in rural, sparsely populated
and structurally weak regions. Furthermore, the weather-driven feed-in fluctuations of these
producers are often confronted with a low electrical energy demand within the supply regions.
The increased share of installed renewable generation capacities during the last years has led to local
and temporary imbalances between generation and consumption within the electricity supply grid.
Without intervention and the implementation of system-securing measures, grid stability cannot be
maintained [5]. With regard to a local scale, this makes power balancing the central challenge of
energy system transformation. Historically grown grids are only conditionally geared to the emerging
decentralised, bottom-up generation structure. The topology of electricity grids, which has so far been
conceived centrally and top-down, is reaching its limits [6].

A more flexible management of electrical grids contributes to the security of energy supply.
Flexibilisation means both an adjustment of the controllable generation capacity and a deviation from
consumption patterns to harmonise the power balance [7].

In this context, large-scale consumers and controllable generation plants in the distribution grid
have a strong leverage effect. On the load side, the industrial sector, with a global share of 10.9% and
46% of Germany’s total electricity consumption in 2012, offers links to flexibilisation [8,9].

The focus of this study is set on energy-intensive processes in the plastic industry. These provide
relevant examples of the combination of industrial electricity and heat supply. Almost a third of the
2900 companies in Germany use injection moulding machines exclusively for manufacturing products.
The number of companies that have an in-house injection moulding line is around 2300 [10].

Based on the limited investigation possibilities regarding industrial flexibilisation potential,
the growing linkage between electricity and heat sectors through a decentralised process heat supply
is of interest. In this respect, power-to-heat-plants (PtH), or combined heat and power plants (CHP)
can be regarded as key technologies [11]. Possible influences of flexibilisation in the field of electrical
operating performance on the heating sector, and thus indirectly on production operation, ought to be
compensated by the technical design of the plant structure and the implementation of suitable strategic
flexibilisation concepts.

Besides the general problem described above, the validity of the results when considering
certain measures (including those mentioned above) represents a serious problem. In many cases,
static calculations are carried out which, for example, do not take sufficient account of thermal inertia
or losses. These are suitable for simple extrapolations of the electrical load management and grid relief
potential. In most cases, however, they represent only one case under defined boundary conditions
and do not provide any information about its general validity. Energy-intensive sectors such as basic
chemicals, electrical steel, metal, wood and paper industries as well as mining and cement operations
are the focus of the investigations. The quantification of static flexibilisation potential in research
and literature is based on parameters such as energy demand, installed capacity, hours of full use,
seasonal availability and electricity intensity [9,12,13].

The same applies to dynamic observations, which include different boundary conditions such as
the weather. In order to prove the general validity of a potential, as well as to determine it quantitatively,
every possible combination of input data and boundary conditions should be analysed [10].

To close these research gaps, a comprehensive simulation study using Monte Carlo methods
(MCM) is applied. For this purpose, a simulation model is developed which represents the
high-temperature heat supply of plastics processing machines.



Energies 2019, 12, 711 3 of 24

The present work combines two levels of process flexibilisation: considering the supply situation
in electrical grids, and the production of plastic parts. In this context, the research question refers
to the grid-coordinated use of different heat generation technologies in the industrial sector and the
quantification of the achievable electrical flexibilisation potential under reciprocal operating conditions.
The decisive criterion for plant operation remains a secure supply of production whose requirements
must be synchronised with a grid status orientated heat supply.

The following work is divided into six sections. In the second section related work is discussed
in detail and is placed in scientific context. The section closes with a description of the relevant
research gaps.

The third section describes the general methodology of the simulation study as well as the input
data for the model. This is followed by a description of the simulation setup and the experimental plan
in the fourth section. It also contains a detailed description of the evaluation methodology. The results
are presented and critically analysed in the fifth section. The last section summarizes the findings of
the paper. It also gives an outlook on future work.

2. Related Work

The literature contains a variety of concepts for making heat supply more flexible. The most
important ones are presented and discussed in the following section.

2.1. Literature Review

Approaches to flexibilisation measures linked to the utilization of PtH and CHP can be classified
according to the following characteristics:

1. Use of thermal storage
2. Load management/flexibility through energy source change

In general, the use of PtH and CHP plants is linked to the integration of buffer storage systems
to avoid frequent plant cycles [14]. In this respect, intelligent storage management, which achieves
a temporal decoupling of the existing heat demand and the current grid situation, is of central
importance. Lödige et al. [15] present a schedule-based concept for the electricity driven management
of block-type thermal power stations. The strategy concept considers heat demand forecasts and the
number of CHP starts required to keep wear as well as heating and cooling losses to a minimum.
The approach of Wehmhörner [16] describes a system consisting of a CHP plant and thermal storage.
Flexibilisation is realised by a cascade control, which regulates the electrical variables in the inner
cascade as a function of the residual load, whereas the thermal variables in the outer cascade are
dependent on heat demand. An increase in the residual load implies an increase in engine speed and
electrical power output. Heat-side fluctuations can be compensated to a certain extent by the storage
tank. If a critical system state is exceeded, the cascade control initiates an adjustment of the electrical
power output proportional to the thermal deviation. With a similar approach, it is also conceivable to
increase the flexibility of PtH systems through thermal storage. Kleinertz and Samweber [17] explaine
a concept for the charging control of PtH systems that covers both load peaks and voltage range
violations in electrical grids. Thus, the operation of PtH systems can be induced at times of increased
power generation by photovoltaic (PV) systems, or in cases where the voltage limit value at the grid
connection point is exceeded. The integration of a thermal storage tank ensures the integration of
emerging heat at all time. Köpp et al. [18] simulate the use of CHP plants within a virtual power
plant (VPP), including photovoltaic and wind power plants. The CHP plants of the VPP can provide a
flexible amount of electrical energy in the course depending on fluctuating load coverage by wind
energy and photovoltaic plants. At the level of individual plants, the flexibilisation strategy is based
on the use of thermal storage as well.

