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Abstract

The power utilities in Sweden are planning to replace the major part of the
nuclear power plants with renewable energy resource by the year 2030. Some of
the renewable energy resources are intermittent, which may endanger the power
system stability. A solution to this problem could be increased flexibility in the
end-users consumption, which is known as demand response. This is a useful
tool that can be used to facilitate the large integration of renewable energy
resource into the power grid. Therefore, several of the Swedish government
authorities have stated that the possibilities for demand response should be
further investigated.

During this thesis, a case study is carried out at Volvo Group Truck Op-
erations Powertrain Productions in Köping, with the purpose of deriving their
technical possibilities for DR in the factory. Volvo in Köping mainly produces
gearboxes to all trucks within the Volvo Group concern and belongs to the en-
gineering industry sector. The engineering industry has previously not been
investigated for DR purposes in Sweden. The main goal of the thesis is to de-
rive the DR capacity of the factory and the associated time parameters. Only
demand response by shifting the production in time is considered.

One production group (Midiblock 2) in the factory is modelled using Mixed
Integer Linear Programming and the optimization problem is used to minimize
the electricity cost while fulfilling the production requirements. The optimiza-
tion problem is done on daily basis and the result is binary operating points
for CNC-machines. The output from the Mixed Integer Linear Programming
problem is sent to a discrete event model, which is used to validate the results
and display the optimal energy consumption.

The simulation results indicates that the modelled production group can per-
form a load shift of 270 kWh/h during 4 hours by scheduling production. During
the reduction it should be possible to perform actions such as maintenance and
changing settings of machines. If the results are true for the entire factory, the
resulting load reduction is 1.35 MWh/h during 4 hours. However, the financial
incentives to perform load reductions are low. Also, Volvo in Köping does not
have any routines to shut-off the CNC-machines and an extensive work is re-
quired to make a load reduction possible. Resulting in that DR at the factory is
at the moment unrealistic. In addition to the possibilities for DR, the possible
economic savings by shutting off the CNC-machines when they are not produc-
ing units are also approximated. Volvo in Köping can save a large amount of
energy and yearly cut the cost by at least 5 000 000 SEK on these actions, which
is also the first step towards enabling DR in the factory.

Keywords: Demand Response, openADR, Mixed Integer Linear Pro-
gramming, Discrete Event Modelling, Volvo Group Truck Powertrain
Operations Production in Köping, Engineering Industry



Sammanfattning

Elkraftsbolagen i Sverige planerar att ersätta kärnkraftverken med förnybara
energikällor fram till och med år 2030. N̊agra av de förnybara energikällorna
är intermittenta i sin produktion och kan p̊a grund av detta medföra en fara
för stabilitet i kraftsystemet. En del av lösningen till detta problem kan vara
efterfr̊ageflexibiltet, vilket innebär att el-användarna är mer flexibla i förbruk-
ningen och anpassar sig till viss del efter kraftsystemets tillst̊and. Efterfr̊ageflex-
ibiltet är ett användbart verktyg som kan underlätta integreringen av de för-
nybara energikällorna. P̊a grund av detta har flera svenska statliga företag sagt
att fler undersökning bör genomföras inom omr̊adet efterfr̊ageflexibiltet.

Under detta arbeta har en fallstudie utförts hos Volvo Group Truck Op-
eration Powertrain Production i Köping. Syftet av fallstudien har varit att
undersöka möjligheterna för efterfr̊ageflexibilitet i fabriken. Volvo i Köping pro-
ducerar till största dels växell̊ador till samtliga lastbilar inom Volvo Group kon-
cernen och de tillhör därför industrisektorn verkstadsindustrier.

En produktionsgrupp i fabriken modelleras med hjälp av linjärprogrammering
och modellen används för att för att minimera elkostnaderna genom att förflytta
last i tid och samtidigt uppfylla produktionskraven. Optimeringsproblemet
beräknas med elpriser för ett dygn och resultatet av problemet är binära tillst̊and
för CNC-maskinerna i produktionsgruppen. De binära tillst̊anden skickas till
en diskret modell i Matlab som används för att verifiera produktionskraven och
visa den resulterande energiförbrukningen för produktionsgruppen.

