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Abstract: In the light of increasingly valuable resources and a trend towards more efficient processes
pushed by climate change, distributed Waste Heat Recovery (WHR) is an important element in
the transformation of the energy supply. In recent years, however, WHR systems have often been
optimized and implemented for steady-state applications. In this paper, dynamic system modeling
and a Steam Rankine Cycle (SRC) pilot plant with 40 kW, are used to investigate applications
unutilized thus far for the conversion of high-temperature waste heat into electricity using a shell
boiler with 1.27 m3 of liquid water for short-term energy storage. In addition to experimental
investigations of the storage system as an Uninterruptible Power Supply (UPS) and the input and
output of +/—100% electrical power peaks for grid-assistive operation, a control concept for the use
of volatile waste heat is developed from a model-based controller design up to a Model Predictive
Control (MPC) with the help of a dynamic system simulation. Based on the validated model and
experimental measurement data, outlooks for concrete applications with higher storage capacity and
power are provided.

Keywords: Steam Rankine Cycle; waste heat recovery; steam storage; experimental investigation;
dynamic model

1. Introduction

Every energy conversion process is subject to losses, and the final energy form is
mostly thermal energy. According to Forman et al. [1], 51.8% of primary energy was lost
in waste heat in 2012, 20.6% of which with temperatures higher than 300 °C, 16.1% with
temperatures between 100 and 300 °C, and 63.3% with temperatures <100 °C. Increasing
financial pressure due to limited fossil resources, regulations on greenhouse gas emissions
and marketing benefits are prompting global efforts to achieve higher efficiencies during
energy conversion. If the Industrial Sector alone would convert the most valuable high-
temperature waste heat (>300 °C) into electricity with an electrical efficiency of 15%, approx.
110 coal-fired power plants (of the existing 2215 worldwide [2]) with a mean net capacity of
525.2 MW could be replaced [2,3]. In a distributed energy supply, moreover, the energy of
the heat sink can be used appropriately with the help of heat networks, creating maximally
efficient processes.

Due to a variety of possibilities in the use of waste heat, operators are faced with
the challenge of choosing the best solution for each application. In this decision-making
process, the waste heat cascade is often used, which can be seen in Figure 1a. If waste heat
cannot be avoided by optimizing the primary production process, it should first be used
within the process. When the process does not require any further heat, internal use is
recommended, e.g., for space heating or cooling. Should no heat be required in this area
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either, the thermal energy can be converted to electrical energy. If this option also remains
without advantage, external use via heat networks is suggested [4,5].

Traditional Optimized

| Avoidance J | Avoidance J
| In-process useJ Exergy analysis

| In-house use | In-process use

| Power generatioﬂ | In-house use J

| External use | | External use
(a) (b)

Figure 1. Traditional (a) and exergy-optimized (b) waste heat cascade for high-temperature Waste

Power generation

Heat Recovery.

The direct use of heat is realized via heat exchangers. In thermodynamic cycles, waste
heat can either be used to provide heat at a higher or lower temperature level through
sorption technology or converted into mechanical energy and thus electricity using power
cycles. For power generation from waste heat, which is the focus of this work, different
technologies have been established for varying temperatures and power levels of the
source. For smaller power levels in the range of <1.000 kW, and temperatures above
650 °C, Stirling engines can be applied [6]. In the range of less than 1 kW, up to more
than 10 MW, and temperatures below 300 °C, the Organic Rankine Cycle (ORC) mainly
provides efficiency advantages since the substance properties of the working medium
can be adapted to the waste heat source using a variety of fluids. The Steam Rankine
Cycle (SRC) is mainly used with large-scale power plant technology at temperatures above
300 °C [7]. For outputs below 10 MW, and down to a few kW, the medium water poses
challenges for the apparatus technology, which are currently being overcome in research
projects [8]. In addition to the thermodynamic differences from the ORC, which become
minimal from a waste heat temperature of about 400 °C, water as a working medium brings
advantages in terms of sustainability and safety. Furthermore, direct energy storage in the
circuit medium can be realized more safely [9].

Several technologies for Waste Heat Recovery (WHR), depending on the temperature
and power of the waste heat, are therefore technically and economically available. In
consequence, an exclusively one-dimensional examination of the use of waste heat, as
in the waste heat cascade, is not always appropriate. In addition to the prevailing input
temperature of the heat source, differences in the further possible steps of the process—
internal, in-house and external use—must be taken into account. For this purpose, exergy,
i.e., the energy that can be converted into any other form of energy, is not related to the
environment but to the prevailing useful waste heat conditions in the next possible cascade.
In a heat engine, thermal energy can then be converted into electrical energy with a thermal
efficiency consisting of the Carnot efficiency and an exergetic efficiency [10]. A techno-
economic analysis of waste heat and possible technologies for WHR must be added to this
exergetic consideration in order to be able to make a decision in a respective application.
The process of the proposed optimized waste heat cascade is shown in Figure 1b.

In particular, when chemical energy carriers such as natural gas or hydrogen are used
to provide process steam or heat, which are cost-intensive due to taxes, transportation, the
international energy market or energy-intensive production from renewable energy, the
conversion of valuable exergy into electricity must be considered. The generated electricity
then has significant efficiency and cost advantages compared to electricity supplied from
the grid as a very high level of overall efficiency can be achieved through cogeneration.
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The largest absolute Carnot potential, i.e., the highest proportion of exergy, is in waste
heat from the transport sector. Mobile combustion engines, which are still the state of the
art worldwide, emit more than 80% of primary energy into the environment as waste heat.
Approaches to convert parts of these flows into electricity, e.g., the investigation in [11],
have not been able to gain great acceptance in the automotive market and the commercial
vehicle sector. The increasing use of e-mobility and hydrogen fuel cells will reduce this
share in coming years.

