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Abstract. The progressing introduction of renewable
energy sources (RES) in the energy system creates an
increasingly difficult market environment for traditional
utility companies. While their fossil-fueled power plants are
important to secure the supply of electricity, the associated
operations are costly and energy intensive.

This paper presents a simulation study on an open-pit mine
(OPM), where flexibilities are sought for increasing the
operator’'s overall energy efficiency. For this purpose, the
OPM'’s material flows and energy flows are simulated simul-
taneously. Drawing from discrete production systems in a
“cross-learning” approach possibilities for and adjustments
to the process control are investigated. Preliminary results
show that some opportunities to increase efficiency exist
but still require more scrutiny.

Introduction

Climate change as well as rising prices for natural re-
sources along with the limited availability of the latter
prompted the EU to implement the “2020 climate and
energy package.” The intention of this piece of legisla-
tion isto drastically improve energy efficiency, increase
the share of renewable energy sources (RES) and lower
the emission of greenhouse gases [1]. Due to this pack-
age and other national political changes (e.g. Germany’s
nuclear power phase-out) the share of RES is steadily
rising. Such changes bring about fundamental changes
to the market, most importantly volatility in energy
supply. Yet, in al of the 27 EU member states together,
lignite (cod) is still an important primary energy source
with ashare of about 1/10" (as of 2012) [2].

This share is even greater in Germany (= 1/4™) and
Greece (~ 1/2) [2]. These numbers show how significant
lignite-fired power plants (LFPP) till are in energy
systems which rely increasingly on RES. This is espe-
cidly true in periods when the natural availability of
RES s limited.

The lignite required for the LFPP is procured from
energy intensive open-pit mines (OPM). This depend-
ence and the associated costs are an important issue for
OPM operators — traditiona utility companies. Tech-
nical and physical efficiency potentials have been nearly
exhausted by an ongoing process of incremental im-
provements. Thus, the next lever, which could be used,
is the control over the interaction of individual elements
in the LFPP-OPM-system. To this end, available and
exploitable flexibilities have to be identified first.

Vattenfall has made a point of implementing various
measures to increase flexibility in the production as well
as the load management in their OPM operations [3].
Thus, the underlying knowledge of the system can serve
as the starting point for further analysis.

By means of discrete event simulation (DES), the
work presented in this paper aimed to identify and as-
sess available flexibilities in a specific OPM. A premise
to this work was that mining operations could be re-
garded as both suppliers and consumers in the energy
system. Hence, time-related improvement measures
were deemed the most promising in terms of improving
costs and process quality.

In the following, the concept of the simulation study
isdiscussed in detail. Section 2 introduces an analysis of
the system and Section 3 presents the implementation of
the DES model. Finaly, an overview of considered
indicators and executed experiments is provided.
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Figure 1: Layout and production process of Welzow-Siid open-pit mine.

1 Concept of the Study

DES was the enabler in this study to analyze the com-
plex dynamics of the selected OPM using a determinis-
tic model. In particular, the interrelations between vari-
ous flexibilities and existing influences (e.g., personnel
deployment, just-in-time lignite deliver, energy pro-
curement, maintenance tasks, breakdowns, or weather
risks) were to be evaluated. Eventually, the knowledge
gained will serve to derive new control strategies for the
OPM, which exploit available flexibility. Some previous
papers discussed the use of DES for earthwork and min-
ing processes as well as fleet management in such oper-
ations [4-7]. [8] reports on asimulation study in which a
mining process was modelled mathematically but with
little regard the short-term interactions of different piec-
es of equipment. A similar study with a greater focus on
energy consumption is presented in [9]. The study pre-
sented here is new in that it regards the flow of material
and energy in equipment over timein asingle model.

Besides the possihility to also use probabilistic mod-
elsin the future, DES was selected because an OPM can
be likened, in many regards, to a clocked production
line usually found in the automotive industry. For in-
stance, most operating data is collected in a discretized
manner so that the management view on the system is
comparable (e.g. m¥h instead of units/h). Similarly,
lignite can only be delivered if all prerequisites (e.g.
functionality of al coupled machines as well as previ-
ous excavation of overburden) are fulfilled.