The reciprocal substitution of chemical energy sources and electrical energy for heat supply
provides a further approach to flexibilisation. The increased application of this concept, which is
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based on a change of energy source, is often attributable to the industrial sector. Due to high losses,
storage-based flexibilisation concepts are not suitable at high system temperatures of up to 300 ◦C [19].
Heating systems using electric and fuel-based heat suppliers therefore often provide the process
reliability required for the industrial sector [20]. In this instance, Molderink et al. [21] show that process
flexibilisation is largely attributable to hybrid and redundant heat supply as well as to the existing
long-term storage possibilities of conventional energy sources. Schulz and Brandstätt [22] describe the
residual load-oriented operation of CHP plants in combination with heaters. In this respect, an increase
in potential is shown by the system combination of a CHP system and an electric heater, which can use
surplus electricity for heat supply in time periods where the residual load is negative, and the CHP
system is switched off. This implies an adjustment of the classic heat-led base-load operation of the
CHP plant and the peak-load operation of the electric heater towards an alternating mode of operation
depending on the grid situation. Khripko [23] focuses on redundant systems consisting of gas boilers
and electric boilers, as well as on CHP units and electric boilers for industrial heat and steam supply.
Advantages with regard to supply security or the possibility of supplementing or replacing obsolete
boilers with electrically operated systems are highlighted.

Spieker et al. [24] introduce a heating system for the provision of control power considering
changing energy sources, consisting of the components of a CHP, a gas boiler, an electric heater and
thermal storage. In comparison to previously presented flexibilisation concepts, the high degree of
freedom in controlling heat supply should be emphasised. The provision of positive control power can
be achieved by either increasing the CHP output or reducing the power consumption of the electric
heater. Negative control power is determined by the reversed control direction of both generators.

Apart from their technical design, flexibilisation strategies also differ in terms of their overriding
objectives. In principle, flexible operating behaviour can be achieved through the orientation of
different reference values [25]. The selection of the external signal as the reference variable has a major
impact on the outcome of the flexibilisation concepts. There is a difference between the following
concepts and the reference quantity used in each case:

1. System flexibility: grid frequency
2. Market flexibility: energy exchange (EEX) price
3. Grid service flexibility: local residual load

A system or market-oriented request for plant flexibilisation is the standard use case for plant
deployment [14]. In the study by Köpp et al. [18], a market-based use of CHP plants can be found
within a virtual power plant, while Spieker et al. [24] propose an alternative marketing combination of
plant flexibilisation via the spot and standard power market. The grid-based reference values masked
regional effects of the grid feed-in of renewable energies. The adaption strategy of the operation
of CHP and PtH plants to the local residual grid load, proposed by Schulz and Brandstätt [22] and
Wehmhörner [16], followes this approach. Consideration of the local power balance in electrical grids
can contribute to minimising transmission losses but also decisively reduces reversed power flows
and the regulation of generation from renewable energies [26].

From a technical perspective, most of the concepts presented in this section attest to the high
potential for flexibilisation through thermal storage, especially for small to medium-sized CHP plants.
Despite a high demand for process heat, high supply temperatures, and high standards with respect to
process reliability, industrial applications are rarely part of standard flexibilisation concepts [27].

2.2. Research Gaps

The optimised operation of the electricity grid with regard to the integration of fluctuating
renewable energies can be achieved by various measures. A successful approach is to make
producers as well as consumption more flexible. The literature review provided an overview of
the existing approaches and applications. The consideration of a combined heat and power system for
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high-temperature heat has not yet been carried out. In this context, the following research questions
will be answered:

1. What is the contribution of the flexibilisation through a change of energy source for the integration
of renewable energies?

2. Can the supply capability of the heat system be maintained under changing conditions of
distribution grid and production?

3. Which potential differences arise with regard to changing residual load curves?
4. Can production reliability be maintained under varying probabilistic production conditions?

3. Methodology and Modelling

An extensive simulation study is carried out in order to quantify the flexibilisation potential
of change of energy sources using the example of an injection moulding company. The simulation
study is based on measured data of both plastic manufacturers and residual loads of varying grids.
The general methodology of the simulation study is described below and visualised in Figure 1.

The starting points are the two essential input data sets of the simulation (Figure 1, part 1):

1. The first input sets are residual load profiles from four rural distribution grids with a high share
of fluctuating renewable energies. Different electric grid states are considered for a dynamic
potential determination.

2. The second input sets are heating load profiles of injection moulding machines synthesized from
real measurement data. The derivation of heat load profiles of the injection moulding machines
is based on probability density functions.

A plant schedule for the operation of all relevant system components (CHP, PtH, gas boiler) is
determined the next step. A control algorithm specifies the basic operating mode of the components
with regard to the residual load of the current time step (Figure 1, part 2).

The simulation model maps a scaled heating system consisting of a CHP, PtH, and gas boiler as well
as thermal oil pipes, heat exchangers, pumps and consumers. Within the model, the schedule is compared
with the probabilistic load profiles and, if necessary, adapted by the algorithm (Figure 1, part 3).

