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ABSTRACT: This project evaluates the potential of thermal power units for flexible electrical power generation in
order to support the adjustment of the overall electrical power generation to the needs of the overall consumption plus
the power generated by wind and solar systems. Hereby the share of renewable energies will be increased and -
concurrently - the CO, emissions reduced. From the point of view of thermal power unit operators the profit can be
maximised by usage of price spreads when directly merchandising the energy produced and henceforth building a
sound basis for refunding the power plant. In order to exploit this extra degree of freedom this project particularly
investigates the opportunities of additional thermal buffer units. Different concepts for sundry thermal power plant
types are elaborated. For an existing pilot plant, running a district heating network already, a technical concept had
been elaborated and analysed for the economic feasibility. In the case of economic profitability the technical
measures are taken and proven in a field test at present.
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1 USE OF BIOMASS IN COGENERATION PLANTS According to DBFZ, facilities smaller than 0.15 kW

IN GERMANY

1.1 Current Development of Power Generation from
Biomass Cogeneration Plants (DE)

Since 2000, the installed power of biomass
cogeneration plants has increased sevenfold while the
number of plants has increased by a factor of ten.
Between 2002 and 2004, this addition was mainly based
on large scale plants. However, since 2011,
predominantly small scale plants with a capacity of less
than 500 kW have been built. According to DBFZ there
has been no addition of plants larger than 5 MW,

are predominately wood gasification plants.

1.2 Future Development of Power Generation

The development of additional construction of wood-
CHP-plants in Germany depends on the electricity
generation costs of the plants and the sales price for the
generated electricity. Typically, about half of the revenue
of wood-CHP-plants is generated by the sale of heat, the
other half by the sale of electricity. The sales price for
heat and the heat quantity determine the minimum
revenue from the sale of electricity which has to be
generated for an economical operation of the plant.

However, the electricity generation costs are mostly
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of renewable power generation from CHP plants with
steam turbines are mostly lower due to the typical plant
capacity of less than 2 MW,. However, because of the
drastic reduction of the EEG compensation rates (EEG
2014), additional plant construction will stop.
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1.3 Spatial Distribution of Biomass Cogeneration Plants
in Germany

W

Figure 1: Number and installed electric gross capacity of
operating and predicted biomass cogeneration plants —
without micro-CHP plants < 10 kW, and plants with
biomass co-firing

In total 39% of the existing plants have an electrical
power of less than 0.15 kW, while 30% are in the range
from 0,5 to 5 MW (table 1).

Table 1: Distribution of biomass cogeneration plants
among power classes in 2012

Power classes Number of plants share in % { —_—
>5 MW el. 90 17 ' DR
0,5>25MWel 160 30 et 0
0,15>0,5 MW el. 80 15 . P . .
<015 MWel. 210 39 Figure 2: Spatial distribution of biomass cogeneration

plants in Germany
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The spatial distribution of the biomass cogeneration
plants is shown in Figure 2. The majority of the plants are
located in Bavaria and in densely wooded areas.
Therefore, few plants are located in Northern Germany.

1.4 Use of Biomass in Biomass Cogeneration Plants

According to DBFZ in 2012 a total of 9.9 million t
bone dry wood equivalents were used in biomass
cogeneration plants. Thereof 8.7 million t bone dry wood
equivalents were used in plants which were reimbursed
by the EEG while 1.2 million t bone dry wood
equivalents were used in non EEG plants within the pulp
and paper industry.

The largest group of the biomass cogeneration plants
(37%) is using residual forest wood, landscape
conservation wood, as well as wood from short-rotation
plantations, according to DBFZ. In 24% of all the plants,
mainly wood waste is used as fuel.

When analyzing the fuel input in relation to the plant
capacity it becomes clear that residual forest wood,
landscape conservation wood, as well as wood from
short-rotation plantations is mostly used in small scale
plants (26% share of the capacity). Wood waste has a
share of 53% of the installed electric capacity (Figure 3).
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Figure 3: Use of biomass in biomass cogeneration plants

1.5 Heat and Power Generation and Sectorial Use

According to DBFZ, 14.2 TWh,, of electrical energy
were generated in 2012. 4.8 TWh, thereof were
attributable to biogenic waste and 1.7 TWhy to biomass
cogeneration plants within the pulp and paper industry. In
total 8.4 TWhe, were reimbursed by the EEG.

At the end of 2012, 75% of EEG compensated plants
changed to direct marketing and are compensated through
the market bonus scheme, according to DBFZ.

In total 26.3 TWhy, of heat were generated in 2012.
5.8 TWhy, thereof are generated in incineration plants,
17.4 TWhy, in EEG compensated plants and 3.4 TWhy, in
biomass cogeneration plants, which are not compensated
by the EEG ,and cogeneration plants within the pulp and
paper industry.

According to a survey among operators of biomass
cogeneration plants, 44% of the total amount of heat
consumed is used within the timber industry, 12% in
other industrial companies and only 3% are used for the
heating of residential buildings (Figure 4). However, the
figures are not very representative because only 30 out of
540 plants have taken part in the survey.