Resultatet visar att det är teoretiskt möjligt att förflytta 270 kWh/h un-
der en period p̊a 4 timmar genom att förskjuta produktion i tid. Under pro-
duktionsstoppen är det möjligt att genomföra underh̊all och att förändring i
inställningarna p̊a CNC-maskinerna. Om resultaten skalas upp till hela fab-
riken skulle den resulterande lastförflyttningen vara 1.35 MWh/h under 4 tim-
mar. Dock s̊a är de ekonomiska incitamenten l̊aga och lastförflyttningen är inte
ekonomiskt h̊allbar. Ett ytterligare problem är att Volvo i Köping förtillfället
inte har n̊agra rutiner för att stänga av maskinerna. Därför krävs det ett om-
fattande arbete innan det skulle vara möjligt att genomföra en lastförflyttning.
Efterfr̊ageflexibiltet hos Volvo i Köping är därför orealistiskt. Utöver att un-
dersöka möjligheterna för efterfr̊ageflexibiltet i fabriken, har en del av arbetet
som m̊al att undersöka de möjliga energi- och kostnadsbesparingar som skapas
av att stänga av CNC-maskinerna när de inte producerar enheter. Arbetet har
visat att Volvo i Köping kan varje år spara 5 000 000 SEK p̊a att stänga av
maskinerna, vilket ocks̊a är ett första steg mot efterfr̊ageflexibilitet i fabriken.

Nyckel ord: efterfr̊ageflexibiltet, openADR, linjärprogrammering,
diskret modellering, Volvo Group Truck Powertrain Operations Pro-
duction in Köping, verkstadsindustrin
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1 Introduction

1.1 Background

The balance between electricity production and consumption is highly related
to the power system stability. If the balance is not kept, frequency and voltage
levels deviate from their nominal values and a blackout might occur. In the
power grid the stability is currently kept by constantly controlling the produc-
tion to the match the consumption: In Sweden, this is possible due to the large
resources of hydro power. However, the increased usage of renewable energy
resources introduces an increasing portion of uncontrollable production units.
In addition to this, Sweden’s nuclear power plants are reaching their end-of-
life around year 2030 [1]. The life times of the nuclear power plants might be
extended with modernization investments, but due to taxes it is currently not
economically beneficial to perform the investments. The electricity producers
are therefore planning to replace the nuclear power plants with renewable energy
sources [2]. Since the capacity of Sweden’s hydro power plants are already close
to their maximum capacity, this will result in a power system that is dependent
on intermittent energy resources and small scale production. The electricity
production of these energy resources is highly dependent on weather conditions.
It is therefore hard to predict production levels and to adapt the production
of these resources to match the consumption. This creates technical challenges
to maintain the power system stability, since a lack of regulating power occurs.
Furthermore, an increased integration of small scale production might create
transmission capacity problems, which forces the distribution and transmission
grid owners to perform expensive investments. As a response to these prob-
lems the Smart Grids are now being developed. The smart grid consists out of
many parts, but a key concept is the two-way communication between the power
utilities and the consumers [3]. The communication enables the consumers to
receive direct control signals or incentives from the power utilities, which bias
the consumer to reduce the consumption during peak load hours in the grid.
This is known as Demand Response (DR) and it is one of the main concepts
in the smart grid. DR programs result in an increased flexibility of the loads,
which can be used as regulating power. Resulting in that the loads can be
used to maintain the balance between electricity production and consumption.
DR can also be used for other purposes, such as: congestion management and
reduction of grid losses [4]. Due to the future challenges in the power grid,
the Swedish transmission grid owners Svenska Kraftnät and the International
Energy Agency recommend that Sweden should investigate the possibilities for
DR more closely, specially at regional levels [5][6].

In order to minimize the climate change it is important to build a power system
with generation units completely based on renewable energy resources, such as
hydro, solar and wind power. DR favours the integration of intermittent re-
newable energy resource in the power system, it can be an important part of
a sustainable society in the future. The large emissions of carbon dioxide from
vehicles running on fossil fuels are also a large threat for the global warning.
Electric cars have significant less green house gas emissions than fossil fueled
vehicles and for the society to become completely sustainable, all fossil fueled
vehicles should be replaced. A problem with the electric cars is that the charging
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causes load peaks that might exceed the installed capacity in distribution grid.
DR can be used to optimize the charging of the cars, resulting in a reduction the
new load peaks. Finally, energy efficiency is important to become sustainable.
DR can be used to optimize the usage of electricity in order to minimize the
energy losses due to transmissions. [6]

Load reductions can be performed by industries, residential and commercial
buildings. Several studies have been carried out regarding the DR capacity of
residential and commercial buildings. Suitable loads for DR programs in res-
idential and commercial buildings are, for example: air conditioning, heating
and refrigerators [7] [8]. The cooling/heating performed by these loads are slow
processes and it is therefore relative noncritical to determine when they can be
turned off [9]. Efforts have also been put into investigating the demand response
in the electricity intensive industry (EII) and parts of the EII is already partic-
ipating in Sweden’s strategic reserve, which is one type of DR program [10].