DES, to close again, is very well established for studies
of automotive production systems. Coming from this
likeness, a “cross-learning” approach between the au-
tomotive sector and the energy sector was followed. A
fundamental research question was, if approaches prov-
en successful in fostering energy efficiency in discrete
production systems (e.g. [10,11]) could be applied in
continuous systems. The tools of choice for this work
were Semens Tecnomatix Plant Smulation and Fraun-
hofer IWU’s eniBRIC, a self-developed extension for
the earlier (cf. Section 3.4).

2 System Characterization

For the purpose of this study, the OPM Welzow-Sid in
Brandenburg, Germany, was selected. The following
sections present the production process of this site as
well as an overview on its utilization of energy.

2.1 Lignite production in Welzow-Sud

Like most OPMs, Welzow-Sid primarily utilizes con-
tinuous equipment technology. Matter above the lignite,
so called overburden, is removed in three subsequent
levels, loaded onto belt conveyors and transported to the
other side of the excavation where it is dumped again
[12] (cf. Figure 1). Once direct accessis possible, lignite
is excavated and transported either to the trench bunker
for later loading or immediately to the train loading
bays [12]. The OPM’s progress, i.e. the direction of
mining, is determined by prior geological analyses.

M
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For each ton of lignite extracted from Welzow-Siud
approx. 6 m3 of overburden need to be moved. Accord-
ing to the ratio of about 6 m3 per ton, 110 Mm3 of over-
burden ayear are moved to produce 20 Mt of lignite.

The direct dump system used for the third and last
layer of overburden (cf. [12]; see middle of Figure 1) is
a particularity of the Welzow-Sid OPM. It uses an
overburden conveyor bridge to transport excavated
matter to the opposite side of the pit in a highly perfor-
mant and cost efficient manner. In order to exploit this
potential to the fullest, the maximization of the bridge
group’s (bridge and two bucket-chain dredgers) utiliza-
tionisaprimary aim during operation.

Previous layers of overburden are removed by the
overburden cutting groups | and 11, respectively. Each of
these consists of a bucket chain dredger or a bucket wheel
excavator, aseries of conveyors and a spreader. The latter
isresponsible for dumping the overburden evenly.

Two bucket wheel excavators along with three
bucket chain dredgers mine the lignite in the pit. These
machines feed onto a single line of belt conveyors and,
thus, are operated selectively according to the quality of
the coal found in the seam. Hence, only lignite of con-
stant quality is transported to the trench bunker a any
given time. Concurrent mining of different qualities is
strictly avoided so that some excavators will need to
pause.

Lignite from the pit will either be loaded onto trains
immediately or stored on different heaps (sorted accord-
ing to the quality) in the trench bunker for later loading.
In total, up to 170.000t of lignite can be stored and, to
maintain security of supply, a minimum of 90.000 t
should never be undercut. As trains are loaded through-
out the week but the OPM only operated on business
days, dl loading on the weekend will drain the lignite
heaps. In case the operating pit cannot keep up with the
demand, trains will also be loaded from the bunker.

Each of the groups of equipment, i.e. each produc-
tion area, can be regarded as a largely independent pro-
duction line. These are operated predominantly inde-
pendent from one another, which manifests, for in-
stance, in the different shift schedules they have. Yet, a
number of restrictions between the various areas exist.
Generally speaking, overburden | maintains a minimum
lead on overburden I, which maintains a lead on the
bridge group, which maintains a lead on the pit. The
bridge group, in particular, prioritizes specific areas
under which lignite of a certain quality resides, based on
demand estimations and the store development.

Keeping these restrictions in mind, some flexibility
exists in the way lignite is exposed. Particularly the
areas overburden | and Il may prove useful in this re-
gard. However, this potentia is not used at this point
because operators prefer to maximize the operation time
of equipment. The rational therein is that future losses
from equipment failures (or similar interruptions) need
to be mitigated in advance.

An analysis of the equipment utilization statistics of
the dredger as well as the excavator in the overburden
cutting groups shows promise for load management
approaches. Planned stops currently account for up to
20 % of the overal production time. Load management
approaches, such as those investigated for car body
shops (e.g. [13, 14]), may be suitable to improve the
energy efficiency in operation. The following list sum-
marizes some previoudy identified mechanisms suited
for this purpose and their respective characteristics:

o Quick shutdown: high impact, immediate effect,
disrupting operation

o Modulation of production efforts: low impact,
immediate effect, currently only manually,
dependent on the current operating state

o Controlled ramp up/down: significant impact, reac-
tion time approx. 30 minutes

o Shift rescheduling: long lead times required

2.2 An OPM'’s role in the energy market

Annually, Welzow-Sud usually consumes between 300
and 350 GWh of electricity. The overburden cutting
areas account for half of that, with another 30 % being
used by the bridge group and some 20 % by the pit, the
trench bunker and indirect areas (e.g. surface drainage).
An exemplary overview of some system elements or
areas is provided in Table 1 (average hourly consump-
tion of active equipment during production).