Our investigations, which were based on public
accessible sources, of 164 biomass plants with ORC- and
steam turbines, revealed that 37.2% of the observed
plants supply district heating systems while both

sawmills and the pellet industry are supplied by 12.2%
of the plants (Figure 5).
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Figure 4: Distribution of the heat consumption per
consumer
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Figure 5: Heat utilization of biomass plants with ORC
and steam turbine

2 TECHNICAL MEASURES FOR A FLEXIBLE
OPERATION OF COGENERATION PLANTS

To flexibilize the power production of wood
cogeneration plants an alternative to the construction of
additional system components might be necessary.
However, in most of the cases, small changes of the plant
technology are sufficient to realize a long-term flexible
operation. Particularly the controllability of the steam
generator and the controllability of the turbine, both of
which are only possible in the time range of hours, are
affected. Due to the faster controllability of the turbine in
comparison to the steam generator, it might be
temporarily reasonable to bypass the turbine with a
partial quantity. Also in respect to this, the control
behavior of the Bypasses and the steam conditioning
station in the Bypass need to be observed. A further
possibility would be to store the energy of the steam, or
the steam itself, when reducing the load and to generate
steam with the stored energy to pass the stored steam to



the turbine when the load increases.
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Figure 6: Schematic representation of an ORC process
(source: Seeger Engineering)

While the flexibilization of the boiler output
(variation of the live steam quantity) is influenced by the
combustion performance control — which often can be
inert depending on the wood fuel — there are several
possibilities to vary the output of the turbine. Particularly
these are the variations of the parameter of the steam
input (e.g. reduction of power output by bypassing steam
past the turbine) or the extraction of steam from the
turbine. The extracted steam can be used as heat or can
be stored as warm or hot water. However, the necessary
thermal storages are counted among the biggest
investments for the flexibilization of wood cogeneration
plants.

Furthermore, the electrical power can be varied by
adapting the exhaust steam pressure.

A flexibilization of a cogeneration plant with thermal
oil cycle and ORC process can be realized analogous to
the previously described flexibilization of a water-steam-
process.

3 FLEXIBLE BIOMASS COGENERATION PLANTS
IN THE ELECTRIC MARKET

3.1 Definition of Electric Products and Cost-Benefit
Analysis

Electricity products, which can be realized through
the described flexibilization of biomass cogeneration
plants, are developed as follows and the costs for direct
marketing, as well as the provision of balancing power,
will be displayed. Furthermore, the resulting revenue
potential will be determined. Additionally, a simulation
(power plant resource scheduling) of selected plants in
order to optimize profit takes place.

3.2 Flexible Power Supply at the Day-Ahead-Market

The direct marketing of biomass plants usually takes
place at the spot market of the European electricity
exchange, EPEX SPOT. Here, trading takes place
through daily auctions with a temporal resolution of one
hour. Electricity generated in renewable energy plants is
mostly offered without a set minimum price due to its
low variable cost (wind, pv) and the funding by the
market bonus (granted by renewable energy act).
Therefore, in any case, the electricity price depends on
the respective hour of delivery. At the time of the auction
the actual generated amount of energy is not yet definite
— which is why prognosticated amounts of energy are
traded. Energetic differences between prediction and

actual supply will be valued with a compensation energy
price through an allocation mechanism and should be
avoided. From the trading side there is the possibility to
compensate the forecast deviation at the intraday market.

The spot price is subject to market-based variations
and differences between single hours, weeks and months
occur depending on supply and demand. The amount of
the market bonus payments, received by EEG plants
which are operating in direct marketing, is based on the
monthly average electricity price regardless of the actual
revenues the plant generates at the market. Therefore, this
compensation model makes it possible to gain additional
revenues at the spot market, if the plant feeds in
electricity in times of high prices and in return, avoids the
hours when prices are low. The essential prerequisite for
this concept is that the plant in average is not working to
capacity and, therefore, has the required flexibility to
operate in line with the exchange price. Figure 7
illustrates the concept based on an example of a 1| MW
electricity generation with 500 kW flexible capacity in
both directions (increased/reduced output).
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Figure 7: Example of a demand oriented electricity
generation for the average week 0f 2013 (own depiction)

Furthermore, the displayed price course of the
average week illustrates the usual systematic price
dynamics. There are different ways of taking advantage
of this in marketing. The price is dependent on the
restrictions of the flexible feeding behavior, the mode of
operation and the amount of additional revenues.
Restrictions in particular are fuel consumption and
storage, load cycling behavior and, if necessary, coupled
heat generation and related storage. Possible operating
modes are:

e  Daily identical standard schedule: The
generation is adapted to the daily recurring
“double hump” in the price course. Before noon
and during the evening hours the load is higher
in comparison to noon or night hours.

. Weekly identical schedule: Beside the daily
costs the price differences between weekends
and weekdays are utilized. However, this mode
of operation places high demands of fuel and
heat storage capacity.

. Continuous optimization: This operation mode
considers the above described concepts but in
addition the operation schedules are regularly
(daily to weckly) adapted to the current spot
price forecast. The effort in this operation mode



is significantly higher, however, so are the
expected revenues.

As the schedules for the day-ahead-market need to be
released at least one day in advance, a timely
communication between marketer and operator is usually
unproblematic. Therefore, the plant can still be controlled
locally by the operator. The implementation of a direct
control by the marketer is also possible.

3.3 Flexible Provision of Electricity at the Intra-Day
Market

When the day ahead trading is closed there is a
possibility to buy and sell quarters of an hour in bilateral
commercial transactions at the intra-day market to
compensate the balancing group which is necessary in
case of forecast errors and —~ deviations. At the intra-day
market it is possible to trade every quarter of an hour of a
day until 45 min before delivery. Thereby, the prices are
subject to continual price fluctuations depending on
supply and demand. Deviations from the weather forecast
have strong effects because they significantly influence
the forecast of the generation from wind and photovoltaic
plants. The price development at the intra-day market
sometimes changes rapidly and does not show the
periodic characteristic of the day-ahead price (Figure 8).
Plants who want to operate here need to be able to realize
many fast load changes. The short-term nature of the
trading activities makes remote controlling by the
marketer essential. The compliance of all technical
restriction has priority over the energy supply.