A group of consumers that is not well investigated is the engineering indus-
try. This group has a large turnover in proportion to their electricity consump-
tion, resulting in that changes in the electricity price have no affect on their
production [11]. Nevertheless, if the engineering industry have possibilities to
perform changes in production flow without losses of production, it can be eco-
nomically beneficial to participate in a DR program. Therefore, this project
investigates the possibilities of DR in the engineering industry, through a case
study of Volvo Group Truck Operation Productions (Volvo in Köping). Changes
in production flow includes two actions: rescheduling of production and usage
of inventories. To investigate how these actions can affect the DR parameters
of Volvo in Köping is an important part of the thesis. When this is done, it
should be possible to determine which types of DR programs that are suitable
for engineering industries such as Volvo in Köping.

A bachelor thesis from year 2015 showed that Volvo in Köping is wasting a
lot of electricity due to stand by times of the machines [12]. The machines are
currently always left in stand-by during events, such as: starving of production
lines, unplanned downtime due to failure and changes of settings for the ma-
chines. To be able to understand and counteract this problem Volvo in Köping
has installed energy meters on a production group. The energy consumption of
this production group is studied in detail during this project and the results are
used to calculate an approximation of the DR capacity of the whole factory.

A problem with performing changes in production flow is that it may change
the production level of the factory, which can result in losses of production.
Since the engineering industry have a high turnover rate in proportion to the
electricity consumption, a loss of production would directly result in economical
losses. The article Dynamic Demand Response - A solution for improved energy
efficiency for industrial customers in one of IEEE’s newspapers, 2015, proposed
a dynamic DR system that can help the production planners to manage a DR
request [9]. This system is partially implemented with some modification and
used together with a time discrete model of the studied production group to
determine the DR parameters of the factory. The model is also used to investi-
gate how changes of the production group could affect the DR capacity.
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The OpenADR is a communication data model developed to favour Automated
Demand Response (ADR) at the customer location. The intention of this stan-
dard is to make it possible to directly control building and industrial control
systems without manual intervention. If relevant manufacturers of household
appliances and control systems adapts to this standard, it is easy for power
utilities to construct DR programs and create aggregated DR resources. ADR
does not necessarily result in power system utilities having direct control of the
DR resource, but a communication standard would still be favourable because
DR systems can be more easily created. Therefore, the dynamic DR system is
designed to support the openADR standard. [13][14]

1.2 Purpose of Master Thesis

The main purpose of this master thesis is to derive the DR parameters of Volvo
s factory in Köping. The DR parameters of Volvo in Köping facility are also
compared to DR solutions in the EII.

1.3 Thesis Goals and Objectives

The following goals and objectives should be fulfilled when the project is com-
pleted:

• Investigation of current use of demand response
The first step of the project is a literature study about DR. During the
literature study, general information about DR is obtained and a interview
study is also carried out in order to investigate the current use of DR in
Sweden, with goal of identifying the technical DR parameters of the EII.

• Production line modelling
The production lines taken into consideration during the thesis will be
modelled using discrete event systems. An appropriate environment to
perform the modelling in has to be found. The constructed models need
to reflect the conditions in the production lines so that results from sim-
ulations can be validated.

• Optimization algorithm
An ADR application also requires a cost function or algorithm that can
determine when it is profitable for the industry to participate in demand
response. Methods to perform these calculations have to be studied and
the algorithm should be used to send production schedules to the discrete
event model.

• OpenADR communnication
The openADR standard should be used to announce DR events to the
optimization algorithm. The ADR system should consist of a top node
that can request DR services from the production group.