The evaluation of the flexibilisation potential is based on various scenarios. For this purpose,
an initial state (the original state of the company with a purely electrical energy supply) is always
compared with different complex expansion states and baselines (Figure 1, part 4).

To enable a generally valid statement about flexibilisation potential under as many conceivable
combination possibilities, a large number of different residual loads (followed by different schedules)
are coupled with different production load profiles. A Monte Carlo simulation is used for this purpose.
In general, Monte Carlo methods are algorithms that use random inputs. They can be used to simulate
complex stochastic models and generate data series with typical conditions and trends. They are used
in various fields such as physics, economics, medicine, and technology.

The stochastic influences of technical and economic systems are often modelled by probability
density functions (PDF) and Markov chains. The Monte Carlo method and the Markov chains are
used to investigate the properties of a techno-economic system that behaved randomly [28]. For this
purpose, random system variables are generated, which describe the behaviour of system components
to a sufficient extent and enabled conclusions to be drawn about the behaviour of the overall system
(Figure 1, part 5).
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Figure 1. Presentation of the methodical procedure.

3.1. Input Data

3.1.1. Residual Load

The measuring point of the residual load profiles is the transformer level between high and medium
voltage. The datasets are available in 15 min intervals over a period of one year and represent rural grids.
For the investigations, 15 different real measured residual load profiles are considered, of which typical
profiles are identified and chosen for further processing. The distribution grids of similar geographical
locations show similar characteristics. In southern Germany, there is an increased accumulation of
grids with a strong photovoltaic character. The north-east of Germany comprises distribution grids in
which there are an increasing number of wind turbines. Grids with a strong mixed character with both
generators are located in the middle of Germany [29]. The following groups are selected:

1. Grid A: Photovoltaics embossing
2. Grid B: Photovoltaic dominated mixed embossing
3. Grid C: Wind energy dominated mixed embossing

A technology-specific breakdown of the volatile relative generator output is provided for a rough
allocation of the individual residual load profiles in Figure 2.

Figure 2. Relative share of renewable generation capacity.

Figure 3 shows the histograms of the residual load curves normalised to the respective grid
maximum load for each type of grid over the observation period of one year.
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Figure 3. Histograms of the residual load curves. (a) Grid A photovaoltaics embossing; (b) Grid B1
photovoltaic dominated mixed embossing; (c) Grid B2 photovoltaic dominated mixed embossing;
(d) Grid C wind energy dominated mixed embossing.

Characteristically for the distribution of the PV-dominated, Grid A has a right-skewness over
a wide scatter range. A wide, evenly distributed flank into the negative range is visible. The same
applies with a much lesser extent to the histogram of Grid B1. The scattering of the distribution runs
almost exclusively over the positive range of the residual load. Grid days without reversal of the load
flow are rather an exception for this class of distribution grid. Comparative to the histogram of Grid
B2, similar statements can be made for the volatility of the curve and load flow changes of Grid C.

The specific feed-in characteristics of renewable energy systems show both, different effects on
recurring systematic structures of the residual load curve and its volatility [30]. Grid-based reference
values such as residual load fluctuate in this consequence along different time scales [31]. The feed-in
process of wind turbines is subject to strong seasonal influences. The operation of PV systems is
therefore subject to other feed-in structures, which are characterised by far-reaching daytime and
seasonal generation patterns (see Figure 4).

Figure 4. Seasonal curves of the daily residual load (averaged and normalized) of Grid B2.
Transition refers to the spring and autumn months.
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3.1.2. Probabilistic Heating Profiles

Apart from the specifications of the distribution grid condition, the grid-compatible use of plants
is oriented towards the demands of production. In the case of injection moulding companies these are
represented by the heat load profiles of the injection moulding machines (IM). In addition to the type
of machine, the specific level of heating output also depends on the operating condition of the utilized
machines. In this respect, a differentiation has to be made between the following operating modes:

1. Automatic mode: autonomous production (state 1)
2. Manual operation: machine operator specifies cycle time and power consumption (state 2)
3. Alarm operation: fault, only important components are kept at temperature (state 3)
4. Offline: systems at stand-by (state 4)

Figure 5 shows an example of the measured profile of the heating power of an injection moulding
machine over changing system states.

Figure 5. Profile of the heating power of an injection moulding machine (measurement data).

The evaluation shows that the heat output reached its maximum during automatic operation.
Nevertheless, a differentiation must be made for this mode between a stationary heating output
during operation and a heating peak during the start-up process. The frequency of occurrence of
individual operating states and transitions between operating states themselves are analysed in a
real medium-sized company and included in the simulation by means of transition probabilities
(Figure 6) [10].

Figure 6. Transition density function of the modes of injection moulding machines (IM) [12].

The transition probabilities indicate the change of state from state x to state y. The probabilities are
set up in a transition density function for all machine types and used for random load profile generation.

Plants with similar behaviour regarding their production runtimes form the following groups:
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1. Long-runner: The production time is longer than 80% of the possible production time.
The production is interrupted only by short alarm and offline times.

2. Short-runner: The production time of the machine is shorter than 40% of the possible
production time.

3. Normal-runner-offline: The production time is by nearly 60% of the possible production time.
Production is interrupted by few but long offline times.

4. Normal-runner-cycle: The production time is by nearly 60% of the possible production time.
Production is interrupted by many short offline times.

The heat demand profiles are derived on this basis by a sequence of the various operating states.
The start-up process within automatic mode represents a special case. This is only present in the
simulation if the IM has been in offline mode for at least 2 h and the subsequent automatic mode can
be maintained for 1 h. For the actual simulation, a machine park based on the previous executions
is defined.