However, industrial applications will still not be able to be fully electrified. Current
efforts by energy-intensive companies, e.g., in the steel industry, see hydrogen as a key
technology of the future. The challenge with recovering industrial high-temperature waste
heat lies in the process conditions. Highly volatile temperatures and mass flow rates have
often made WHR not possible or economical thus far. By designing according to the average
waste heat power, much valuable energy will still be lost; however, by designing according
to the maximum waste heat power, much cost-intensive plant capacity will remain unused
most of the time. In the case of frequent outages of waste heat up to the standstill of the
WHR, additional energy is lost in the partial load of the turbine, and the service life of the
apparatus is shortened. A storage system allows the WHR system to be designed for the
average power of the waste heat, buffers power peaks and overcomes outages.

To overcome these challenges, several options for converting volatile waste heat into
electricity have already been investigated. Some approaches suggest adapting the exhaust
gas or Rankine fluid mass flow rates in the case of volatile waste heat [12]. Popp et al. [13],
on the other hand, investigate an adaptive turbine nozzle geometry in order to maintain the
design pressure gradient across the turbine even with a partial load. Other approaches make
use of thermal storage. According to [12], sensible storage systems like molten salt and
intermediate oil circuits or latent storage such as steam accumulators and Phase-Change
Materials (PCMs) are potential solutions for waste heat to power systems. Pili et al. [14]
suggest different optimal economic solutions depending on the application. For the con-
version of exhaust gases from the reheating furnace of a rolling mill into electricity, the
configuration of a minimum waste heat flow and bypassing surplus exhaust gas, latent
heat storage for the WHR of clinker-cooling air and a system without storage for an electric
arc furnace are recommended. Bause et al. [15] installed a saturated-steam intermediate
circuit as a buffer for volatile waste heat in combination with an ORC. Arabkoohsar [16],
for example, considers a packed bed of stones, Nardin et al. [17] investigate PCM storage
and Pantaleo et al. [18] analyze a sensible pressurized water cycle for storing thermal
energy. Murakoshi et al. [19] integrate separate steam storage into a Steam Rankine Cycle.
Schliiter et al. [20] examine an exhaust-gas-side regenerator unit for buffering waste heat
from an aluminum die-casting furnace.

Adjusting the operating parameters in the Rankine cycle also leads to fluctuations
in the turbine output analogous to the waste heat power. The thermal storage systems
considered so far, on the other hand, shift the buffer function to an additional apparatus,
which leads to high additional costs. The approach of the present work combines the
advantages of both options and investigates thermal storage in the existing steam generator
of a Rankine cycle with the parallel adjustment of the operating parameters over the turbine.
The challenges of the design and transient operation of such plants are discussed below
through simulative and experimental investigations. In addition to the buffer function
of volatile waste heat and the resulting steady-state operation of the WHR system, other
applications can be accessed through the storage system. Its use as an Uninterruptible
Power Supply (UPS) for the absorption of renewable surplus electricity and for the release
of power peaks will also be discussed.

2. Materials and Methods

In this section, the methodological approach of the present paper is described, includ-
ing the experimental setup, the MicroRankine pilot plant and a dynamic system model
using Modelica/Dymola.
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2.1. MicroRankine Pilot Plant

The approaches investigated in the present work are experimentally based on the
MicroRankine pilot plant at the Technische Hochschule Niirnberg Gerog Simon Ohm [8].
The plant, shown in Figure 2, was commissioned in 2020.

Figure 2. MicroRankine pilot plant at the sewage treatment plant in Niirnberg.

Since then, it has been converting electricity from the waste heat of a JMS 312 GS-B.L
Internal Combustion Engine in continuous research operation. According to the data sheet,
the waste heat has a temperature of 451 °C, and when cooled to 170 °C in the design
case, transfers 247.6 kWy, to the working medium. The steam generator, which represents
energy storage in this study, consists of a preheater, an evaporator and a superheater. The
preheater is designed as a crossflow finned tube heat exchanger, with the exhaust gas
flowing around the outside of the finned tubes and the water in the plain tubes being
preheated to saturation temperature at an operating pressure of 16 bar. It has a weight of
500 kg, a filling capacity of 19.6 L of water and is made of P250GH. The evaporator is a shell
boiler in which the exhaust gas flows through the plain tubes and the water evaporates in
the shell space on the tubes. It is also made of P250GH and has a net weight of 2550 kg.
Figure 3 shows the layout of the steam boiler. In a steady state at 50% filling level between
the top of the tubes and the maximum filling level, there is 1.27 m® of water in the boiler.
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Figure 3. Layout of the steam boiler with exhaust gas tubes and water/steam chamber.

The superheater is made of 1.4571 and weighs 800 kg in when empty, with a filling
volume of 69.7 L. It is designed as a crossflow shell-and-tube heat exchanger, with the steam
being superheated inside the plain tubes and the exhaust gas flowing around the tubes.
The steam is superheated up to 430 °C and then flows into the turbine, which expands the
steam to vacuum with an isentropic efficiency of 53.2% under design conditions, with the
generator feeding up to 40 kW, into the grid. The water-cooled asymmetric plate condenser
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with dimples forces the steam to condensate at an absolute pressure of 0.06-0.2 bar. The
condensate flows into the hotwell and is finally pumped by a piston membrane pump back
into the preheater, where the process starts from the beginning. The experimental setup
was described in detail in previous work by the authors [8].

In contrast to most steam generators in distributed ORC systems, the evaporator here
was designed as a shell boiler. This type of construction is the industrial standard for
waste heat steam boilers as it allows for relatively simple control via the filling level, and
impurities always remain in the steam boiler. However, due to pool boiling and the lower
heat transfer coefficient compared to flow boiling in a forced-flow apparatus, such a shell
boiler is less compact and has a higher capital expenditure as a result of more material
consumption. In addition, the resulting higher volume of pressurized liquid—gas mixture
in the interior poses an increased hazard. According to Directive 2014/68/EU [21], this
circumstance has an influence on safety equipment, approval and operation and thus
increases both capital expenditure and operational expenditure.