3.4 Flexible Provision of Electricity at the Balancing
Energy Market
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Figure 8: Example for the price development for one
hour at the intraday market (source: EPEX)

To ensure the mains’ frequency of 50.0 + 0.2 Hz it is
necessary to keep demand and supply of electricity
continuously in balance. This - theoretically - can be
realized by balancing supply and demand in the trade
business. However, in reality unexpected deviations in
supply and demand which cannot be compensated at the
intra-day market do occur. Such an imbalance causes a
change of the mains’ frequency. If the deviation from 50

Hz reaches a certain value the transmission system
operator supplies energy or load to stabilize the mains
frequency. For this reason a call for tenders for the
needed capacity is made. The awarded vendors are
obliged to have the capacity available and to supply the
energy on call.

Each of the four transmission system operators in
Germany is in charge for one control area. Provision and
supply of control energy takes place in each control area.
Even though the call for tenders for control energy takes
place centrally on an intemet platform there are still four
independent markets. There are six different products of
control energy.

° Primary control capacity (PCC) serves the
immediate  compensation of frequency
fluctuations. PCC is continuously in use and is
controlled directly by the mains frequency.

° Secondary control capacity (SCC) is used when
despite PCC an imbalance between the control
areas persists. The minimum capacity for
taking part in SCC auctions is 5 MW. To reach
this minimum capacity it is allowed to pool
smaller plants. The complete awarded capacity
needs to be available within 5 min after call
with 100% availability. Additional there are
requirements on the power gradient (speed of
load change) of the involved plants.

. Tertiary control capacity (TCC) is another
product which again supplements or replaces
the SCC. Also TCC can be offered from 5 MW,
However, the requirements on the speed of
provision are lower in comparison to SCC. The
complete capacity needs to be provided only 15
min after the call.

. Positive/negative control capacity: Depending
on to which side the power grid is out of
balance — surplus or demand — energy needs to
be provided or deprived. This can be realized
by switching on/off plants or consumer. If
additional electricity is fed into the grid
(increase of generation or reduction of
consumption) it is positive control energy, in
the opposite case it is negative control energy.
Therefore all described control energy products
exist in two variants.

The remuneration of the control energy by the
transmission system operator takes place in two steps.
The availability of plant capacity for a possible call is
remunerated with a capacity price. In case the capacity is
called, a specific kilowatt-hour rate for the delivered
energy is paid. Likewise, shutting down of plants for
negative control energy is also considered as a supply of
energy.

The providers of control energy take part in a call for
tender which is released by the transmission system
operators and offer the provision of a certain capacity for
a price they choose themselves. Normally a marginal cost
consideration is used to set the prices. Also the kilowatt-
hour rate in case the capacity is called can be set by the
provider.

The transmission system operators release a call for
tenders for the required amount of control energy and the
needed amount of providers with the lowest capacity
price will be awarded. All awarded providers are sorted
by the offered capacity price and in case control energy is



required the provider with the lowest price is the first to
deliver,

The call for tender takes place in time slices which
can vary in length depending on the product of control
energy. TCC is auctioned daily in six time slices with 4
hours each. The call for tenders for SCC takes place
weekly with two time slices. One slice is during the peak
pricing hours between 8 am and 8 pm on the weekdays
and comprises 60 hours in total. The other time slice is
during low rate times which comprises the remaining
hours of the week (Mon. to Fri. 8 pm to 8 am and the
complete weekend). The length of the time slices is
relevant for the time availability of the plants because a
pool of plants who wants to provide SCC needs to
guarantee the availability of the assured capacity for the
complete week. Although outages of single plants can be
compensated through the redundancy of the pool, the
high availability requirements are assigned to the single
plant.

Currently many professional energy traders offer
renewable energy pools comprising of decentralized
plants at the markets for negative SCC and TCC in all
four control areas of Germany as well as positive TCC in
one control area.

The integration of the plants into the respective pool
is realized by a tele control interface (“xxx-Box”), which
enables the energy trader to control the plant. The tele
control system broadcasts availability, operating status
and feeding capacity of the plant to the control/guidance
system and receives a power set point in case of a call for
control energy. Optional more signals like e. g. the level
of the fuel - or heat storage can be broadcasted. The
communication with the local control is realized with a
GSM- or DSL-Modem dependent on the conditions at the
plant.
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Figure 9: Sample of a “double-hump-graph” (50Hertz,
Amprion, TenneT, and TransnetBW from
relgeleistung.net)

Before a plant may offer control energy the technical
capability needs to be proven to the transmission system
operator. For this purpose a double-lift-test (“double-
hump-graph™) is performed, in which two calls for
control energy within a short period of time are
simulated. If the plant can pass the test in compliance
with the above described specifications it is allowed to
take part in the respective market segment.

3.5 Revenue Potential of the different Marketing Options

The additional revenues a plant can gain at the day-
ahead-market by feeding in electricity flexible are
difficult to quantify because they strongly depend on
technical framework conditions like capacity control

range, storage capacity and load cycling behavior. For
orientation purposes it may be pointed out that in the
example of figure 7 the average electricity price is 37.77
€/MWh while the revenues from a demand-oriented
feeding are 42.85 €/MWh. Thus, the gap of around 0.5
ct/kWh would be the additional revenue, which could
have been generated in 2013. The revenues can be
increased additionally if the feeding is adapted to the
current price development, based on price forecasts,
instead of operating according to a weekly identical
schedule. On the basis of experience and individual case
considerations, energy traders currently calculate with an
additional value of 0.7 ct/kWh. Assuming that a biomass
plant is generating electricity in 8,000 h per year, total
revenues of 56,000 € per MW and year would result.
These figures are useful indicators but need to be
calculated individually for each case.