A generation of the profiles according to the mentioned approach allows a manifold illustration of
different production-side influencing factors on the load management potential of the overall system.
Figure 7 illustrates the process described for generating the heating load profiles. A more detailed
description of the process and the pseudo code can be seen in Dunkelberg et al. [10].

Figure 7. Flowchart of the load profile creation process.

The process starts with the definition of the simulation time period, T. All relevant machine data
are loaded from a database for the company UNx. The machines are allocated to runtime groups.
This is followed by the determination of the number of machines in the groups (Mx,L). In the next step
the load profiles are determined.
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At the beginning, the start mode, S, of a machine is defined. The length of the state is determined
by a random value, R, in the range from 0 to 1 (ts). This determines the length of the mode in
combination with the probability density function (PDF, see also Figure 6). The power values P(1, . . . , P)
of the machine are assigned to the length of the operating state. A new operating state is defined, and
the process is repeated. In total, the process is performed individually for each machine from each
machine group. At the end, a sum load curve are calculated.

A comparison of the synthetic load profiles with measurement data of five IM of a plastic
packaging manufacturer shows a high correspondence. Both the lowering over the weekend and the
start-up peaks are comparable (Figure 8).

Figure 8. Simulated and measured load profiles of real machines at a company.

Deviations in the process result from the probability-dependent changes in state. On average,
the two performance curves are at the same level.

3.1.3. Modelling

The energy required for the production process is almost exclusively supplied by the purchase of
electrical energy from the grid [32].

The substitution of electricity for heating purposes by other energy sources, such as natural gas,
requires a technical redesign of the heat supply that allows the use of different heat generators [33].
Dunkelberg et al. [34,35] describe an alternative concept for supplying heat to extruders and
plastification cylinders from decentralised heat sources using organic fluids. A heat flow is conducted
to the extruders by means of flow and return lines and fed to the respective temperature control zones
of the IM. Regarding the very high system temperatures of up to 300 ◦C required for melting the
materials, temperature-resistant thermal oil is suitable as a heat transfer medium. The heating of the
thermal oil system can be carried out on this basis via classic gas boilers, CHP or PtH systems.

An object of further investigation is the heat compound system presented in Figure 9
(characteristic data is shown in Table 1), which is suitable for the thermal supply of the injection
moulding process using various energy sources. To determine the potential, the system shown is
mapped using a simulation model in Matlab/Simulink.

Table 1. Performances of the suppliers.

Power CHP PtH Gas Boiler

Ptherm.[kW] 24 20 20
Pel.[kW] 54 20 -
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The system integrates three options, which are available for the process of heat supply (CHP, PtH,
gas boiler). On site, the producers are integrated into the thermal oil circulation system shown in
Figure 9. The simulation model can be divided into different circuits. The integration of the heat
suppliers takes place separately and independently of each other in the primary circuit. Due to
high system temperatures, the heat-side integration of the CHP plant takes place via the heat
exchanger of the combustion engine installed in the plant. The exhaust gas mass flow through
the heat exchanger is controlled by throttle valves in such a way that the thermal heat decoupling
could be adjusted independently.

Figure 9. Hybrid-redundant heat system.

Circulation pumps convey the thermal oil. The IM are supplied via individual circuits.
The consumption of the consumer circuits (secondary circuit) is controlled via valves, which adjusted
the extraction mass flow to supply the IM from the primary circuit. The central control variables are
the temperatures to be maintained.

The simulation model is based on the model presented in Dunkelberg et al. [35]. Components of
the heat system such as pipes, pumps and heat exchangers are explained in detail there. The relevant
heat generation plants are briefly explained below.

Combined heat and power unit:

The core of the simulation model is a CHP unit, which provides the high-temperature heat (up to
300 ◦C) via the exhaust tract. The heat output of the CHP unit depends on the nominal electrical
output of the CHP unit. The model is based on a four-stroke rope process. The Seiliger process is a
thermodynamic cyclic process that comes close to the real processes in a combustion engine. It is a
combination of the equilibrium space and equilibrium pressure process.

The temperatures, pressures and fuel mass flows for each change of state result from the
load-dependent calculation of electrical and thermal efficiencies. The engine temperature is formed by
the heat transfer between the combustion gas and the engine block. The exhaust gas mass flow results
from the air volume and the fuel volume.
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PtH:

In addition to the gas boiler, the PtH system ensures the operating temperature of the thermal oil.
The efficiency is set to a fixed value. The temperature of the thermal oil depends on the processing
temperature. The maximum power of the PtH system is set at 20 kWel. The electric heater has a small
storage element (pipe) which models minimal inertia and losses to the environment via convection
and radiation.

The temperature increase ∆ϑ of the thermal oil is calculated by the delivered power, Pel, the mass
flow

.
mOil and the specific material values cp,Oil of the medium and the efficiency ηEH.

∆ϑ =
Pel × ηEH

.
mOil·cp,Oil

(1)

Gas boiler:

As in every real system, there are losses and inertia in a heater unit. The start-up process is
represented by a Pt1 element that is based on the behaviour of a real gas boiler. The thermal efficiency
is fixed. The inertia of the thermal power is modelled by a characteristic curve of a real heater.
The losses are modelled by using a small storage element.

4. Simulation Setup and Experimental Plan

The main element of the investigations is the comparison of various input factors. Residual load
profiles and heat demand profiles are combined by several simulation runs. Individual grid (RL) and
production days (PL) are considered.