The steam boiler in the experimental setup, with a filling level of liquid saturated
water and saturated steam in the space above, in combination with the regulation valve
before the turbine, represents energy storage comparable to Ruth’s storage tanks, which
have been in use since the beginning of the 20th century [22]. Due to an additional pressure
drop through the partially closed control valve, the pressure in the boiler can be increased,
and thermal energy can be stored. When the valve is opened and the pressure decreases, the
saturated liquid evaporates, and a higher steam mass flow rate is discharged immediately
over the surface of the liquid phase. In addition to the latent heat of the water/steam
mixture, the tubes and the boiler shell also store sensible heat, which leads to evaporation
at their surfaces when the pressure drops. The storage capacity of the superheater, largely
due to the stainless steel mass, ensures that superheating is maintained for some time even
if heating fails. The combination of evaporation and storage in one apparatus instead of in
two separate apparatuses has benefits in terms of cost. Due to the safety equipment for the
steam boiler used in the MicroRankine plant, a storage pressure of more than 17.5 bar was
not possible as the plant’s technology was originally designed for a steady state.

In addition to the use of high-temperature PCMs in steam boilers [23], an increase in
storage capacity can be achieved primarily through higher storage volumes and storage
pressures. These options will be considered in the following investigations when expanding
the areas of application.

2.2. Dynamic Model of the System

To design a process and the key components, studies must be carried out under
transient operating conditions. Acausal, object-oriented and multiphysical simulation
methods such as DYMOLA are particularly suitable for mapping the behavior of the
components and the balance of plant in order to be able to carry out simulation studies
efficiently.

The dynamic model of the system, whose graphical interface can be seen in Figure 4,
was based on the modeling language Modelica using the program Dymola and the detailed
model libraries TIL and TILMedia [24] as a basis. This object-oriented approach allows for
complex systems of differential algebraic equations (DAEs) to be solved in an exchangeable
and reusable way. The main apparatuses of the MicroRankine SRC, the pump, steam
generator, turbine and condenser, were modeled and compared with measured data in the
steady state and during transient operations. The individual devices are described in more
detail below.

The piston membrane pump was evaluated with variable piston strokes at different
stroke frequencies, and a black-box characteristic map for the mass flow rate and electrical
power and efficiency was developed. While white-box models are derived from physical
models, black-box models are characterized by mathematical models that are created by
evaluating experimentally determined input and output variables. Due to the operating
principle of the metering pump, the mass flow rate is hardly pressure-dependent, and
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pressure-stiff characteristic curves of the flow rate, electrical power and efficiency result
which are linearly dependent on stroke length and stroke frequency.
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Figure 4. Graphical interface of the Modelica simulation model in Dymola.

The preheater with finned tubes was described using a 1D model that calculated the
heat transfer and heat conduction processes on the insides of smooth tubes, inside the
tube walls and on finned tube bundles according to the current literature for the different
materials. In the steam boiler, the heat transfer coefficient from the exhaust gas to the inside
of the tube, the heat conduction inside the tube and the heat transfer coefficient during
evaporation on the outside of the tube bundle are also described by correlations from the
literature. In addition, the resulting volume that the vapor bubbles occupy when rising
in the liquid phase was calculated, and in combination with the physical properties of
the water under operating conditions, a filling level was calculated which was controlled
by the pump using a PI controller in the model. The superheater was calculated using
correlations from the literature for single-phase heat transfer in a crossflow heat exchanger
with a smooth tube bundle.

The valve upstream of the turbine, which will be the application case for control design
in the future, was based on calculations according to DIN 60534-2-1 [25] and DIN 60534-2-
3 [26] using manufacturer data. In the turbine model, the isentropic turbine efficiency was
calculated as a function of the pressure ratio with the help of geometric variables of the
turbine such as flow angles, nozzle efficiency and diameter. The condenser heat transfer
coefficients were approximated using a library model for plate heat exchangers with a
herringbone pattern, using the plate area and the number of plates of the installed device.
The hotwell represents an ideal separator with a given internal volume.

With the help of steady-state measurement data from the MicroRankine pilot plant, the
steady-state results of the system simulation were fitted. Parameter studies were used to
determine linear correction factors for the heat transfer coefficients in the preheater, steam
boiler, superheater and condenser, the fin efficiency in the preheater, the pressure losses
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over the apparatuses, the electrical efficiencies in the regenerative unit and the geometric
parameters in the condenser. Heat losses were estimated and also fitted with the measured
data in combination with the heat transfer coefficients.

For the dynamic fitting of the model, measurement data during a generated failure
of the heating in the experimental setup were reproduced in the simulation model with
the same process conditions. The masses of the tubes were already included in the DAE
system through the calculation of thermal conduction. The masses of the housings and the
attachments of the apparatuses were estimated using their documentation and added to the
heat exchanger models with a resistance—capacitance model. In the next step, the process
conditions on the water/steam side after 20 min without heating were used as a target
value, and the model was fitted by varying the additional mass and its corresponding heat
transfer coefficients to the fluid.

In order to check the consistency of the model with other transient processes, a volatile
waste heat flow was realized in the MicroRankine plant by opening and closing the exhaust
gas flap with a superimposed sinusoidal oscillation. The result was fluctuating steam boiler
pressure. Figure 5 shows this fluctuating boiler pressure, measured with the experimental
setup and the result of the steady state and transient fitted simulation model with the same
input parameters for the exhaust gas.

15.0
g

8145
v 14.0 4

13.5 4
13.0 4
12.5 4
12.0 A

11.5 T T T T I I

0 1 2 3 4 5 6
Time /h
—— Measurement ——Model

Evaporator pressur

Figure 5. Fluctuating pressure in the steam boiler due to volatile exhaust gas mass flow rate—
measurement with the experimental setup and the result of the fitted simulation model.

After the steady-state conditions, in which the model matches the measurements very
well, very good agreement can also be seen in the first range of pressure reduction as the
transient fitting of the model was performed with a similar process. In the stable fluctuating
state, a difference between the curves can be seen, but the simulation reproduces reality
sufficiently accurately for further investigations. A more precise adjustment would be
possible with further measurements and a more extensive fitting but is not relevant for the
following applications.

The prerequisite for the following investigation is, therefore, a highly automated indus-
trial SRC experimental setup with a steam generator combined with a steam accumulator
and a sufficient fitted dynamic simulation model.