Besides the operating time, the geology of the OPM
has a major influence on the energy and material flows.
The properties of excavated matter — e.g., humidity,
density, etc. — influence both mining and transport pro-
cesses. Accordingly, adjustments to the process parame-
ters, such as the conveying speed, may be a necessary
corrective action during operation. Conseguently, the
material flow intensity and the energy demand would
change. Correlations of a similar kind can also be found
for other equipment in the system.
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@-electricity

consumption
Elements (selection) [MWh per h]
Bucket wheel excavator (OC II) 3.7
Overburden conveyor (OC 1) 13.77
Spreader (OC Il) 2.71
Bucket-chain dredger 431
Overburden conveyer bridge 8.04
Bucket wheel excavator (pit) 0.9

Table 1: Hourly electricity consumption.

Just considering the conveyors, their energy consump-
tion is dependent on the currently transported mass, the
conveying speed, the length and the gradients of the
various belt sections. In normal operation, especialy the
mass is the predominant influence, which causes varia
ble load profiles. During ramp up and ramp down (when
the conveyer fills up or empties), this effect is especially
high. Inhomogeneity of the excavated matter will also
have an effect. The conveyor layout changes less fre-
quently, usually when significant progress in the direc-
tion of mining was made. In case of the overburden
conveyor belts, a length of up to 14 km is possible and
those linking the pit to the trench bunker may climb up
to 80 m high.

Following the above remarks, it is evident that an
OPM is a significant consumer in the energy markets.
At the same time, it serves as a primary source for
LFPP, which generates about a quarter of Germany’s
overall electricity supply. This double role and the fact
that both OPM and LFPP are operated by the same
company, pose a dilemma. When electricity is scarce,
the electricity prices as well as the demand for lignite
can be expected to rise. This, again, prompts for greater
production of lignite and reduced energy demand from
the OPM at the same time. The latter would decrease
the (internal) energy costs of the mining operation.
Furthermore, released capacity could be offered to ex-
ternal customers at a high price.

Four fundamental energy market mechanisms cur-
rently exist for planning and marketing the energy de-
mand in advance or for reacting to fluctuations on a
short-term basis. These influence, how flexibilitiesin an
OPM could be exploited in a value-adding way. From
long-term to short-term they are:

o Day-ahead marketing: lead time > 12 h; solvent
market; hourly products

e Intraday trading: lead time down to 1 h and under;
quarter-hourly products

o Imbalance energy: minimization of volume delta
reduces costs for balancing energy; ongoing
with a quarter-hourly horizon

o Operating reserve: pre-qualifying; provision
(binding); detailed regulation; requirements
of technical controllability to meet dynamic
control demand

The OPM’s double role can aso be contemplated from
a sustainability angle. In this respect, it can be stated
that the eco-efficiency of lignite production can be in-
creased when times with high availability of RES are
favored. Yet, this would increase the output when the
LFPP s demand is actually waning.

To find the best course of action, the most appropri-
ate operation strategies to follow in this complex envi-
ronment, simultaneous simulation of the flows of mate-
rial and energy was deemed the most promising ap-
proach. In particular, the most effective levers for ex-
ploiting available flexibilities in the mining process
needed to be determined and their effects quantified.

3 Simulation Model

Once the scope of the project as well as its goals were
clearly defined, the procedure model presented in the
standard VDI 3633 Part 1 [15] was followed for to per-
form the simulation study. The following sections pre-
sent the main results up to the mode implementation.

3.1 System borders and level of abstraction

Given the complexity of the system the definition of
system borders was of great importance. These define
which elements and flows should be simulated as well
as where information, material, etc. needs to be ex-
changed with the environment. For the study of Wel-
zow-Sud only those elements which have a part in the
flows of lignite, overburden or electric energy were
considered. This includes the geologic profile, excava-
tors/dredgers, conveyors, spreaders and train loading.
Indirect areas, such as revegetation, water management,
etc. were dismissed as their energy demand and impact
on operations was insignificant compared to that of the
direct areas.