The actual simulation period is preceded by a running-in phase. This serves to adapt the operation
of the heat generators to the consumption situation at the beginning of the day (0 a.m). The maximum
combination scope of the annual cycles is determined by drawing a random sample. The repercussions
of both input data records on the simulation (XRL and XPL ) are considered in equal parts by a
symmetrical sample size of 60 different daily progressions each (xRL and xPL). Each remaining grid
day is linked to each possible production situation. This procedure resultes in a final combination
scope of 3600 different simulation runs (xRL × xPL) for each of the four reference grids.

4.1. Control Logic

Considering the supply situation of the distribution grid, the number of decisive control variables
increases. The local residual load of a distribution grid section serves as a pulse quantity for the flow-side
controlled variables. The operating requirements of CHP units and PtH systems can be designed according
to the feed-in fluctuations of renewable energies. The general responsiveness of the overall system to
changes in the residual grid load is dependent on the technical restrictions of the plants themselves [36].
In the context of simulation, plant operation is oriented towards a control logic that is broken down into
the levels of start release, power specification and power limitation (Figure 10).

The main difference between distribution grid-oriented system operation and heat-controlled
operation is the definition of the grid induced start releases. The start release coordinates the coverage
of the heat demand on the basis of the local residual grid load and takes up technical restrictions at the
level of the individual plants. The operation of the CHP is initiated in the event of positive residual
load intervals. In order to avoid frequent plant cycles, the CHP plant is given a fluctuation-adjusted
schedule. This limites the residual load induced operation over a defined time interval to a fixed
starting frequency (2 per day) and minimum running time (2 h). The CHP unit is operated at its rated
electrical output. If the residual load applied fell below the maximum feed-in power of the CHP unit,
the feed-in power can be limited to the value of the residual load. The CHP unit then ran in partial
load operation (50–100% of Pmax).
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Figure 10. Control logic of the heat system.

Depending on the CHP schedule, optimum adaptation of operation is not possible for all grid
situations. The operating call-off of the PtH system is generally intended for negative residual load.
If, however, the schedule of the CHP plant provides a run through (tResidualload_neg < 2 h), then the
PtH plant is switched off. In these cases, the PtH system only serves as a peak load supplier. The PtH
system is not started until the heat extraction of the CHP unit during the period is insufficient for
thermal supply. The output specification of the PtH system and gas boiler depends in each case on the
heat load applied and is only restricted by the grid status on side of the PtH system. The gas boiler
ensures the security of the peak load supply when the PtH system is used primarily. The gas boiler is
also used as a flexible heat generator to compensate for large heat load fluctuations during operation
of the CHP and positive residual load. A priority call-off of the gas boiler is indirectly set by schedule
specifications of the CHP, which prevent a brief start-up of the plant in the event of positive residual
load fluctuations. The gas boiler contributes in all applications, decoupled from the grid situation,
to covering the heat demand.

4.2. Evaluation Methodology

In order to achieve grid-serving flexibility, it is essential to adjust the power balance at the
lowest possible level. In this context, a cellular approach is often promoted, whereby supply and
demand for electricity are fully balanced within a local restricted area. Accordingly, the assessment
of the flexibility potential follows a cellular approach that maps regionalised energy flows within
defined system boundaries. In the present case, a company in the plastics processing industry forms a
self-sufficient cell (company cell) that can be subsumed under the cell of the respective distribution
grid and connected with other consumers and generation plants. The electrical load profile, which at
the same time exerts an adjusting effect on the power balance of the distribution grid cell, forms the
flexibility parameter of the company cell. Temporary changes in the consumption load due to the
operation of the PtH plant are to be regarded as potential via the company’s energy cell. The purely
balance sheet allocation of the grid feed-in by the CHP separates the flexibility potential gained
according to its starting point. The generation of the CHP plant is to be credited directly to the
company’s load profile without feeding it into the grid. The feed-in of the CHP is an indirect load
management potential. Grid feeds from the plant, on the other hand, could be seen as immediate
impact on the power balance of the distribution grid cell. For this appraisal, the flexibility potential of
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the CHP is therefore conceptually separated from the load management potential of the company as
power balancing potential.

The assessment of flexibility potential is based on the planned schedule of the heating system.
Changes in the electrical load profile in the company cell or adjustments to the power balance of
the distribution grid cell are to be regarded as potential. The initial course of both variables forms a
baseline that defines the boundary between a positive and negative flexibilisation potential. The chosen
sign convention followed the adjustment direction of the grid feeds. Figure 11 shows the limits of the
baseline using a typical load profile for the company cell.

Figure 11. Methodology of different chosen baselines.

The course of the baseline shifts depending on the assumed initial state of the heat supply.

1. Status quo (baseline 1): the conventional electrical heating of the IM set the classic grid reference
profile of the company as a baseline for any flexibilisation.

2. Status thermal oil (baseline 2): if a thermal oil system is already installed, the baseline will be
lower by the proportion of the electrical power consumption accounted for the heat supply of
the IM. Centrally assumed heat suppliers of this initial state are gas boilers or CHP units in
heat-led operation.

3. CHP status (baseline 3): the use of a CHP unit leads to a third baseline in the case of complete
own electricity utilisation. This reduces the load profile evenly in order to maintain the constant
feed-in power of the CHP unit during the heat-led operation. The baseline of the distribution grid
cell, represented by the power balance, shifts only under the assumption of heat-led reference
operation of the CHP when fed into the grid, as compared to the initial state.