3. Results and Discussion

After the background of the present research work as well as the model-based and
experimental fundamentals have been explained, the following section will discuss specific
applications that can be demonstrated with the help of the experimental setup and the
simulation. For each application, an outlook of area-wide use or possible necessary scaling
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is discussed. First, the application of the system as a UPS is presented, supported by various
measurement series and scaling of the storage. Then, the conversion of volatile waste heat
into electricity by buffering in the steam boiler with the development of a model-based
controller design up to a Model Predictive Control (MPC) is presented. This is supported by
an application to a real waste heat profile. Finally, the system’s application and extension
to grid-assistive operation are discussed.

3.1. Uninterruptible Power Supply

A UPS is a device that supplies power in the event of grid failure. These can be safety-
relevant facilities, e.g., for the emergency cooling of processes or the magnetic bearings of
high-speed machines, but they can also be system-relevant facilities such as water supply
facilities, sewage treatment plants or health facilities. The higher the negative effects of a
power failure, the higher the demands on the UPS. According to DIN EN IEC 62040-3 [27], a
distinction is made between three classes of UPSs. In Class 3, the switching time is 4-10 ms,
the switching time is 2—4 ms in Class 2 and a continuous sinusoidal voltage is generated
in Class 1. The rapid start times in many cases only bridge short periods until emergency
power generators that have longer start-up phases come into operation. There are technical
solutions for all three classes wherein battery storage is most commonly used.

The intelligent use of existing resources with already available steam generation in
combination with a steam turbine, e.g., in hospitals or the food industry, could replace a
Class 1 battery UPS or supplement it for further safety. The energy stored in the steam can
be sufficient to fill time until emergency power-capable combustion engines start up. The
steam stored in the steam boiler, in combination with the turbine, generates electricity for
a certain time in the event of the failure of all heating whereby the pressure and turbine
output decrease over time. In the following section, the storage capacity of the steam boiler
of the MicroRankine pilot plant is investigated experimentally under different process
conditions. Then, extensions to its storage capability are simulated using the system model.

3.1.1. Experimental Investigation of the System in the Case of Heating Failure

During steady-state operation, a filling level between 30 and 70% can be set between
the upper end of the boiler tubes and the maximum filling level. Figures 6 and 7 show with
full lines the pressure in the steam boiler and the electrical power supplied to the grid with
the heating is switched off for initial filling levels of 30, 50 and 70% after five minutes.

N
(e}

—_
Q1

Evaporator pressure / bar
—
(e}

(@)

0 10 20 . .30 40 50
Time / min
70% 50% 30% eereeeees 70%/17bar = = =50%-throttled

Figure 6. Evaporator pressure during shutdown with different start conditions.
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Figure 7. Turbine power during shutdown with different start conditions.

Table 1 shows the average turbine output after the heating failure, the total stored
electrical energy, the time between switching off the heating and 6.5 bar steam boiler
pressure and the level of superheating at the end. When the pressure fell below 6.5 bar, the
turbine was switched off to prevent drop erosion. A turbine that can expand from lower
pressures could also feed in power beyond this point.

Table 1. Summary of the measured storage capacity with different start conditions.

. 70%— . o . . . 50%—
Start Conditions 17 bar 70% 60% 50% 40% 30% Throttled
Mean turbine power [kWgl 17.6 16.6 16.2 16.6 16.2 16.5 11.9
Total el. energy [kWhg] 12.1 10.2 10.0 9.7 9.5 9.5 9.3
Time [min] 46.2 42.0 419 40.0 40.3 39.6 46.6
End superheating K] 145.8 157.9 158.2 163.0 164.6 166.1 164.0

Different initial states only bring small changes in this case. Between 30 and 70% filling
levels, there is approx. 304 L more liquid water in the boiler, and 0.7 kWh more electrical
energy can be stored for an additional 2.4 min.

In the next test, an additional pressure drop was created by the valve in front of the
turbine, which increased the pressure in the boiler to approx. 17 bar (dotted lines). After the
heating fails, the pressure after the valve is controlled to a constant value, which means that
the turbine continues to feed power into the grid at a nearly constant level for a few minutes
before decreasing, and the pressure in the boiler slowly decreases from the beginning. In
total, with a start level of 70% and 17 bar, 2.4 kWh, more could be stored compared to the
regular state at 50% and for 6.2 min longer, power could be fed into the grid.

In the event of a heating failure, steam withdrawal can also be delayed by throttling
the valve in front of the turbine from the beginning of the failure. The dashed lines show
this as an example wherein over a period of an additional 6.6 min compared to the 50%
start conditions, power is fed to the grid but, is overall 0.4 kWhg less due to the additional
pressure loss. During steady-state operation, the steam at the outlet of the superheater
is superheated by approx. 220 K to prevent drop erosion in the turbine. In all the tests
described here, superheating of at least 146 K was still available at the end, despite the
heating failure.
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3.1.2. Simulation-Based Expansion of Storage Capability

In order to investigate a possible variation in the storage capacity of the steam boiler,
the shutdown of the plant was simulated next to the original system (black line) with
+2000 L storage volume (dashed line), with +15 bar storage pressure (dotted line) and
a combination of these two (+2000 L/+15 bar—dashed—dotted line). In Figure 8, the
evaporator pressure, the turbine inlet pressure and the turbine power are displayed.
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Figure 8. Simulated evaporator pressure, turbine inlet pressure and turbine power during shutdown
according to a simulation of the original MicroRankine setup, with +2000 L liquid storage volume,
+15 bar storage pressure and combined +2000 L/15 bar start conditions.

The two individual variations each yield an increase in storage of +104% (+2000 L) and
+58% (+15 bar) in time and +91% and +68% in electrical energy supplied, respectively, while
the combination yields a factor of 3.3 in time and 3.5 in energy. However, the superheating
of the live steam is reduced to 28 K in the last case, according to the model.