Even more difficult to quantify are potential revenues
at the intra-day-market. Energy traders use a complex
calculation model which is individually adapted to each
single plant. Revenue in the range of 60,000 to 80,000 €
per MW and year can be stated on basis of experience.

Also the revenue from control energy provision
cannot be prognosticated exactly as it depends on
seasonal influences and behaviors and is therefore
volatile. To estimate the scale of the revenue potential for
plant operators, energy traders build prices on the past 12
month basis. As it is about an auction in which every
tenderer in case of an award receives the individual price,
the market average is used for calculation. However,
deductions from the market price have to be considered,
which basically consist of two parts:

. Marketing success — Average market prices do
not comply with individual biddings. The
marketing of decentralized plants involves
other requirements as the marketing of large
scale plants. Consequently, it is wiser to take
less continuous market participation into
account when considering the capacity price.

. Revenue distribution — Within a pool of small
scale plants, redundancy to compensate
fluctuations and plant outages is essential. This
redundancy needs to be considered in the
remuneration of all participants of the pool.
Furthermore, the revenues are divided between
the marketer and the operators.

Table 2: Capacity price revenues for negative control
capacity (own depiction)

negative hi<d sCC
2013 st half of 2014 2013 st half of 2014

capacity price (per time slice and MW)
average 22.89€ 18.68€ 961.31€ 1,03248 €
total 50,123.65 € 20.281.99€ 95,976.10 € 53,688.93 €
marketing by next
share of average* 92% 98% 99% G0%
success of bids** 75% 79% 87% 97%
total 69% 78% 85% 88%
Operator

contractual share 65% 65% 65% 65%
redundancy*** 91% 91% 91% 91%
total/Mw 2051844 € 9311.01€ 50,454.71 € 2783962 €
soecific 0.23 ct/kWh 0.21 ct’kWh 0.58 ct/kWh 0.64 ct/kWh

Table 2 and 3 show the average capacity prices and
the described deductions for 1 MW in 2013 and the first
half of 2014.



Table 3: Overview capacity price revenues for positive
control energy (own depiction)

positive (<4 | scc
2013 1sthalf of 2014 2013 1st haif of 2014

capaclty price (per ime slice and MW)
average 380 2.15€ | 63605 € 658.36 €
total 8,316.29€ 2,337.02€ 66,142.29€ 3423471 €
marketing by next
share of average* 107% 120%
success of bids** 51% 58%
total 55% 70%
| Operator
|share of capacity price 65% 65%
redundancy*** 91% 91%
totalMw 2,701.43 € 96293 € -€ -€
specific 0.03 ct’kWh 0.02 ct/kWh 0 ctkWh 0 ct’kWh

*ratio of capacity price achieved by energy trader to
average capacity price

**Share of auctions in which contracted energy trader
was awarded

***redundant capacity which needs to be available and is
“subtracted” from the operators by a weighted
apportionment

4 PREPARATION OF THE PILOT PLANT AND
TEST OPERATION

4.1 Description of the Biomass Cogeneration Plant
Waechtersbach

Figure 10: Cogeneration plant of the Bioenergie
Waechtersbach GmbH

The Bioenergie Waechtersbach GmbH is operating a
cogeneration plant (figure 10) and provides electricity
and heat to private, commercial and industrial customers
in Waechtersbach. Heart of the plant is a feed grate firing
(manufacturer Kohlbach) with a rated thermal input of 6
MW. Forest chips, bark and landscape conservation
material is used as fuel. The conversion into electricity
takes place in an ORC unit (manufacturer Turboden) with
a maximum electrical output of 1,200 kW. In the plant
there are different heat sources: ORC, cooling of
insertion zone and cooling of grate, which are connected
by a hydraulic separator. The maximum thermal output of
the ORC is 4.8 MW. In winter, peaks in demand, in the
morning and evening, are covered by an oil-fired peak
load boiler. Two recooling systems are available for the
operation in summer. The heat is supplied to the
customers by a district heating system with a current
length of 14 km. At present, 280 transfer stations are in
operation, which supply private customers, municipal
buildings and large industrial cstates. The district heating

system is extended continuously and in 2014 the first
cooling generator was put into operation to increase the
use of heat during the summer months.

4.2 Plant Technology

Fuel technology: A wheel loader transports the
different fractions to the fuel silo where they are mixed to
a homogeneous fuel mix. A push floor transports the fuel
to a stoker which is a feeding channel in which the fuel is
pressed into the combustion chamber with a punch. In the
front area of the grate the fuel mix is pre-dried. In the
central arca the real combustion takes place while the
burnout of the fuel mix happens in the lower area. The
ash from the combustion chamber is transported through
a sluice gate to the ash basement. The inner side of the
combustion chamber is coated with fireclay to endure
temperatures up to 1000 °C. From underneath the grate,
three fans blow in air to control the combustion process.
The flue gas fan removes the hot exhaust gas from the
combustion chamber. Therefore the combustion chamber
works under low pressure conditions. In the thermal-oil
boiler, which is located above the firing, the flue gas
emits the majority of its heat.
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Figure 11: System diagram Kohlbach feed grate firing

The thermal oil serves as the heat transfer medium to
the ORC unmit. Afterwards, the flue gas passes the
economizer which is a heat exchanger and is used to
preheat the thermal oil. Past the economizer the flue gas
flows through the air preheating where the combustion
air is preheated to 70 °C. Subsequently a mechanical
dedusting with a cyclone filter takes place. The fine dust
is removed from the flue gas with an electric filter.
Between cyclone filter and electric filter the flue gas fan
is located. Hence, there is excess pressure in the electric
filter. At the end, the flue gas leaves the chimney with
160 °C.