From a balance point of view, the newly introduced or substituted electrical power is equivalent
in all assessment cases due to the distribution grid inducted operation. Only the allocation to the
potential concepts is different according to the evaluation system and the set baseline. In the following,
the flexibility potential is classified according to the baselines of the supply situation. The generation
of the CHP is evaluated for own electricity use and grid feed-in.

5. Results and Critical Review

Individual input and parameter variations are considered in the evaluation and interpretation of
the results. The relevant electrical parameters of the plant operation are tapped for an analysis.
This includes the simulated electrical power of the individual generators as well as their work
performed per simulation time.

5.1. Parameter Sensitivity

In perspective, the applicability of a grid-oriented operation of a heating system is linked to a
reliable supply of the production and technical restrictions of heat generators. Combined with an
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overheating of the system, not only are the critical undershoots of the target temperature recorded,
but also overtemperatures. These are listed separately in the evaluation on the basis of the sign of
their deviation direction. Figure 12 shows the value distributions over the variation range of one
factor, with a set4T of 40 ◦C between primary (300 ◦C) and secondary (260 ◦C) circuit temperature.
For comparison purposes, the grid data used in the figure refers to reference Grid B2.

Figure 12. Influence of residual load and heat demand on temperature fluctuations in primary-
and secondary circuits (specified as deviation from target value). (a) fixed residual load, primary
circuit (b) fixed heat load, primary circuit (c) fixed residual load, secondary circuit (d) fixed heat load,
secondary circuit

A striking feature of the distributions first of all is the scattering width of the box plots, which
changes with the variation of the input factor. For the primary circuit, whose positive and negative
temperature deviations are distributed in an uneven order of magnitude, this increases with the
variation of the grid state. With a constant grid profile and modulation of the production profile,
the extremes of the temperature deviations fluctuate over a noticeably smaller interval. The exact
opposite developments result for the scatter range of the secondary circuit. Above all, the variation
of the heat load profile has an influence on the position and fluctuation of the value distributions.
Consequently, a different sensitivity of the input factors to the temperature development in the supply
circuits can be observed in the reference condition (4T of 40 ◦C). The occurrence of local extremes in
the simulated temperature profiles of the primary circuit can therefore be derived from the residual
load-related operating point changes of the individual generators. Depending on the change sequence



Energies 2019, 12, 711 16 of 24

of the prioritised heat generator and its control characteristics, the intensity of possible temperature
fluctuations diverges. In conjunction with the modification of the system parameters, an adaptation
of the set temperatures in particular has an effect on the applicability of the grid-oriented operation.
The decisive feature is not only the absolute level of the set target temperatures, but rather the change
in the temperature difference between the primary- and secondary circuit. Accordingly, the reduction
of the temperature difference to 10 or 20 ◦C within the scope of parameter modification results in a
changed sensitivity of the input factors to the temperature profiles. A scattering range of the extreme
value distribution that diverges with the variation of individual input factors is only recognisable in
a shift of the median for this application case. Rather, control deviations of the secondary circuit are
increasingly also subject to the grid-induced fluctuations of the primary circuit.

5.2. New Installation of Heating System (a)

Baseline 1 serves as an assessment standard for a restructuring of the heat supply through the
installation of the heating system. Flexibilisation potentials of the company cell are thus given primarily
by a reduction of the grid reference profile. The operation of the PtH plant shifts the profile almost
into the baseline’s starting position, due to a power consumption similar to the substituted share of
the electrical heat supply. The distribution grid potential thus lies in the operation of the CHP unit.
In total, the positively displaceable power fluctuates between 60 and 70 kW across the simulation runs.
The use of the positive flexibility potential for the company cell is shown in Figure 13 over the variation
range of the input data sets. A side effect of the new installation of the heat compound system with the
flexibilisation of the CHP is an additional “must run” of the feed-in power. Passing through negative
residual load intervals in partial load ensures a lower consumption load than in the original state when
further use is made of the heat extraction and feed-in of the CHP unit. Differences arising between the
baseline and the reduced consumption load, which can not be shifted to the initial state by the PtH
system, characterise the unfavourable operating effect during grid oversupply.

Figure 13. Flexibility potential for the grids (including two years for Grid B (B2a and B2b)) and
baseline 1. (a) distribution grid A; (b) distribution grid B1; (c) distribution grid B2a; (d) distribution
grid B2b; (e) distribution grid C.

The frequency of occurrence and the share of the “must run” in the potential survey for Grids A
and B1 are lowest. A positive load management potential can be determined on each of the observation
days. Cyclical patterns of residual load cause a load management potential that rises from 800 kWh/d
and is induced by the CHP unit. Since grid days with an exclusively positive residual load curve
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in Grid A and B1 make up the majority of the supply situation, both frequency distributions reach
a distribution peak at a potential of 1600 kWh/d. Recurring structures in the derivable positive
load management potential of Grids B2 and C are not discernible. Instead, the volatility of the
residual load ensures a very heterogeneous distribution of the potential in a range of approximately
200–1700 kWh/d. Broader distributions of the running time of the CHP, bases on lower consumption
loads and the unstructured feed-in process of wind power plants, considerably individualise potential
exploitations per grid day. Equally important is the fact that exploiting the positive potential in these
grids increasingly requires the partial load operation of the CHP unit. The “must run” therefore
increases in frequency of occurrence and in its volume to almost 200 kWh/d at maximum.