3.2. Volatile Waste Heat

Volatile waste heat challenges a WHR system without storage as plants either cannot
use a large part of the energy due to undersizing or cannot be operated economically due to
oversizing. A highly transient operation of a plant is also disadvantageous for the operating
life of its apparatuses. Furthermore, if the waste heat power fails and electricity generation
is thus interrupted, the grid consumption increases, which can generate cost-intensive
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peak loads. The following study is intended to investigate the use of the steam boiler as a
storage unit to compensate for fluctuations in waste heat. For this purpose, a volatile waste
heat profile was imposed on the MicroRankine plant via the exhaust gas flap. The input
parameters of the waste heat mass flow rate and the temperature can be seen in Figure 9.
The waste heat decreases by approx. 67.6% over several minutes at an almost constant
temperature. On average, the waste heat corresponds to 201 kWy,.

3500 500

. 3000 - - R S s
< - 400
%‘3 2500 - o
> - g
3 2000 - U f\’ 300 5
= =
% 1500 - - 200 &
= 1000 A g
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Time / h
—— Waste heat mass flow rate ——Waste heat tempearture

Figure 9. Volatile waste heat mass flow rate and temperature through exhaust gas flap control.

Without further control, the fluctuation in waste heat power is already partially
damped in the WHR system. Figure 10 shows the pressure in the steam boiler and the
power that the turbine feeds into the grid, both rising and falling with the waste heat. The
turbine output fluctuates by only 11.7% more than during steady-state operation.
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Figure 10. Turbine power and evaporator pressure during volatile waste heat.

To compensate for the remaining fluctuations, the valve upstream of the turbine has
to be controlled so that the pressure downstream of the valve, i.e., in the turbine inlet,
remains constant. A constant pressure ratio across the turbine leads to a constant output.
The pressure in the steam boiler continues to fluctuate but at a higher level. To further
compare the quality of the control, the standard deviation of the turbine inlet pressure is
considered. In steady-state operation, this is 0.0061; in volatile operation without control, it
is 0.38.

In designing the pressure to be controlled, the model is already helpful. If the control
variable is selected too high, the pressure in the accumulator will partly drop below the
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control variable, and the turbine output will decrease with 100% valve position. If the
control variable is selected too low, the pressure in the steam boiler increases unnecessarily,
which leads to further losses due to expansion in the valve and the safety limits being
exceeded.

In the following subchapters, the design of this controller and the use of the dynamic
model are examined. First, a static PI controller is designed with the help of the model using
common methods, followed by a dynamic PI controller with gain scheduling. Subsequently,
the model itself is used to realize a Model-Based Control (MBC) system with and without
closed-loop control. Finally, it is demonstrated how Model Predictive Control can be
implemented, and the advantages of these control systems are discussed.

3.2.1. Model-Based Controller Design: Static PI Controller

The Ziegler-Nichols method of turning tangents is first used to determine appropriate
parameters for the gain and reset time of a PI controller in a closed loop, as seen in Figure 11.
For this purpose, a step signal is applied to the valve position in the system model and the
step response of the pressure downstream of the valve is evaluated, from which the gain
and reset time result.

Manipulated
Setpoint value PI value Actual value
T > »  System >

- controller

Figure 11. Closed control loop applied to the valve upstream of turbine with PI controller.

The result of the implemented controller can be seen in Figure 12, where the pressure
values before and after the valve are shown.
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Figure 12. Evaporator and turbine inlet pressure during volatile waste heat flow and with PI
controller.

From hour 10, the controller is activated, and the system is regulated to a constant
pressure upstream of the turbine. In a steady state, a strong oscillation of the controlled
variable can still be seen. As a result, the turbine power still fluctuates by +1.0% more than
in the steady state, and the standard deviation of the turbine inlet pressure is 0.058. The
reason for the fluctuation is the static controller in a non-linear control task. For this reason,
a dynamic PI controller will be developed in the next step.
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3.2.2. Model-Based Controller Design: Dynamic PI Controller via Gain Scheduling

The design of the controller using the model was performed again for a dynamic
controller at different starting valve positions and representative steps. The resulting gain
and the reset time were determined in each case. Variable parameters result over the range
of the valve position, which were integrated into the controller with the aid of a gain
scheduler, as shown in the closed loop in Figure 13.

Valve set ing
Gain
scheduler
A
Manipulated
Setpoint value PI value Actual value
Y System >
- controller

Figure 13. Closed control loop applied to the valve upstream the turbine with PI controller and gain
scheduling.

The result can be seen in Figure 14, where, again, the pressure before and after the
valve and additionally the valve position are displayed. The turbine power varies by +0.1%
compared to steady-state operation, and the standard deviation of the controlled variable
is 0.041.
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Figure 14. Evaporator and turbine inlet pressure, valve setting during volatile waste heat flow and PI
controller with gain scheduling.

A significant improvement in control quality can be seen. To investigate whether
further improvements can be achieved from the model, the model will be used in the next
step to control the valve directly.

3.2.3. Model-Based Control

For MBC, a section of the entire system model was used, and an interface between the
control and the simulation was implemented on a Python basis. The interface reads the
measured data of the inlet pressure of the valve from the Programmable Logic Controller
(PLC), simulates the optimal valve position to achieve the desired controlled variable
and writes this valve position back to the PLC. This open loop is schematically shown
in Figure 15.
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Determined

Setpoint value MBC value Actual value
— System [—

A 4

controller

Figure 15. Open MBC loop applied to the valve upstream of the turbine.

In Figure 16, the PI controller was switched to MBC starting at hour 1.8. As can be seen,
the valve position no longer oscillates since the controller does not attempt to compensate
for the fluctuations that occur due to the dead band of the valve actuator. At the same time,
it can be seen that the controlled variable deviates significantly from the setpoint in some

areas.
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Figure 16. Evaporator and turbine inlet pressure, valve setting during volatile waste heat flow and
open MBC loop.

The turbine output is almost equal to the control via the gain scheduler and the PI
controller, but the standard deviation increases to 0.067. Thus, no improvement in control
was created. The reason for this seems to be the valve model, which does not represent
the physical processes sufficiently accurately in every area. Therefore, in the next step, the
control loop was closed again, and the model was live-fitted with a linear fitting parameter,
which is shown schematically in Figure 17.