7,



I

Stoldt et al.

Simulation Study on Flexibilities in the Flows of an Open-pit Mine

While train loading marks the outbound border of
the model, the demand of the LFPP was still considered.
More specifically, the LFPP acted as a company-
internal customer, which generates production jobs for
the OPM. These jobs, i.e. the demand for lignite, aso
trandlate into requirements regarding the removal of
overburden.

Following the discussion in Section 2.2 it is evident
that the structure of the lignite deposit and especially
layers of matter above the seam have a tremendous
effect on the energy consumption. Accordingly, the
correlations between extracted matter (both lignite and
overburden) and the production progress needed to be
included in the model. Thus, the extraction sites demark
the inbound border of the system. As modelling the
actual geographical profile was considered too difficult
and would have required excessive effort, they were
abstracted to series of different types of matter.

The general level of abstraction for this study was
defined to be equipment, i.e. excavators, conveyors, etc.
Hence, the behavior of individual actors in the equip-
ment was not considered in either the flow of materials
or energy. Electricity sources and energy distribution
equipment were disregarded, too.

3.2 Data analysis

In order to quantify and model the behavior of individu-
al pieces of equipment and the system in general, an
extensive analysis of pre-existing operating data was
carried out. The basis for this work were production
reports, production logs, error logs, train protocols,
service protocols, energy consumption reports, etc. In
effect, arealistic picture of the OPM could be obtained.

Y et, the available data were provided in inconsi stent
resolutions, sometimes using varying units of measure-
ment, from different sources for the various system
elements. To accommodate for the apparent differences,
in-depth analysis and substantial pre-processing had to
be performed.

Special emphasis was put on the identification of
energy-related operating states and their respective
electricity consumption behavior. The results thereof
showed that between three to five operating states suf-
fice to model the various pieces of equipment. These are
generaly “off”, “disrupted” and “operationa”. In addi-
tion to these, selected pieces aso have “moving”,
“switching cutting setup” (from above to below or vice
versa), “start-up” or “overburden cutting” (as opposed
to lignite cutting for excavatorsin the pit).

Especially the operational state but also the start-up
state are related to the excavated or transported matter.
The underlying correlations were also determined in the
data analysis and described using simple linear regres-
sion curves. This type of regression was used as it
yielded a high coefficient of determination for the ana-
lyzed data. On the one hand, other tested regression
functions did not improve the accuracy considerably
and, on the other hand, a simplified consumption model
was preferred. The reason for the latter was that the
overall modelling approach is rather abstract so that
regressions that are more complex would suggest alevel
of precision in the model that was never targeted.

The calculations for the determination of the regres-
sion curves for excavators were based on the time series
of lignite and overburden and the electricity consump-
tion profiles of individual pieces of equipment. While
information on the excavated matter could be extracted
from production logs of a reference period, the content
of conveyors had to be reconstructed. This was possible
by means of the excavator behavior, the production logs
and the error logs. The coefficients of determination R2
for individual regression curves lay in the range of ap-
prox. 0.70 to 0.95, depending on the type of input data
that could be used (see before).

The production logs primarily consist of minutely
data of how much matter of which type was excavated.
Analysis showed that three fundamentaly different
types of both lignite and overburden, each, were pro-
cessed in the OPM. Furthermore, the raw data varies
greatly (due to technologic reasons), so 5-minute aver-
ages were used throughout the study. The error log
holds information on the beginning and end of equip-
ment disruptions as well as the respective reason.

Information from both logs was used to execute pre-
liminary simulation runs, from which the content pro-
files of conveyors and spreaders could be discerned.
These were then overlaid with the energy consumption
profile to calculate the missing regression curves.

3.3 Model implementation

All system elements were modelled in a single frame
(Plant Smulation sub model). To improve the recogni-
tion value of the model (Figure2), the layout of the
individual elements principally recreates that of the
actual OPM. Since the excavation sites were only mod-
elled as time series, their respective objects only use
static symbols.
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Figure 2: Screenshot of the simulation model with simulated load profile in lower right corner.