• Performing simulations
Finally, simulations will be performed in order to determine the following
technical parameters of Volvo in Köping factory:
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– The demand response capacity of the factory (load reduction of every
hour)

– Maximal duration a DR even an be accepted for

– Minimal time period between two load reductions/load shifts (catch-
up time)

– Start-up and shutdown times of a demand response action

– Storage size in kWh of the factory (how much can the load be shifted)

In addition to this, the simulations should also fulfill the following objec-
tives:

– Identify how parameters such as inventories capacities and produc-
tion requirements affect the demand response capacity of Volvo in
Köping

– Determine how these parameters affect the capacity, duration, catch-
up time and start-up/shutdown times of DR solutions in production
lines

1.4 Delimitation of Study

In order to maintain the required work within time frame of the thesis some
assumptions have been made and the work has been delimited to only investigate
certain aspects:

• Case study of one production group
Volvo in Köping has about 600-800 machines in the factory distributed
over several production lines and groups. In order to maintain the time
frame of the project only one production group with 4 production lines is
studied in detail during the thesis.

• Changes in production flow
A power reduction in the industry as a response to DR event can be
performed with three actions, namely: changes in production flows, gen-
eration of electricity or changes in peripherals [15]. To reduce the scope
of the thesis, only changes in production flows are considered.

• Assumption regarding the consumption of the Machines
In order to derive the DR capacity of the factory it is important to have
consumption data of the machines, Volvo in Köping only has installed
energy meters on one production group. To obtain the consumption of the
machines that are not measured, the types of the machines are investigated
and it is assumed that a machine has the same consumption pattern as one
of the machines in the measured group. It would be too time consuming
to measure the consumption of all machines.

• Price signals from the power grid owner
The work to derive realistic price signals which will be sent to the ADR
system and used in the simulation have been excluded from this thesis
and can be found in [16]. The most suitable type of DR will also be
decided in [16]. The calculation of economical benefits/losses is therefore
only approximated from price signals sent by the network owner and the
electricity price is excluded from the work.
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• Failure of Machines
Due to lack of documentation, the causes to downtimes in the production
group is not studied in detail. During a bachelor thesis from 2015 [12] the
downtimes of the machines were studied. The results from that thesis is
used to approximate the DR parameters of the factory.

1.5 Outlines

Chapter 1 describes the background and goals of the project. General informa-
tion about the electricity consumption of Swedens’ industries, Volvo in Köping,
DR and openADR can be found in chapter 2. Chapter 3 presents the theory
needed for the modelling of the production lines and explains how the system
is implemented for the case of Volvo. Chapter 4 presents and explains the sim-
ulation results. Chapter 5 provides information regarding the limitations of
the thesis, what the results can be used for and the future work. Finally, a
conclusive summary of the entire project is presented in Chapter 6.

1.6 Contributions

This project is carried out in parallel with another thesis work, objectives in
that master thesis are to investigate the barriers and drivers for DR in in the
engineering industry, from the industry’s perspective, and specifically industry
companies connected to the high voltage in the distribution grid. The literature
study regarding DR in general and the investigation of the usage of DR in
Sweden’s EII have been conducted together with that thesis. Also, the price
signals used in the simulations are derived in that thesis, if information about
the derivation of the price signals is needed it can be found in [16].
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2 Prestudy

2.1 Classification of Industries in Sweden

Sweden uses a system called ”Swedish Standard Industrial Classification (SNI)”
to divide the industries into groups based on their activity. SNI is based on a
standard recommended by EU [17]. As mentioned, the focus of this thesis is is
to investigate the possibilities for demand response in the engineering industry,
which are categories C26-C33 in Table 2.1. More specifically, the thesis’ main
focus is a case study on Volvo in Köping, which manufactures gearboxes and is
therefore categorized into SNI C29.

Table 1: Swendens manufacturing industries and mines divided into SNI groups
C10-12 Textile, clothing, leather
C16 Wood products, except furniture
C17 Pulp and paper industry
C18 Printing and reprography industry
C19 Coke and refined petroleum products
C20-21 Chemicals and chemical products
C22 Rubber and plastic products
C23 Earth and stone products
C24 Steel and metal
C25 Metal products, non- mechanical engineering
C26-C28 Computers, electronic, optical products, electrical equipment etc.
C29-30 Transport industry
C31-33 Other manufacturing
B05-09 Mining and quarrying