The combustion is characterized by its robust
technique, which is tolerant to high water and ash
contents as well as varying particle sizes.

CHP unit: The combustion heat is delivered to the
ORC unit by thermal oil. The ORC unit has its own
working fluid, silicone oil. The process principle of an
ORC unit is equal to the process in a steam turbine except
that silicone oil is vaporized instead of water. The steam
drives a turbine which drives a generator. When
conditions are optimal, the generator provides an electric
capacity of 1.2 MW. Past the turbine the expanded
silicone steam reaches the condenser. The condenser is
the main heat exchanger for heating up the water for the
district heating system. In the condenser the water is
heated up by the steam from 60 °C to 80 °C. At the same
time the steam is liquefied and the silicone oil is pumped
back into the cycle.
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Figure 12: System design Turboden ORC unit
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In comparison to a water stecam turbine, an ORC unit
is working at lower temperatures and pressures with a
lower electrical efficiency.

In case of an outage of the ORC unit, the water for
the district heating system is heated up by an additionally
existing high and low temperature heat exchanger. If
necessary, a mere heating operation is possible.

Peak load boiler: In winter, peaks in demand in the
morning and evening are covered with an oil-fired peak
load boiler (manufacturer Viessmann) with a maximum
thermal output of 6 MW. Furthermore, this boiler is used
as a backup in case the wood-fired boiler breaks down or
needs to stop operation for maintenance work.

Plant hydraulic: At the plant there are different
sources of heat. The condenser of the ORC unit is the
major heating source. Besides the condenser, there are
more heating sources within the grate- and zone cooling
(fuel insertion at the combustion chamber).
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Figure 13: System design plant hydraulic

In the hydraulic separator, heat- and cooling flow is
joined and distributed.

4.3 Plant Operation

Plant operation: In Summer, the plant is operated
only partly heat driven. A defined minimum output is
ensured with heat exchanger operation. In winter, the
plant is operated heat driven, coolers are switched off and
with the oil-fired boiler peaks in demand are covered.
The capacity of the boiler is therefore dependent on the
demand of heat. The capacity can be controlled with the
thermal oil valve (three-way valve).

Electricity generation: The generated electricity is
fed to the public grid and until summer 2013 it had been
remunerated by the local energy supplier according to the
EEG 2009. The remuneration consists of basic
remuneration, energy-crop-bonus, technology-bonus and

CHP-bonus. Currently, the Bioenergie Waechtersbach
GmbH is using the electricity according to the market
bonus scheme of EEG 2012. This is realized by the
electricity trader NEXT Kraftwerke GmbH who pools
many EEG-plants to provide the generated electricity
demand oriented. The prequalification phase for the
provision of control energy was finished in summer 2014.
The aim is, to generate additional revenues with an
intelligent feed-in management, based on the market
bonus scheme. Precondition for this is an exchange price
oriented operation, the operation according to an
operation schedule or the provision of positive and
negative control energy.

Table 4: Key performance indicators of the ORC unit at
Bioenergie Waechtersbach GmbH

Maximum electrical capacity MW | 1.2
Minimum electrical capacity MW | 0.2
Maximum thermal capacity (only CHP) | MW | 4.8
Thermal capacity at minimum load MW | 1.5

Table 4 shows the key performance indicators of the
ORC unit in Waechtersbach. If the control range from 0.2
MW to 1.2 MW can be fully utilized, how flexible this
process is and which thermal outputs are resulting from
this control has to be proven within the scope of this
project. The manufacturer of the plant has hardly
experience with a flexible operation.

Heat use: When the plant generates electricity in
full-load operation, a maximum of 4.8 MW heat is
produced and used to feed the district heating system.
With network pumps, which regulate to a defined
differential pressure, 80 °C hot water is pumped into the
inlet header of the currently 14 km long district heating
system. At present 280 transmission stations, which are
designed customer-specific, are in operation. If the
customer requires heat, the 80 °C hot water flows through
the heat exchanger of the station from the supply flow to
the return flow back to the plant with 60 °C where it is
heated up again. In winter, the inlet temperature level is
increased. Large scale industrial consumers, municipal
buildings, schools, gyms and private small scale
consumers are provided with heat. The district heating
system is extended constantly.

4.4 Description of the Applied Measures for the
Flexibilization of the Electricity Generation

With respect to the control of the electric capacity,
there are two possibilities.

4.4.1 Control of the Electrical Capacity through the
Bypass Valve
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Figure 14: Example for a capacity modification on short
notice, Turboden

To reduce the electrical capacity, a partial flow of the
silicone steam is redirected directly to the condenser
which leads to a reduction of the electrical capacity. Two



examples from the manufacturer in which the capacity is
reduced on short notice, are shown in figure 14.