Hence, their progress is not reflected in the visuali-
zation during runtime. Similarly, the representation of
other equipment changes neither in length/ shape (con-
veyors) nor in position (conveyors, excavators and
spreaders) in accordance with the progress. Throughout
the implementation, Plant Smulation’s object-oriented
modelling abilities have been utilized to reuse user-
defined procedures and data structures. Accordingly, a
basic class for matter (moveable unit; MU) was created,
which contains specific attributes such as volume, pow-
er consumption, energy costs, etc. From this, lignite and
overburden classes (3 of each) were derived. Upon in-
stantiation by an excavation site (source) according to
the predefined time series, they are initialized with spe-
cific attributes (e.g. volume of the 5-minute package).
During simulation, other attributes are updated when
necessary (cf. also Section 4.1).

Similarly, the excavators were based on a single ex-
cavator class, which is fundamentally a demounting
station followed by a separation buffer (capacity 1,
dwell time 305s). It receives 5-minute packages, splits
them into 30-seconds packages (increasing the resolu-
tion for the energy demand calculation in following
objects) and outputs one every 30s. Additionally, the
excavator class includes the eniBRIC class to model the
flow of energy (cf. Section 3.4). Derivatives of the base
class have been created for selected groups of excava
tors according to the respective identified operating
states. Thus, eniBRICs basic configuration could be pre-
set specifically for these groups in the class library be-
fore the various excavators were instantiated.

The correct energy demand is set during runtime by
means of user-defined procedures which are called
when anew 5-minute package is processed.

Conveyors (including the bridge) and spreaders were
also first implemented in a base class. Fundamentally,
they are length-oriented conveyor objects (as opposed to
the point-oriented objects used for excavators). In order
to model the respective energy consumption, eniBRIC
has been added as a sub class. During runtime, user-
defined procedures calculate the conveyor content
whenever it changes (MU entering/exiting) and then
determine the new energy demand based on regression
curves (cf. Section 3.2). The latter is then used to update
the eniBRIC instance’s current level of consumption. In
the simulation model, the various conveyor sections, the
bridge and the spreaders were instantiated and linked to
one another as well asto the excavators (cf. Figure 2).

In addition to the elements of the material flow and
the energy flow, the sequence logic was implemented in
the model. It consists primarily of user-defined proce-
dures and data/information objects. The latter are im-
ported to the simulation upon model initialization and
include, for instance, spot market prices, cost rates for
personnel and transport, information on non-operating
periods, lignite orders from the LFPP, etc. Once a simu-
lation run commences, procedures are triggered based
on these data to change the system elements operating
state according to the imported time series. Thus, break-
downs, shift breaks, etc. are simulated according to the
available logs and protocols from the analyzed reference
period (cf. Section 3.2).

7,
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While this implementation was very well suited to
validate the model conformity, prospective simulation
experiments would require less deterministic sequence
logic. Hence, the user-defined procedures were designed
to also work with probabilistic inputs, e.g. for dealing
with random equipment disruptions.

3.4 Integration of eniBRIC

While Plant Smulation versions 11 and onward provide
basic functionality for simulating the flow of energy,
these are arguably limited unless extended through user-
defined procedures. The eniBRIC library (cf. [16,17]),
on the other hand, was developed to be flexibly applied
regardless the number of operating states or considered
energy carriers.

As described in the previous section, one instance of
eniBRIC is created for each instance of a material flow
element. The respective configurations consist of the
three to five operating states identified in the data analy-
sis. For each of these, a specific demand was specified,
as was the ability to realize a material flow in the re-
spective state.

The consumption of excavators, conveyors and
spreaders were determined to be variable, depending on
the properties of excavated or transported matter.
Hence, the operational state of the corresponding ele-
ments has been duplicated (e.g. operational 1 and 2) to
be able to switch between different states that allow
materia to be processed. This was necessary to ac-
commodate for eniBRIC's inherent control logic and
was controlled via procedures that are called when the
element contents change.

Within the model, only electricity was regarded.
Since eniBRIC requires a source of energy for each
energy carrier parameterized, an electricity source had
to be instantiated. In the context of this model, this
could be considered the connection to the utilities. En-
ergy sources are, in essence, regular eniBRIC instances
without additional material flow objects. During simula-
tion, energy drains (i.e. material flow equipment) re-
trieve the location of the respective source from a pre-
configured matrix in eniBRIC' s configuration module.