Determined
Setpoint value MBC value Actual value
—_— System >

A

controller

h

Figure 17. Closed MBC loop applied to the valve upstream of the turbine.

Figure 18 shows the result of this control. From hour 2.8, the controller was switched
from PI to closed-loop MBC. Due to feedback, the valve position fluctuated slightly more
than in the open approach. A fluctuation can still be seen in the controlled variable,
but the standard deviation of the turbine inlet pressure was reduced to 0.035, creating a
slight improvement.

Since the dynamics of the steam boiler were not taken into account in the previ-
ous controllers, a simple example is given below to show how predictive control can be
implemented with the aid of the system model.
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Figure 18. Evaporator and turbine inlet pressure, valve setting during volatile waste heat flow and
with closed-loop MBC.

3.2.4. Model Predictive Control

MPC simulates using actual measured values faster than in real time, with the result
being determined in advance. It was implemented in the MicroRankine system using the
dynamic model and the interface as described. The controller system shown in Figure 19
detects a disturbance and transfers the measured values to the MPC controller, which
determines a corrected variable which, in turn, can be transferred to the system.

Disturbance
. Determined
Setpoint value MPC values Actual value
E——— »> System >
controller

A

Figure 19. Closed MPC loop applied to the valve upstream of the turbine.

To illustrate this, at 0.8 h, a step change was applied to the exhaust gas while the
turbine valve controlled a constant pressure. Figure 20 shows this step change in the mass
flow rate of the exhaust gas, and for comparison, it also shows the response of the system
with the previous PI controller. In more than 4.5 h, steady-state operation returns.

3000 4 20 40
Eo 2009 g5 - 30 32
~— — ~
3 2600 { 8 LI [ | E
S 210 o L 20 £

2]
£ 2400 { 3 fer > g
E (] —
) ) [
1 -1
g 200 { =7 0=
=

2000 - O T T T T T T T 0

0 1 2 4 5 7 8
Time / h

Pressure turbine in Valve

Waste gas mass flow Evaporator pressure

Figure 20. Exhaust jump, evaporator/turbine inlet pressure and valve setting with active PI controller.
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The MPC as implemented in the MicroRankine pilot plant is shown in Figure 21. The
controller detects the exhaust gas step and simulates the system using the PI controller. The
resulting valve position, as soon as the system is in a steady state again, is transferred to
the PLC. As can be seen, steady-state operation can be achieved after only about 2 h.
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Figure 21. Exhaust gas jump, evaporator and turbine inlet pressure and valve setting with
active MPC.

3.2.5. Application to a Real Industrial Waste Heat Profile

After investigating the conversion of volatile waste heat into electricity using the
MicroRankine plant, the approach is applied to a real use case in the following subsection.
Figure 22 shows the waste heat from two crucible furnaces from the casting industry, each
with a firing capacity of 300 kW, as described in [28]. The actual exhaust gas temperature at
the outlet of the furnaces is 1500 °C, which is reduced to approx. 400-450 °C by drawing in
secondary air. The average waste heat output when cooled to 170 °C is 334.9 kWy,.
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‘2 05 A 5
2 - 100 £
=

0.0 T T T T T 0

0 4 8 12 16 20 24
Time /h
Waste heat mass flow rate ——Waste heat temperature

Figure 22. Waste heat mass flow rates and temperatures of two crucible furnaces from the casting
industry, each with a firing capacity of 300 kW, according to [28].

If waste heat conversion is simulated using the MicroRankine pilot plant without
further control, fluctuating pressure in the boiler and turbine inlet occurs, as shown in
Figure 23, resulting in a fluctuating turbine output.
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Figure 23. Simulated evaporator pressure, turbine inlet pressure and turbine power during volatile
WHR for the crucible furnaces without control in the MicroRankine plant.

If the turbine inlet pressure is controlled to 15.7 bar, the fluctuation in turbine output is
largely eliminated. A varying mass flow rate due to a moving pinch point and the varying
superheating that occurs in each case lead to slight changes in the turbine output despite a
constant pressure ratio. The simulation results can be seen in Figure 24.

B
o

35

W
o
1
T
W
o

N
Q1
1

_ N
o (@)
Electrical power / kW

Pressure / bar
N
()
|

—_
Q1
1

—_
o

T T T T O

0 5 10 15 20
Time /h
——Evaporator pressure —— Turbine inlet pressure ——Turbine power

Figure 24. Simulated evaporator pressure, turbine inlet pressure and turbine power during volatile
WHR for the crucible furnaces with a controlled valve in the MicroRankine plant.

3.3. Grid-Assistive Operation

Another application that can be accessed with the help of Steam Storage Rankine
Cycles is grid-assistive operation. Here, a distinction can be made between industrial
consumers and grid operators. Both suffer from peak loads. Due to an increase in renew-
able energies and weather-dependent fluctuations in the provision of power, distribution
networks are increasingly reaching their limits, which leads to faster aging of the existing
cables [29]. Since grid extension is associated with high costs, operators are trying to avoid
overloads by means of intelligent controls and extensive planning. The so-called Redispath
2.0 in Germany [30], for example, partially shuts down systems feeding into the grid in
the event of overload. In order to compensate for fluctuations in the transmission grid,
control power at the European level is divided into Frequency Containment Reserve (FCR),
automatic Frequency Restoration Reserve and manual Frequency Restoration Reserve, each
of which must be able to receive or provide at least 1 MW after 30 s, 5 and 12.5 min. For an



Energies 2024, 17, 920

18 of 26

FCR, a total 3000 MW must be available in the European Network of Transmission System
Operators for Electricity, and tendering for compensation takes place every four hours. So
far, these services are mainly provided by pumped storage power plants but also battery
storage, gas and coal-fired power plants [31].

Due to the increasing utilization of renewable energies, the demand for flexible loads
will increase in the future. For industrial customers, this circumstance leads to high costs
for unplanned peaks in purchased electricity. In Germany, for example, the user’s electricity
price for an annual consumption of more than 100,000 kWh is based on registering power
metering according to a power price and an energy price, whereby in the power price, the
peak loads are paid, which can account for the larger part of the total cost [32].