The advantage of this control is the fast and precise
response (within 2 -5 seconds from 100 % to 30 % of the
capacity). The disadvantage is that it can be activated
only for short times (max. 30 min) and only up to a
maximum of 50 times per year, because the regenerator
and the valve are burdened too much. These are
pessimistic specifications from the manufacturer who
does not have much experience with this kind of
operation. The reconstruction measures took 12,000€, the
implementation and inspection took 60 days.

4.42 Control of the Electrical Capacity through the
Thermal Oil Valve

The second possibility is an indirect control where
the boiler capacity is decreased. To avoid this, a parallel
hot water heat exchanger operation would be necessary.
The advantage of this alternative is that the operation,
according to a schedule, over the time, with limitations, is
probably possible. Disadvantage is the inert reaction time
(>15 min) as well as the imprecise control (electrical
capacity is controlled indirectly). Therefore thermal
fluctuation can appear in the boiler and also in the district
heating system. The supervision expenditures are very
high because the fuel input needs to be adapted when the
load is changing. According to the manufacturer, the
costs of adapting the process control technology are more
than 5,000 €. The existing hot water heat exchanger is
designed for emergency operation and continuous stop-
and-go operation would cause high thermal burden. The
reconstruction to a parallel heat exchanger operation
would cost more than 20,000 €.

Decoupling of electricity- and heat generation: To
realize a flexible feeding of electricity, the decoupling of
electricity and heat generation is necessary to assure the
constant provision of heat to the customers. For 2016, a
buffer storage of 300 m® instead of the hydraulic
separator is planned.

Prospective storage operation: If the demand for
heat is lower than the heat output, the buffer storage is
loaded. If the demand for heat exceeds the generation
heat is taken from the buffer storage and the capacity of
the oil fired boiler is decreased at the same time. The
costs for the storage are about 100 €/m>.

4.5 Simulation of a Heat Storage System at the Pilot Plant

The ORC unit of Bioenergie Waechtersbach GmbH
has been simulated with different sizes of storages
according to table 5 to calculate the cost-benefit ratio of
an investment in a heat storage system. The simulation
model of the ORC unit has been adapted to this case. The
simulation of the plant considers the heat generation of
the year 2013 including the times of outages. For this
purpose the heat generation has been taken from the
thermal profile data instead of the heat demand. Thereby,
the heat generation is already included and the one-
dimensional CHP-model (characteristic curve) for the
ORC unit needs to be used instead of the two-
dimensional model (characteristic diagram).

Table 5: Examined storage sizes an investment costs
based on cost curves

MWh m® kEUR
2 86 105
4 172 175
6 259 236
8 345 292
12 517 395
16 690 488
20 862 576
24 1034 659
36 1552 890
48 2069 1102
Spot market price
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Figure 15: Design of the plant model, heat demand and
electricity marketing for operational optimization
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Figure 16: Heat generation operation schedule for one
year (daily average) without (left) and with a 6 MWh
heat storage (right)
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Figure 17: Financial performance in dependence of the
storage volume: Change in costs and revenues (left)
yearly; annual profit after depreciation of the investment
for the storage over 10 respectively 15 years with an
interest rate of 7 %

The results of the heat generation in figure 16 show,
how the oil-fired peak load boiler is displaced by the heat
storage system. The financial result for the investment in
the heat storage system is displayed in figure 17.
According to that, the investment is most promising in
the size range of 6 MWh to 8 MWh. The resulit is subject
to provision out of two reasons. First, the assumed oil
price of 152 €/ MWh is very high. This data needs to be
reviewed for plausibility and assessed regarding to its
sustainability with respect to significantly lower oil prices



at present. Second, during the project progression, the
feeding characteristic of the ORC unit of Bioenergie
Waechtersbach GmbH has changed. At least in course of
direct marketing, the plant is operating almost constantly
throughout the year.

4.6 Conduct of the Test Runs

There are two possibilities to control the electric
capacity. The second possibility, the control of the
electrical output by decreasing the boiler capacity, has
not been chosen due to its imprecise and inert control
response. Also the manufacturer of the boiler strongly
dissuaded from this possibility as the desired results most
likely cannot be achieved and the requirements of the
electricity trader can hardly be fulfilled.

Therefore, the control of the electrical output through
the bypass valve of the ORC unit has been chosen. March
2015, the required software has been implemented by the
manufacturer Turboden and the tele control technology
has been installed by NEXT Kraftwerke.
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Figure 18: First test run on remote access to control
electrical capacity (May 2014)

Preparation of the test mode: The Requirements for
the offer of TCC and SCC are as follows:

e TCC: Reaching the set point within 15
minutes, duration of power request between 7
and 60 minutes, daily auctioned, lower
remuneration and fewer calls in comparison to
SCC

e  SCC: reaching the set point within 5 minutes,
duration of power request between 2 and 30
minutes, bid for one week, higher remuneration
an more frequent calls in comparison to TCC

Figure 18 shows the first test run on in May 2014
with remote access by the energy trader. The range of
electrical capacity was defined from 1,000 to 200 kW.

Already in the first test run the fast and precise
control could be demonstrated. Especially the power
reduction from 1,000 kW to 200 kW was realized within
less than 2 minutes. The power increase took more time,
however. For the first hump this process took 11 minutes.
The second and third power increase was realized within
4 minutes. This is due to the heat driven operation. When
the load in the net is decreasing, the boiler is controlling
down its output and thereby influences the reactivity of a
power increase, which can be seen at the first hump.