Assuming that the CHP generation is fed into the grid, the positive flexibility potential of the
company cell is split into a further share of the distribution grid cell. Contrary to the baseline, only the
substituted share of the electrical heat supply can now be counted as a positive load management
potential. For outputs of 6 to 16 kW, the achievable potential of the company cell is limited to
425 kWh/d across the simulation runs. At 54 kW, the feed-in capacity of the CHP formes the shiftable
capacity of the distribution grid cell. Contrary to the baseline of the grid cell, plant operation under
negative residual load also requires the “must run” shown.

5.3. Supply via Gas Boiler (b)

Assuming a gas boiler fired thermal oil system as the initial supply situation, the evaluation of
the flexibility potential is based on baseline 2. Therefore, substitutions of the electrical grid supply
for heating are not included in the assessment. Not only the operation of the CHP plant but also a
call for the PtH plant results in a relocation of the assumed baseline. The use of the CHP generated
electricity reduces the load profile of the company cell by 54 kW in nominal power operation and
generates a positive load management potential. The use of renewable surplus electricity from the grid,
made possible by the operating windows of the PtH plant, initiates a negative potential. The negative
shiftable output runs between 10 and 19 kW when the system is called up primarily. Load management
potentials due to the grid-interactive operation of the heat generators are compared with each other in
Figure 14. The negative load management potential is consistently in a low range as a result of the
lower output during operation of the PtH system. The gradations to a positive potential are clearest
for grid A and B1. The positive characteristics of the residual load provides an extreme distribution of
the potentials, which leads to positive load management potentials of almost 1300 kWh/d in frequent
continuous operation of the CHP. Rarer operating windows of the PtH plant can be used with a
negative potential of up to 200 kWh/d.

A strong division of the potential according to the control direction is not available to the same
extent for Grid B2 and C. At peak times, the negative potential doubles to 400 kWh/d, also depending
on high heat loads. For Grid B2a and C, the positive potential continues to have the distribution
peak discussed for continuous operation of the CHP but achieves less frequency of occurrence.
Special features in the supply situation of grid B2b emerge in a broad distribution of the negative
potential. Contrary to the potential survey of the following year (B2a), the positive load management
potentials are located with increasing frequency in a range of 700 to 900 kWh/d. Also, in the case of
baseline 2, partial load operation with a negative residual load necessary for a short-term flexibilisation
of the CHP operation is associated with an additional “must run” feed-in power. Any effects on
grid operation are equivalent to the frequency distributions of the “must run” described in section
(a).The resulting “must run” is corrected by a peak load call-off of the PtH plant, which raises the load
profile further in the direction of the baseline but can not offset the minimum feed-in due to a lower
plant capacity.
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Figure 14. Flexibility potential for the grids and baseline 2. (a) distribution grid A; (b) distribution grid
B1; (c) distribution grid B2a; (d) distribution grid B2b; (e) distribution grid C.

The changeover from the use of the CHP plant’s own electricity to a complete grid feed-in results
in a restructuring of the load management potential of the company cell. Positive potentials referred to
CHP operation can now be seen equivalently as the power balancing potential of the distribution grid
cell. From this perspective, the negative load management potential of the PtH plant remains for the
company cell. However, the changed classification of the “must run” generation of the CHP in the
distribution grid cell allows an additional crediting of the peak load call-off of the PtH plant as negative
potential. In the balance sheet, load increases of the operating input are no longer superimposed by
the minimum feed-in of the CHP plant. However, the continuing heat extraction of the CHP unit only
permits outputs of 6 to 12 kW over short peak load call-off windows and only slightly expands the
negative load management potential overall.

5.4. Supply via Heat-controlled CHP Operation (c)

The classic heat-controlled and runtime-optimised use of the CHP completes the assessment
perspective. Assuming a continuous use of 54 kW provided in the nominal power operation of the
CHP, baseline 3 is the relevant reference of the company cell. Strategic measures of load reduction,
through targeted operation of the CHP, do not open up any positive potential, depending on the
continuous call of the plant for heat management. The load management assessment, on the other
hand, focuses on the negative potential created by the planned power reductions of the CHP unit and
commissioning of the PtH plant. Taken together, these targeted increases in the consumption load
represent the flexibility potential visualised in Figure 15.
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Figure 15. Flexibility potential for the grids and baseline 3. (a) distribution grid A; (b) distribution grid B1;
(c) distribution grid B2a; (d) distribution grid B2b; (e) distribution grid C.

In contrast to the previous assessment, driving through negative residual load intervals in
partial load shifts the baseline over the neutral position. Correspondingly, specifications of the
power limitation of the CHP are not due to an undesired “must run” of the feed-in power but are
additional potential of the company cell. The achievable shiftable negative output of approximately
55 to 73 kW is based on complete power cuts in the CHP unit and primary operation of the PtH plant.
Call combinations from the partial load operation of the CHP and peak load call of the PtH system
lead to a shiftable output of 30 to 38 kW.

Contrary to the potential shown in the case “New installation of Heating System”, the long
operating times of the CHP in grid A and B1 result in a low potential. Shorter time windows for the
system shutdown of the CHP units reach up to a threshold value of 800 kWh/d, which is slightly
exceeded in grid A. For the remaining grids, the potential range is broadly diversified up to days
on which the negative load management potential increased to a maximum possible utilisation of
1700 kWh/d. Such a high potential is justified by days on which the CHP operation is paused due to
continuous renewable overfeeding of the grid areas.