The Swedish energy inspectorate (EI) has defined an electricity intensive in-
dustry (EII) as an industry that have a value-added production of more than
190 million SEK for each consumed MWh [18]. In Figure 1 it is seen that the
electricity intensive industries in Sweden are the pulp and paper industry, the
steel and metal industry, and mining/quarrying. During the year 2013 these
3 categories consumed about 327000 TWh, which corresponds to about 65 %
of the total electric energy consumed by the industry in Sweden year 2013[19].
Since the electricity intensive industry consumes the major part of electric en-
ergy and that their production are according to EI’s definition most sensitivity
to electricity prices, the focus of DR in the industry has so far has been on the
EII. During the year 2013, the engineering industry consumed about 4200 TWh,
which corresponds to about 9 % of the total electric energy consumed by the
industry in Sweden year 2013 [19]. In Figure 1, it can also be seen that engi-
neering industry are the categories with the lowest electric energy consumption
per value added production, which results in that their production processes are
insensitive to the electricity price.
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Figure 1: Electricity consumption per value added million SEK for each industry
group in Sweden [19][11]. The blue line shows the 190 MWh per Million SEK
value added production limit defined by EI.

2.2 Volvo in Köping

Volvo in Köping mainly manufactures two types of gearboxes to trucks and
dumpsters. They also manufactures the marine sterndrive Volvo Penta. The
factory started producing construction equipment during the year 1856, but in
the beginning of the 1900s the production changed focus and started producing
gearboxes. They factory has since then been operational and their gearboxes
are now world leading because of their reliability and strength. The gearboxes
are used in all trucks produced in the Volvo Group Trucks Organization, which
includes the brands: Volvo, Renault, Mack och UD. Previously, the factory in
Köping has been the bottleneck of Volvos truck manufacturing process. How-
ever, due to large investments the production capacity of the factory has been
increased and it should now be possible to adjust the production according to
demands. [20][21]

Volvo in Köping is distributed over three buildings: The A-factory manufac-
tures Volvo Penta, the B-factory manufactures manual gearboxes for trucks and
the T-factory manufactures the automatic gear box Ishift. The sale of the Ishift
gearbox contributes to about 85 % of the revenue of Volvo in Köping. The A-
and B-factory are therefore excluded from this project.

The manufacturing process of the gearboxes can be briefly explained with four
steps. A gearbox consists of several cogwheels, several sync parts and two shafts.
All parts are bought from the foundry as shaped steel parts and are processed
in the soft section by CNC-machines, such as: lathes, mills, drills and planes.
After the soft processing, all parts are brought into furnaces and hardened by
heating it. After the hardening, all parts have to be shaped again and plastered
by more CNC-machines, this is called hard processing. Once this is done, the
parts are assembled inside a house, which is manufactured in parallel with the
other processes. A flow chart of this manufacturing is shown in Figure 2
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Figure 2: Simplified flow chart of the manufacturing process in the T-factory.

In the factory, the sections and processing steps are divided into blocks with
unique names. Further on, the blocks are divided into production lines with
unique names, where each production line has one responsible shift group. As
mentioned, Volvo has installed energy meters to determine the cost of the
standby times of the CNC-machines. This was done in a pilot group called
Midiblock 2 that was randomly chosen. Midiblock 2 is a block in the soft cog-
wheel processing section. This block has 4 production lines, namely: KU03,
KU05, KU07 and KU08. The location of Midiblock 2 in the T-factory can be
seen in Figure 3.

Figure 3: Map of the T1 factory, were they soft cogwheel section is marked in
blue. The pilot block with energy meters is Midiblock 2.
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2.3 Introduction to Demand Response

Up to today, the power system stability has been kept by regulating the elec-
tricity production according to the demand. But the new intermittent energy
resources cannot be controlled to the same extent, resulting in a future where
the consumers may have to be somewhat flexible in their electricity usage. If
the consumers are enrolled in a DR program, the power utilities sends control
signals or varying prices signals, which the consumers can adjust their con-
sumption patterns to. The consumers can either perform a load shift or a load
reduction. A load shift occurs when a load is shut down, but the total power
demand remains the same over a longer time period. This occurs for example
when the heating system of a house is controlled, the heating system then has
to preheat the house before the shutdown or catch up the heating process after
the shutdown has occurred. A load reduction occurs when consumers reduces
their load and the power consumption does not appear during some other time
period, for example, if an industry is subjected to high price signals and has to
shut down the production. One measure that the loads also can perform is to
activate on-site generation, but as long as the generation does not exceed the
total consumption of the load, this is still seen as a load reduction from the
power utilities’ perspective. DR is also known as load managment. US’s Federal
Energy Regulatory Commission has defined DR as:

”Changes in electric usage by demand-side resources from their normal con-
sumption patterns in response to changes in the price of electricity over time, or
to incentive payments designed to induce lower electricity use at times of high
wholesale market prices or when system reliability is jeopardized.” [22]

DR is a useful tool for distribution system operators (DSO) and balance re-
sponsible players. During stressful situations, when the load in the distribution
system is high, the system operators might exceed their subscribed power limit
from the transmission system, resulting in expensive fees for the DSO. DR can
be used to reduce the load during a peak, minimizing the infraction on the
subscribed power limit [23]. For each hour of the day, the balance responsible
players have to buy the amount of energy they are supposed to use. If the
used energy exceeds the bought energy, the balance responsible players have to
buy more expansive energy on the intraday market [24]. DR can be used to
minimize imbalance, which would save a significant amount of money for the
balance responsible players [25].

Demand Response Parameters
The most obvious parameter of a DR event is the capacity, which measures how
large load reduction the resource can perform. In addition to this, a DR event
also includes four time parameters, namely: notification period, ramp period,
sustained response period, and recovery period. The ramp time is the time
from the when the reduction deployment starts until the agreed consumption is
reached. The sustained response period is the duration of the reduction. The
recovery period is the time it takes for the resource to catch-up from the energy
loss and be ready for a new DR event. Sometimes advance notifications are
used, the resource then has some time to prepare for the DR event, which may
reduce the ramp time. A clarification of these time periods are shown in Figure
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4. [26]

Figure 4: The time parameters of a demand response event [26]

Demand Response types
During the thesis, eight common types of DR have been identified, there are sev-
eral ways to classify them, but the types remain nearly the same. An alternative
way to classify the types is to divide them into two categories, incentive-based
and time-based rates. What all Incentive Based methods have in common are
that the resource receives economic compensation for providing a power reduc-
tion, either as a reduced electricity price or a direct payment. With Time-Based
rates, the consumers do not have to provide any power reduction, but the vary-
ing electricity price will influence the end-user to reduce the consumption during
price peaks. The DR methods can be further classified accordingly: [7][27]

• Incentive-Based DR

– Direct load control (DLC) - Grid operator can directly control the
resources appliances (usually heating systems)

– Interruptible/curtailable rates - The resources get a reduced electric-
ity price but the system operator can shed a predefined amount of
power at the resource

– Emergency demand response programs - The resource will get an offer
to shed load in case of emergency situations, which it can choose to
accept or not

– Capacity market programs - Resources can be contracted to provide
a predefined amount of load reduction when congestion problems
occur. Participants get payment for each load reduction.

– Ancillary Services Markets - A type of DR where the resource is
paid to act as an offline power reserve. The system operator notifies
the resource if the load reduction is needed. The are usually time
requirements on the reduction
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– Demand Bidding/Buy Back - DR resources offer their service at price
they are willing to perform a load reduction. If the bid is accepted,
the resource has to be on stand-by and be ready to perform the load
reduction if it is needed

• Time-Based Rates DR

– Time-of-use rate - This is the oldest and most common DR type.
With an electricity price that increase during high peak hours or
high demand months during the year, the customers will decrease
their load dependent on their price elasticity.

– Critical peak pricing - This is a new version of the time-of-use rate,
where the electricity price have high peaks compared to the time-
of use rates. The number of the high peak is cappe pear year and
only occurs in extreme situation, when the production is deficit or
congestion problems occur.

– Real-time pricing (RTP) - Electricity prices vary continuously during
the day and would therefore reflect the current state of consumption
and production. Loads could react to adapt to these varying prices.
This is can be done on day ahead basis, just like the spot market,
but can also be done on hourly basis [7]

Another method to classify the types is to divide them into direct controlled
and indirect controlled DR. The direct controlled types are where the resource
is forced by a contract to perform the reduction and the indirect are the types
where the resource is influenced to perform the reduction by price signals. [28]

Communication Technologies
A crucial part of the DR system is the communication between the end-user
and the power system utilities. The communication system affects the start-up
time or ramp time of the DR resource. The communication technology can
also be used to classify the DR types into Remote and Active DR. Remote DR
systems is completely automated and the system operator has control of the
resource. With Active DR system, the consumers are responsible for changing
their consumption. Some communication technologies are, for example: [28]
[29]

• Clock-based control - Clock switches are a simple method and are widely
used for other purposes than DR. The resource and system operator will
agree to perform the load reduction during a time period and the switches
is set to open during the time period, remotely or manually

• Communication using the power line - The advantages are the usage of
existing infrastructures and the access to existing meters connected to the
system. The most commonly used protocol today is the 2-way communica-
tion method powerline carrier (PLC), but the two older methods primary
waveform modification and ripple control are also still used.