Nevertheless, the results of the first test run are
promising as the requirements for TCC are already

fulfilled. Now the process of a controlled increase of

power needs to be optimized. In principle, there is the
problem that this process is influenced by the fluctuating
boiler capacity due to the heat driven operation. More test
runs with respect to the prequalification had successfully
taken place in summer 2014. The range in which the
capacity is controlled was set to 1,000 to 600 kW
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Figure 19: Second test run on remote access to control
the electric capacity (May 2014)

Also in the second test run, the defined set point of
1,000 kW, at the second hump couldn’t be reached
within the demanded 5 minutes. Besides the already
mentioned fluctuating load in the district heating system
which influences the boiler capacity and thus, the
reactivity of the electrical capacity, another influence
became visible: In bypass operation, the silicone steam is
directed past the turbine directly into the condenser of the
ORC unit. The reduced electrical power is available as
additional thermal power. As a result, the target
temperature for the hot water which is fed into the supply
of the district heating system is reached quicker. This
again results in a reduction of the boiler capacity and the
thermal oil valve is closing step by step.
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Figure 20: Reduction of boiler capacity by bypass
operation

The magenta colored line in figure 20 displays the
boiler capacity respectively the thermal oil capacity
during lowering operation. Because of the reduced boiler
capacity, the set point of 1,000 kW at the second hump
cannot be reached within the demanded 5 minutes.

To counteract the reduction of the boiler capacity in
bypass operation, the demanded temperature needs to be
increased. This results in a higher demand in capacity for
the boiler.
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Figure 21: Third test run with remote access to control
the electrical capacity (May 2014)

Still in May 2014, the next test run, regarding the



offer of SCC, took place. The remote access was realized
internally by the manufacturer Turboden. The range in
which the capacity was controlled was set from 1,000 kW
to 400 kW,,.

In this test run, the plant was operated in bypass and
the demanded temperature for the hot water, which is fed
to the district heating system, was increased from 8§2°C to
87°C. The additional thermal capacity is fed into the
district heating system. Thus, the district heating system
is used as a buffer and the strong decrease of the boiler
capacity could be weakened. The set points for the
electrical capacity could all be reached in less than five
minutes.

At the end of May 2014, the next test run, regarding
the offer of SCC, took place. The remote access was
realized by NEXT Kraftwerke. The range in which the
capacity is controlled was set to 1,050 to 200 kW .

Also in this test run, the boiler capacity was manually
increased. All set points for the prequalification for
negative SCC could be reached within the demanded
time of less than 5 minutes. The test run serves as proof
for the prequalification.

Figure 22: Fourth test run with remote access to control
electrical capacity (May 2014)

To finalize the process of prequalification for SCC,
the plant needed to pass a test which was conducted by
the transmission system operator. In this test, the plant
was pooled together with plants from other operators.
The pool was controlled by the fransmission system
operator and several calls for control energy took place.

The test took place in October 2014 from 10 am to 1
pm. The sequence of the test is supposed to be similar to
a “double-hump-curve” with following short-term control
energy calls.

Precondition for the test run as well as for the swarm
test was to set the nominal power to full load. The test is
passed, if the plant follows the set point which is
predefined by the transmission system operator within the
demanded reaction times.
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Figure 23: Test run with remote access to control
electrical capacity within a pool of plants (October 2014)

For the swarm test, Bioenergie Waechtersbach
GmbH declared a capacity range from 1,050 to 200 kW,,.
The pre-set target values were all achieved within the
pre-set reaction time (Figure 23). The prequalification

was granted by the transmission system operator.

To take part in the market for control energy, a grid
connection contract with the regional energy provider
(access network operator) as well as the confirmation of
the access network operator is a precondition. The grid
connection contract was signed in the beginning of July
2014. The confirmation of the access network operator to
take part in the control energy market was issued with
reservations in November 2014.

From that day on Bioenergie Waechtersbach GmbH
has been offering control energy. For the energy trader
and project partner NEXT Kraftwerke, 600 kW, are
available for negative control energy. With that, the
regular operation started. With respect to the difficulties
in reaching the set point, which were solved manually
during the last test runs, the first step is to gain
experiences with the frequency of the calls and the
duration of the control capacity provision. If the calls
persist only for a short time and if the breaks in between
are long enough, reaching the set point should achieved
without manual intervention. If the calls persist for a long
time or if they come in rapid succession, an increase of
the boiler capacity is necessary. In this case it is
necessary to automate the intervention.

In December 2014, 14 calls with different capacity
and duration took place. In January it has been 22 calls to
date (table 6).