Distributed Steam Storage Rankine Cycle plants can help cover peak loads in these
cases by storing and releasing steam abruptly via the turbine when needed, resulting in
increased electrical output. When using Power-2-Heat with the help of electric heaters,
regenerative surplus electricity can be stored in the system, which also leads to an increase
in storage pressure. Compared to Murakoshi [18], the steam in the present approach can
be stored directly in the steam boiler without an additional apparatus required. Figure 25
shows the simplified process flow diagram of this Power-2-Heat-2-Power system.

T - Generator
Turbine

Superheater
St boil

Renewable eam boiler

surplus ——— A

electricity ‘

Economizer
Pump

Chimney

Figure 25. Schematic flow diagram of the SRC with Power-2-Heat for the integration of renewable
surplus power.

Thus, the plant technology can absorb or release power peaks at nodes in the distribu-
tion grid, participate as an FCR in the transmission grid for plants smaller than 1 MW,
through so-called pooling or cover peak loads for industrial customers. The possibilities of
this type of peak shaving are evaluated experimentally and model-based on the following.

3.3.1. Experimental Investigation of Power Peaks at the MicroRankine Pilot Plant

Figure 26 shows the storage process in the steam boiler of the MicroRankine pilot plant
from steady-state operation to approx. 17 bar storage pressure with the boiler pressure,
the turbine inlet pressure and the valve setting. In order to influence the turbine output
minimally, the valve upstream of the turbine was only slowly throttled, resulting in a
storage process to a steady state taking approx. 8 h.
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Figure 26. Storage process to 17 bar evaporator pressure, turbine inlet pressure and valve setting.

Figure 27 then shows, from a steady-state storage condition of approx. 17 bar, an
abrupt opening of the valve within a few seconds, which causes the boiler pressure to
drop and a sudden increase in turbine output from about 29 to over 33 kW, over several
minutes until the storage pressure returns to a steady state. It is also clearly evident that
during throttled steady-state operation, there are additional losses due to the valve and
the smaller pinch point in the evaporator, resulting in a slightly lower turbine output of
approx. 1.0 kWy,.
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Figure 27. Turbine power during a sudden pressure release from 17 bar start condition.

Such an accumulation of steam can also be used to compensate for heating breakdowns.
Figure 28a shows the pressure in the steam boiler and in the turbine inlet at a reduction in
heating by 50% over approx. 9 min without control of the valve. The exhaust gas power
and the resulting reduced turbine power can be seen in the right diagram.

In contrast, in Figure 29, a storage condition of 17 bar is considered, and during the
reduction in exhaust power, the pressure upstream of the turbine is controlled to remain
constant, also keeping the turbine power constant over this range. This method of storing
steam could be predictively controlled, e.g., with a melting-free production plan in a
die-casting process.
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Figure 28. Evaporator pressure, inlet turbine pressure and valve setting (a); resulting turbine power
and 50% drop in exhaust gas power (b) without previous storage.
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Figure 29. Evaporator pressure, inlet turbine pressure and controlled valve setting (a); resulting
turbine power and 50% drop in exhaust gas power (b) with possible predictive storage.

In an SRC, a power peak can also be generated via a heat sink by storing cold. A
sudden reduction in the cooling water temperature on the secondary side of the condenser
leads to a reduction in the condensation pressure and thus an increase in the turbine
power. The remaining heat in the exhaust gas, which leaves the evaporator at 170 °C in
the design case, can serve as an energy source for generating cooling. If the maximum
acceptable pressure drop in the exhaust system is not exceeded, additional deheating from
170 °C to 50 °C would correspond to an additional 165.0 kWy, in case of the MicroRankine
plant, taking into account condensing technology [33]. Eligible absorption chillers with
a Coefficient of Performance of 0.7 [34] would thus provide 115.6 kW of cooling capacity
at 6 °C. A macro-encapsulated PCM in a water container was assumed as cold storage;
it would occupy a total volume of 3.75 m? to store 125 kWh of cooling capacity [35] and
would be able to discharge this into the cooling circuit of the SRC if required. This approach
was tested in the MicroRankine setup, in which the river water mass flow rate was abruptly
increased to reduce the inlet temperature of the intermediate circuit of the condenser by
approx. 10 K. The mass flow rate in the intermediate circuit was kept constant. Figure 30
shows the condenser inlet temperature and turbine power during this test from minute
five. Within about 20 min, the turbine power increased by about 2.5 kW,;. The assumed
cold storage would be able to provide this additional cooling power over 56.7 min.
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Figure 30. Turbine power during a sudden reduction in the heat sink inlet temperature.

3.3.2. Model-Based Investigation of Grid-Assistive Operation of Steam Storage

Rankine Cycles
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The storage capability of the system under investigation was expanded with the help
of the fitted system model in order to be able to generate higher and longer power peaks.
In addition to the storage pressure of approx. 17 bar (+2 bar) in the existing steam boiler
with a storage volume of 1.27 m?, the storage was expanded by 2000 L at the same pressure.
In addition, a storage pressure of 30 bar (+15 bar) was simulated, and a combination of
the increased storage volume and storage pressure was investigated. Figure 31 shows the
steam boiler pressure and turbine output from steady-state storage conditions to a power

peak and back to a steady state.
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Figure 31. Simulated evaporator pressure and turbine power during power peak due to increased
storage capacity of the steam boiler at +2 bar, +2000 L, +15 bar and +15 bar/2000 L.
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Table 2 shows the maximum electrical power peak and the total electrical energy
stored out for these cases compared to the steady state.

Table 2. Simulated maximum power peak and stored electrical energy with variations in the stor-
age conditions.