• Telecommunication - This technology includes communication over telecom-
munications networks. All of these systems can be implemented to require
manual interaction or be completely automatic
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• Radio communication - During radio communication control, frequency
sensitive devices in circuit breakers or relays connected to the appliances
reacts to a frequency (usually 100-1600 Hz) and control devices connected
to it.

• Voltage control - The resources or system operator can use the voltage
level to determine whether load management is needed. If the voltage level
drops below a threshold the resource can be contracted to reduce loads.
This will require measuring devices at the substation or the connection
point in the grid

• Frequency control - Just as voltage, frequency deviations are indicators of
mismatches between consumption and production. If the deviation from
the nominal value is too high (even 0.05 Hz could be enough), the resource
can be contracted to take actions.

Advantages of demand response
The best way to convince an end-user to participate in a DR program is to make
it economically profitable. When determining the economic profits/losses of a
DR request, several parameters need to be taken into consideration, such as:
the cost of loss in production, the costs saved when not producing, cost of the
start-up, the amount of reduced energy and the time of the shift. The cost of a
DR request can be calculated with Equation 1, where PDR is price of the DR
service, CPi is the value of the lost production, CV i is the saved cost, CSU is
the start-up cost, PACL is capacity and ∆t is the duration of the load reduction.
[30]

PDR =

∑t
i=1(CPi − CV i) + CSU

PACL∆t
(1)

Since all industrial process are different, it is impossible to obtain a general
result with Equation 1. All industries have to studied on a case by case basis.
Electricity should be seen as an input the industries’ production and the cost of
loss in production can be measured with market prices. Reasons to implement
a DR system can be economical, technical or socioeconomic. The most com-
mon and strongest reason is economical benefits, where the demand resource
gets compensation for participating in the program and the system operator
can for example: delay investments or avoid using expensive generation/fees
during load peak hours [30]. A problem is that the electricity price in Sweden
are currently too low to promote DR. However, if the end-user focuses on sell-
ing regulating energy on the balance market, the economic incentives increase
significantly [31]. But even in the balance market is it hard for industries and
other end-users to make profits, since the requirements to participate on the
balance market are too harsh [24]. The socioeconomic value is therefore proba-
bly greater than the economic incentives for DR participation. Socioeconomic
values include profits such as a reduced usage of fossil fuels and is therefore
also hard to estimate. Technical reasons to implement a DR system are, for
example: congestion management and to reduce the need of expensive capacity
investments. [30]

Demand response in the electricity market
In addition to reacting to control- and price signals sent from the power utilities,
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DR can also be used make profits in the electricity market. This section briefly
explains the three electricity markets in Sweden where DR can be used.

The day-ahead electricity market in Sweden is called Elspot. In this market, all
balance responsible players are supposed to buy the amount of energy they are
planning to use for each hour of the day. The market closes at 12.00 am, the day
before the actual hour. If the DR resource actively participates in Elspot, they
can minimize their electricity costs by adjusting their consumption according to
the electricity prices. The electricity price is decided by marginal pricing, result-
ing in that the most expensive used production sets the electricity price. [32][31]

When the day-ahead market is closed, Nordpool calculates the electricity price
for each hour of the day. The intraday-market, Elbas, then opens at 15.00 the
day before the actual hour and closes 45 minutes before the actual hour. El-
bas is a opportunity for the players to correct any deficit they suspect that will
occur in their energy balance. A offer is accepted as soon as suitable seller of en-
ergy is located. DR can be used to sell or avoid buying energy on Elbas. [32][31]

The third market that an end-user can sell energy in is the balance or regu-
lating market. This market is used to maintain the frequency in the power
system and the Swedish transmission grid owners Svenska Kraftnät is respon-
sible. The prices on the balance market are not decided until after the actual
hour has past, but they are often higher than Elspot and Elbas. An example
of this is from the 23 November, 2016, 07-08 pm: the spot price was then 1392
SEK/MWh, compared to the balancing price, which was 18552 SEK/MWh
[32]. The balancing market closes 45 minutes before the actual hour. However,
there are some requirements that need to be fulfilled, namely: [24]

• At least 10 MW offer (5 MW in one price area)

• Need to be connected to a balance responsible player

• Activation within 15 minutes

A problem with the balancing market is that it is currently hard for a load to
get their offer accepted, because there are always more cheaper hydro power
available [32].