Table 6: Calls for control energy in December and
January 2015

Datum Uhrzolt Leistung (kW] Zeltspanne Arbeit
Stert _'I Ende von bis In min Inh | kwh
00.11.12.2014 21:05| Do.11.12.201421:07 1063 | 900 163 | 00 00:0200 | 003 | 54
Do.11.12.2014 21:07] Do.11.12.2014 21:08] 00 734 166 | 00 00:01:00 | 002 | 18
Mi17.12.2014.06:04] Mi17.12.201406:08| 1059 | o062 57 | 00 000200 | 003 | 32
00.16.12.2014 25:01| Do.16.12201423:02| 1086 | 1072 | 1a | 00 000100 | 002 | 02
$2.20.12.2014 06:03| Sa.20.12201406:08] o057 | 361 596 | 00 00:06:00 | 0,10 | 596
M0.22.12.2014 08:04| M0.22.12.201408:08) &57 | 733 224 00 00:02:00 | 003 75
Mo.20.12.2014 06:48| Mo.20.12.201406:50| 1047 | @&27 | 420 | 00 00:.02:00 | 0,03 | 14,0
Mo,20.12.2014 06:19| M0.20.12201406:21| 1102 | 782 320 | 00 00:02:00 | 0,03 | 07
M0.29.12.2014 06:30| M0.20.12.201406:37| 1081 | 876 205 | 00 00:01:00 | 0,02 | 34
M0.20.12.2014 06:47| M0.29.12.201406:42| 1083 | 445 | 00 00:01:00 | 902 | 74
#10.20.12.2014 06:47| M0.20.12.201406:50| 638 | 601 37 | 00 00:03:00 | 005 | 18
Mo.zs.u,zmaomol Mm29.|220140ﬁ( 061 | 716 345 | 00 00:02:00 | 3,03 | 115
¥0.20.12.2014 07:13| Mo.20.12.201407:13| 1084 | 1072 | 12 | 00 00:00:00 | 7,00 | 00
Mu,zmz.zmuﬁ[ Mo20.12201407:22] 1059 | 1020 | 39 | 00 00:01:00 | 002 | 06
Fr.02.01.201501:11] Fr.02.01.201501:14| 51 | 186 | 465 | 00 00:0300 | 0,05 | 232
F..nz.m.zmsm:SI Fr.oz.m.m{ 683 | 230 | 453 | 00 00:0400 | 007 | 302
Fr.02.01.2016 01:63| Fr.02.01.201501:64| 230 | 201 25 | 00 00:01:00 | 0,02 | 05
Fr.02.01.2015 05:02 g4 | 12 100 00:04:00 | 0,07 | 415
Fr.02.01.2015 05:09| Fr.02.01.201506:10( @07 | 253 | 554 | 00 000100 | 002 | a2
Fr.02.01.2016 06:12] Fr.02.01.201606:93| g73 | 218 G5 | 00 000100 | 502 | 109
Fr.02.01,2016 06:15| Fr.02.01.201506:16| 884 | 623 | 261 | 00 DO:00:00 | 000 | 00
Fr.02.01.2015 05:16 Fv.02.01.2015I)ﬂ] 939 | 171 | 768 | 00 00:0300 | 005 [ k4
Fr.02.01.2016 06:02 Fr.02.01.201608:06] 700 | 504 | 286 | 00 00:03:00 | 0,05 | 143
Fr.02.01.2016 06:14] Fr.02.01.201606:14| 943 | 942 1| o0 00:00:00 | 000 | 00
Fr.02.01.2015 07:03] Fr.02.01.201507:07] o78 | 313 | 665 | 00 00:0400 | 007 | 443
5a.00.01.2015 00:47| Sa.00.01.201500:47) 655 | 368 | 287 | 00 00:00:00 | 000 | N.O
$2.03.01.2016 00:64] 6a00.01.201600:64) &0 | @36 | 4 | 00 0000:00 | 0,00 | 00
$a.03.01.2015 01:10] Sa.00.01.201501:13| 644 | 171 | 473 | 00 00.0%:00 | 005 | 236
5a.03.01.2015 01:44] Sa.03.01.2015 01:46| @93 in 521 00 00:02:00 | 003 17.4
$0.04.01.2016 19:25| $0.04.01.201619:26| 1070 | 1049 | 30 | 00 00.01:00 | 002 | 05
$0.04.01.2015 19:27] 80.04.01.2016 10:27| 1080 | 1076 4 | 00 00:00:00 | 0,00 | 00
50.04.01.2015 19:28] 50.04.01.2015 19:28] 1076 | 1076 0 [ o0 00:00:00 | coo | 00
50.04.01.2015 10:44] S0.04.01.201519:48| 1080 | &0 | 260 | 00 00:02:00 | 0.g3 | &7
Mo.05.01.2016 00:00] Mo.06.01.201600:02] 642 | 194 | 448 | 00 000200 | 003 | 149 |
M0.05.01.2015 04:01| Mo.05.01.201504:01| 06 | 884 22 | 00 00.00:00 | 000 | 00
M0.05.01.2015 05:18] Mo.05.01.201505:26| 576 | 202 | 774 | 00 00:10:00 | 017 | w380
M0.06.01.2015 06:04 Mo.05.01.201600:07] 043 | 179 | 764 | 00 00:03:00 | 005 | 82

Capacities from <1 kW (!) to 774 kW have

been

called. The calls for control energy extended from <1
minute to 10 minutes. Table 6 resulted from the data
collection conducted by Bioenergie Waechtersbach
GmbH. Within this, only full minutes have been
considered.

Figure 24 shows the calls in December 2014. As the
calls are only persistent for less than 2 minutes, the initial
capacity could be reached within very short time (<1
minute). The remuneration of the SCC consists of the
provision itself and the calls made. The remuneration



depends on the marketing success of the energy trader.
The remuneration for the call is fixed with a contract and
is above the remuneration, which is payed according to
the EEG 2009 including the bonuses.
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Figure 24: Test run with remote access to control
electrical capacity within a pool of plants (December
2014)

5 CONCLUSION

The project FlexHKW showed the noteworthy
potential of thermal power units for flexible electrical
power generation. From the point of view of thermal
power unit operators the profit can be maximised by
using price spreads when directly merchandising the
electrical energy produced and henceforth building a
sound basis for refunding the power plant. Investigation
of additional thermal buffer units in biomass
cogeneration plants may increase the revenue and
stabilize the operation. For an existing pilot plant,
running a district heating network already, a technical
concept had been elaborated, analysed and proven for the
economic feasibility. This project demonstrates that
cogeneration units, driven by solid biomass, are certainly
able to provide balancing and control energy both. Heat
storages are not essential but very helpful.
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