Data collection and visualization during runtime is
made possible by means of the evaluation module. It
gathers information of the energy-related operating state
transitions and the corresponding energy demand pro-
files. Most in-depth analysis for the experiments pre-
sented in Section 4.2, however, were performed on data
exported from this modul €' sinstance in the model.

3.5 Model tuning, verification and validation

As mentioned before, the entire system was modelled
based on data provided for areference period (1 month).
To verify the model’s general correctness and validate
its fundamental ability to study available flexibilities,
the models performance was compared to that of the
actual system. In particular, the variance and the cumu-
lated error of the system output indicators as well as the
energy consumption profiles were checked.

Figure 3 depicts an exemplary graph, which was
used to visually ascertain the variance between reality
and model. Similar comparisons have been made for the
entire system, other areas of the OPM (e.g. overburden
cutting I, etc.) and even individua pieces of equipment.

Energy
Consumption
[kWh]

Output
[m?]

--measured cons.
—simulated cons.
' measured output
20000 simulated output

0 1 2 3 4 5
Time [days]

Figure 3: Comparison of energy consumption [kWh] and
output [m3] for overburden cutting I1.

Initial results showed some more divergence between
the rea system’'s behavior and the model. Further
tweaks of the model parameterization were then applied
in an iterative process in order to refine the results con-
siderably.

A typica verification and validation procedure as
proposed in state of the art literature (e. g. [15]) was
applied to the model with its eventual parameterization.
The final variance of the entire system’s energy con-
sumption, volume of moved overburden and lignite
production was eventualy determined to be = 0.3 %,
~ 0.0 % and ~ 1.1 %, respectively. Similarly, the cumu-
lated errors for these indicators were determined to be
~ 0.7 %, =~ 0.8 % and = 0.6 %.
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4 Simulation Experiments and
Results

The previous section illustrated how a valid model of
the OPM was created. It was used for first simulation
experiments in order to identify exploitable flexibilities.
To ascertain these accurately, various indicators were
defined, which are described in the following section.
Afterwards, some preliminary results are presented.

4.1 Relevant indicators

In order to investigate, for example, flexibilities in the
electricity market or in the lignite demand severa global
indicators were defined. Particularly, the following were
determined to be of interest:

« Variance of the electricity price from the average,
Primary energy factor of consumed electricity based
on the German electricity mix,

Deviation of targeted to actual output of lignite,
Utilization of lignite production capacity, and
Variance of costs for personnel and transportation.

Other possible indicators can be, for instance, the
share of electricity costs on the overall operating costs,
the distribution of specific energy costs (over time or
overhead/lignite) or the utilization ratio of the trench
bunker. To provide the necessary inputs for computing
any of these indicators, both real data, which are partly
input information of the model, and simulation data are
combined. The resulting time series of indicators mark
the starting point for the analysis of potentialy influ-
enceable production processes and related effects result-
ing from their exploitation.

In addition to the above indicators, the simulation
model can generate statistics for each processed volume
package. This includes the following specific indicators:

_500.000 -
= 400.000

-

£ 300.000

£ 200.000

Y 100.000 W
g [ T i e
[v]

1 3 5 7 9 1113 1517 19 21 23 25 27
Time [days]
—Bunker total Steam coal

Briquette coal Run-of-mine coal

o Time of extraction,

e Specific personnel and transport costs,
» Specific throughput time,

o Specific power consumption,

o Specific energy costs, and

e Specific primary energy utilization.

At the time of a package's creation in the simulation,
the time of extraction as well as personnel and transport
costs (as products of the package' s tonnage and specific
cost rates) are determined. The specific throughput time
is calculated when packages leave the system and may
be used as pointers to identify process disturbances. The
specific power consumption refers to a single volume
package. It is calculated considering the volume-
dependent power demand of the different system ele-
ments (cf. Section 3.3).

Accordingly, the relevant attribute of an MU is up-
dated whenever the energy consumption of a materia
flow object changes or the MU exits one of the former.
The specific energy costs and the primary energy utili-
zation are based on the specific power consumption and,
thus, are updated in the same manner. They are calcu-
lated by multiplying the specific consumption with the
spot market prices and the percentage of non-renewably
sourced electricity, respectively. Both scalars were
regarded as time-dependent.