+2 bar +2 bar/+2000 L +15 bar +15 bar/+2000 L

Power peak [kWail 5.22 5.35 38.52 39.13
ElL energy stored  [kWhg] 3.28 5.39 16.37 28.62

Such stored-out power peak can contribute to peak shaving. For example, if an
industrial company in Germany with an annual consumption of 300 MWh and a registered
peak load of 120 kW can compensate the peak load of 38.52 kW, shown in Figure 31 via the
Steam Storage Rankine Cycle plant, this corresponds to an exemplarily additional annual
saving of EUR 6,196 (depending on the location) [36]. With general electricity avoidance
costs of 0.0896 EUR/kWh (the average industrial electricity price in Germany between 2012
and 2022 [37]) and an average output of 30 kW, in 7500 operating hours, this corresponds
to 30.7% more profit per year. The valve control discussed here can also be used for a load
following operation such that the valve upstream of the turbine is adjusted to the actual
load, thus delaying withdrawal.

In addition to the steam boiler, which must be designed for higher volumes or pres-
sures, tubes, valves and other apparatuses must be adapted. A turbine that can handle
such rapid load changes can be realized either in one machine via nozzle control or with a
parallel turbine. The condenser and cooling system must be adequately sized for higher
mass flow rates, or their thermal idleness must prevent exhaust pressures that are too high.
The cold storage discussed in this section could cause additional turbine power during
power peaks, especially in air-cooled plants, by keeping the exhaust steam pressure at a
minimum. The pump in the system must also be able to cause a higher flow rate for a
short time.

For the utilization of the storage capacity of an SRC plant with additional use for
Power-2-Heat-Power on the grid operator’s side, plants in larger power ranges seem to be
particularly relevant. Short-term power peaks at grid nodes in the distribution grid, caused
by renewable energies such as photovoltaics or fast charging stations, occur in the range
of several hundred kW,,. These plant sizes could be provided in the transmission grid
through pooling for FCR so that the minimum output of 1 MW is achieved, but plants
with 1 MW, of additional flexibility to receive or deliver power peaks are also conceivable.
The technical feasibility of these capacities is provided by comparable plants; the storage
concept in the steam boiler itself will reach its limits at some point. Parallel developments
to steam storage could be used for this purpose [38,39].

If the last and largest power peak displayed in Figure 31 (+15 bar/+ 2000 L) would be
realized by Power-2-Heat, the released 28.62 kWh, would correspond to a storage efficiency
of 13.3%. A parallel use of the surplus heat for feeding heat networks would significantly
increase the overall efficiency. Despite these comparatively low efficiencies, Steam Storage
Rankine Cycles can have an economic advantage over conventional systems through the
parallel use of steady-state WHR and additional peak load shaving. Comparable electro-
chemical battery systems, or Carnot batteries, must generate their economic profitability
exclusively through stored and unstored power peaks, which is why widespread use has
not yet been achieved.

4. Conclusions

The appropriate use of different types of waste heat sources will be crucial, both as
bridging technologies and in a CO,-neutral future. An approach to the exergetic evaluation
of waste heat is proposed in which not only the waste heat temperature but also possible
further levels of a waste heat cascade are considered. Together with a techno-economic
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evaluation, reasonable and sustainable decisions regarding different types of Waste Heat
Recovery can be made.

This paper discusses the exploration of new applications for high-temperature WHR
with a Steam Rankine Cycle, using the storage capability of the steam boiler. The Micro-
Rankine SRC pilot plant at the Technische Hochschule Niirnberg served as the experimental
platform. Here, 248 kWy, of exhaust gas power from a sewage gas engine at 450 °C is
converted into electrical energy. The steam boiler has a liquid water content of 1.27 m? in a
saturated state at various storage pressures. A dynamic system model was developed in
Dymola/Modelica based on the physical transfer processes, fitted with steady-state and
transient measurement data.

Subsequently, three specific applications were investigated with the help of experi-
ments, and extensions were examined using the system model. First, the system’s appli-
cation as an Uninterruptible Power Supply was tested with the MicroRankine setup with
different storage conditions and an abrupt switch-off of waste heat. The storage capacity of
the steam boiler and the resulting turbine output were then modeled with higher storage
pressures and storage volumes. The time in which electricity can be supplied to the grid
can thus be doubled.

As a second application, the conversion of volatile waste heat and the smoothing of
turbine output with the aid of storage and control over the valve upstream of the turbine
were investigated. Using the system model, static and dynamic PI controllers with gain
scheduling were first designed and then tested in the MicroRankine plant. Subsequently,
the model itself was used to control the valve in a Model-Based Control. In each of the
different experiments, an increase in control quality was achieved with increased control
complexity. Afterwards, the system model was used to correct a step in the exhaust gas in
a Model Predictive Control approach. The time back to the steady state was significantly
reduced as a result. Additionally, with the help of the system model, the conversion of the
real volatile waste heat profile of two crucible furnaces was investigated. In this case, the
pressure upstream of the turbine could be kept constant with the already-existing storage
dimensions. If systems such as the one presented are faced with similar control tasks, the
possibility of implementation must first be examined, taking into account all boundary
conditions. Depending on the application and the value of the desired control quality, a
decision can ultimately be made in favor of one of the various approaches based on an
economic analysis.

Finally, the use of the storage capability for grid-assistive operation was investigated.
For this purpose, ways of creating power peaks in the MicroRankine plant were investigated
experimentally. Afterwards, the integration of Power-2-Heat was presented, and through a
model-based scale-up of the storage pressure and the storage volume in the steam boiler,
short-term power peaks of more than 100% can be achieved.

Overall, it can be stated that there is potential for new applications regarding WHR
with the Steam Storage Rankine Cycle. Further research is required before the system can
be used in continuous operation in the investigated industrial environments in different
power ranges. In addition to the experimental implementation of Power-2-Heat in the
MicroRankine pilot plant, the increased storage capability of the steam boiler must be
investigated and tested in future plants. In addition to the auxiliary equipment and
apparatuses, the design of the boiler for frequent load changes must be taken into account.
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Nomenclature

Subscripts

th thermal

el electrical

Abbreviations

FCR Frequency Containment Reserve
MBC Model-Based Control

MPC Model Predictive Control

ORC Organic Rankine Cycle

PCM Phase Change Material

PLC Programmable Logic Controller
SRC Steam Rankine Cycle

UPS Uninterruptible Power Supply
WHR Waste Heat Recovery
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