A reorganisation of the feed-in balance of the CHP also leads here to a division of the derived
negative load management potential of the company cell. From then on, the negative load management
potential is limited to the operation of the PtH plant. In addition to partial load operation, the remaining
CHP unit potential is almost congruent with the negative load management potential of the company
cell illustrated in Figure 13. The negative power balancing potential of the distribution grid cell
corresponds to the time windows of a CHP operation with reduced output.

5.5. Comparison of Potentials

In summary, the flexibility potential is compared in Table 2 by distribution grid groups according
to the evaluation methodology presented. The data referred in each case to the mean values of the
flexibilisation potential weighted on the basis of their frequency of occurrence. With regard to the
baseline of supply and the direction of control, the potential of the energy suppliers is changing.
The potentials of the distribution grid cell (dist.-grid cell) exclusively balance the grid-compatible
operating behaviour of the CHP and at the same time indicate its share in the load management
potential of the company cell.
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Table 2. Comparison of the potentials.

Grid Ref. Energy-Cell Baseline 1
(Reinstallation)

Baseline 2
(Gas Boiler) Baseline 3 (CHP)

positive pot. in [kWh] negative pot. in [kWh]

Grid A
company cell 1309

1058
74 308

dist.-grid cell 1058 - 244

Grid B1
company cell 1486

1199
42 137

dist.-grid cell 1199 - 110

Grid B2a
company cell 918

742
146 682

dist.-grid cell 742 - 537

Grid B2b
company cell 785

637
180 829

dist.-grid cell 637 - 653

Grid C
company cell 1002

811
133 606

dist.-grid cell 811 - 479

The residual load curves of the underlying reference grids are favoured differently according to
the control direction of the potential characteristics to be applied. Accordingly, the potential evaluations
following baseline 1 and 3 form a strong contrast. As shown in Table 2, there are striking differences in
the potential utilisation of grid A and B1 in contrast to the volatile residual load curves of grid B2 and C.

Due to the low performance of the system, the absolute flexibilisation potential is low regardless
of the scenario. Nevertheless, in relation to the mean load of the production load profile, it can be
classified as very large.

6. Conclusions and Outlook

The results of the study show that flexibilisation of the heat demand of manufacturing companies
(using the example of plastics processing) provide a contribution to relieving the electrical grid load in
regional distribution grids. For this purpose, a conversion of the electrical heat supply to hybrid heat
supply is carried out and described in detail. This means that the company’s electricity consumption
could be changed depending on the grid situation. Flexibilisation is a technical potential that evaluates
changes in the company’s original supply situation. At the same time, it can be used for relieving the
distribution grid.

The concept of potential is subdivided for evaluation purposes. It is valuated from the point of
view of the company and the distribution grid.

The investigations are carried out according to the Monte Carlo methodology. This involves the
generation and analysis of 14,400 different combinations of daily residual load profiles and production
load profiles. This is the advantage of the Monte Carlo method. In contrast to the classical potential
determination, this method shows a number of possible results. All of these results can occur with
different probability.

The plant schedules and the control of the plant components (CHP, gas, and electrical boiler)
are examined by means of a sensitivity analysis. The results show that the concept works. All target
functions (temperatures, thermal performance, etc.,) can be met at any time.

A simulation study is used to determine the results of the flexibilisation potentials for a scaled
heating system. The results show that a new installation of the system in a company had great positive
potential (up to 1486 kWh/d in mean). This results from the operation of the CHP plant. In reference
to a supply situation with a gas boiler, high positive potentials (up to 1199 kWh/d in mean) and low
negative potentials through the PtH plant (up to 180 kWh/d in mean) are determined. In the case
that the company has an existing CHP, in a heat-led operation only negative potentials can be found.
These potentials are higher than in the investigations before (up to 829 kWh/d in mean).
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The distribution of the grid-specific felxibilisation potentials show a strong individuality,
without recurring structures. Generalized statements about the achievable flexibilisation potential
are only possible to a limited extent, even if the system structure of the distribution grid
remains unchanged.

In general, the differences of the potentials between the selected grid types are large. The highest
potentials exist in PV-dominated grids. The lowest potentials are in wind-dominated grids.

In comparison to the selected configuration, a scaling of the selected plant performance of the
integrated heating system to supply a larger number of machines is to be expected in operational
practice. With regard to the dimensioning of the system performance and the influence of the system
operation on the local residual load, increased interventions in the operating mode of the heating
system are necessary due to the power limitation on the grid side. In this context, the influence of
longer partial load operating times on the CHP plant is becoming more and more important.

The results and findings obtained are currently being transferred to real injection moulding
companies. A study examining the flexibilisation potential of all injection moulding companies in
Germany is currently being prepared. In addition, the flexibilisation potential through the use of
low-temperature heat from CHP is also being investigated. The influence of strongly wind-dominated
distribution grids will and must also be investigated.
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Nomenclature

Abbreviations
CHP combined heat and power plant
EEX energy exchange
IM injection moulding
M number of machines
MCM Monte Carlo method
PDF probability density functions
PtH power-to-heat
PV photovoltaic
VPP virtual power plant
Symbols
η efficiency [-]
ρ density [kg/m3]
T temperature [◦C, ◦F]
cp specific heat capacity [kJ/(kg·K)]
.

m mass flow [kg/h]
m mass [kg]
Ptherm thermic power [W]
Pel electrical power [W]
.

Q heat flow [W]
.

V flow [m3/h]
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Subscripts
auto automatic mode
alarm alarm mode
EH electrical heater
hand hand mode
i indices
max max value
neg negative
off offline mode
oil thermooil
PL production load
RL residual load
t time
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