4.2 Discussion of experiments

Multiple simulation experiments were performed to
identify available flexibilities. These generated different
data sets for the global indicators as well as for the spe-
cific indicators. The experimental design followed an
expert-knowledge-driven approach, where input infor-
mation was varied in accordance with suggestions from
the project team.
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Figure 4: Trench bunker content in reference scenario (status quo; left) and with reduced lignite demand of

LFPP (right) over time.
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Thus, a number of distinct scenarios were defined.
Deterministic simulation runs were performed for these
and analyzed qualitatively as well as quantitatively.
Examples for such experiments are:

o Altered electricity price curve,
o Reduction of lignite demand, and
¢ Reduced frequency of breakdowns.

An atered eectricity price curve directly affects the
energy costs of the production system. The amplitude of
this change is quite significant. It is therefore important
that the results are analyzed to derive more cost-
efficient operation strategies. The scenario ‘ reduction of
lignite demand’ investigates, for example, how an un-
planned increase in production of renewable energy
sources influences the system. A change like this would
diminish the demand for electricity generation at the
LFPP and, thus, delay the latter's orders for lignite. In
such a case, the trench bunker starts to fill up to its ca-
pacity if production continues unchanged. Figure4
depicts the content of the trench bunker for the status
quo (reference scenario) as well as for the demand re-
duction scenario, as simulated. On the other hand, the
energy mix in this time is environmentally friendly due
to reduced reliance on fossil fuels. Accordingly, opera-
tion strategies should be defined to balance the trench
bunkers content and the company’s economic, as well
as ecologic targets. The approach presented in [18] may
serve as a starting point for this.

Decreasing production or shifting it — preferably to
periods which promise greater energy efficiency — are
possible courses of action to prevent excessive stocking
of lignite. These require stable processes, i.e. a reduced
number and total length of breakdowns, to ensure that
operation is possible when intended. For both decreas-
ing and shifting production, the determination of thresh-
olds for controlling the OPM processes is a necessity.
The smulation results of the scenario ‘Reduced fre-
guency of breakdowns' provided initial insights on this.
Furthermore, greater energy efficiency from the compa-
ny’s point of view in this context can mean either less
primary energy per ton of lignite or more profit in mar-
keting LFPP capacity. In the latter, the OPM operation
would be shifted to times of lower eectricity prices or
make use of demand response to sell the generated en-
ergy at the highest price possible.

These above experiments were performed and re-
sults are currently analyzed by mining experts. Their
eventual goa is to identify exploitable flexibilities and

define strategies to optimize the process control accord-
ingly. Especially plan revisions during the day and
short-term load reductions are promising because they
may allow for intraday trading at the spot markets. Im-
provements on the input data and additional experi-
ments are planned to investigate this more thoroughly in
the future.

5 Conclusion

Lignite-fired power plants (LFPP) along with open-pit
mines (OPM) are the backbone of many nationa energy
systems. In Germany, around 1/4™ of the electricity is
sourced from LFPPs. As OPMs are very energy inten-
sive, operators aim to improve their energy efficiency.
For this purpose, the here-presented study applied a
“cross-learning” approach to identify suitable flexibili-
ties by likening the OPM to a discrete production sys-
tem (e.g. a car body production line). It was modelled
using Plant Smulation and eniBRIC (a self-devel oped
extension to the earlier) to simulate both the materia
flow and the energy flow simultaneously.

Initially, the prime targets of the simulation study
and the system borders have been defined. Subsequent-
ly, an in-depth data analysis based on real data from the
OPM Welzow-Sud was performed. The results thereof
went into parameterizing the model. During the imple-
mentation, all continuous flows of matter were discre-
tized over time, i.e. equidistant volume packages of
varying size. The energy demand of the regarded system
elements was modelled as either operating state averag-
es or using regression curves. After successful valida-
tion of the deterministic model, initial experiments were
designed and performed.

Preliminary results showed how the system behaves
when operation conditions change, particularly when
renewable sources suddenly provide excess energy.
Further experiments showed how adjustments in the
operation schedules of equipment (e.g. by reducing
failure times) would affect the system's main perfor-
mance indicators.

All of these results are currently being scrutinized by
mining experts to identify suitable approaches for ex-
ploiting identified flexibilities. The results of this work
will need to be tested in the simulation model. Applying
probabilistic parameterizations to simulate machine
failures and extraction rates may also allow for assisting
simulations during the operation phase.
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