2.4 Demand Response in the Swedish Industry

A literature study has been carried out in order to identify the current usage
of DR in Swedens industries. All information that was found was regarding the
potential and the usage of DR within the EII industry. No reports regarding
the engineering industry was found. This chapter is a short summarize of DR
within the EII industry in Sweden.
Potentials for DR in EII industry
The industries which belong to the EII sector are: the pulp and paper industry,
the steel and metal industry, and mining/quarrying. Some processes which have
a potential for DR within these industries are listed below.
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• Pulp and paper - There exists large potential of load shifting in this indus-
try due to the possibility to store pulp. The mechanical system to create
pulp is highly energy intensive and have therefore good potential for DR.
The mechanical system (refiners) also have start-up and shutdown times
within a few minutes. The restriction is that refiners cannot be shutdown
frequently due to mechanical wear. Typical utilization levels are around
80 % for pulp and paper factories. [33]

• Steel mills or metal works - The energy intensive process in this industry
is melting scrap steel with electric arcs or induction. This process can
be interrupted directly but the if the duration of the load reduction is
longer than 30 minutes, the whole melting process have to be repeated.
The utilization level is around 75 % and the remaining time is left for
emptying the container. There is approximately 65 MWh/month load
reduction possibilities of this process in Sweden. Unfortunately, the value
of loss of production is high and shutting down the load requires electricity
prices above 1000 e/MWh. [33]

• There are also three other common processes in Sweden with potential for
demand response, namely:

1. In aluminium production, electrolytic processes are electricity inten-
sive. However the utilization level is around 90 %, therefore it is hard
for the production to catch-up the loss. Field expert estimates that
the electricity consumption can be reduced with 25 % for 4 hours
without any major losses. Just as the steel melting, this process
requires prices above 1000 e/MWh. [33]

2. Cement mills production have a low utilization level and can be shut-
down and ramped up within minutes. [33]

3. Chloride comes from the energy and capital intensive process chlo-
ralkali process. The electricity consumption can be reduced with 50
% for about 2 hours, but the utilization level is 80 %, which results
in a long catch-up time. [33]
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The Swedish strategic reserve
The strategic reserve was introduced 2003 to ensure that the consumption never
is higher than the production. It will only be used to handle extreme situations.
The strategic reserv can be categorized as Ancillary Services Markets DR and
are one of the few used DR programs in Sweden. In order to promote the more
flexible usage of electricity and increase the price sensitivity in the electricity
market (day-ahead and balancing) the Swedish government introduced a law
that stated that the strategic reserve should consist out of 100 % demand side
participation by 2017/2018. Requirements on the DR resource are the following:
[33]

1. The resource most be connected to the Swedish grid

2. The resource most have at least 5 MW capacity in one electricity area

3. The resource most continuously offer 5 MW balancing bids as a balance
responsible player or through a retailer

4. Response time of maximum 30 minutes

5. The duration of the load reduction most at least be 2 hours

6. Time until restart cannot be longer than 24 hours

The DR resource is allowed to bid the resource on the day-ahead market, but
if the bid is accepted the resource is not compensated by SvK. If the bid is
not accepted, the resource is required to place a bid in the balancing market.
The price of the resource is so high that it will only be used when all other
available resources has been used (extant agreed bid). The generation units in
the strategic reserve is used to fix long mismatches that can last over days, the
demand side part can only be used for short mismatches. An example of an
accepted bid in the spot market in Sweden from the strategic reserve was at
172.1 MW at the 22nd Februari 2010. Due to confidential data at Nord Pool it
is unknown if it was covered by generation or DR resources, but the capacity
of the DR resources are large enough to cover the bid. According to Svenska
Kraftnät the largest balancing bid from the strategic reserve was 366 MW and
was covered by both DR resource and generation reserves. [33]

Previous Interview Study
During the year 2015 Sweco and the Swedish Energy Market Inspectorate per-
formed a project in order to summarize the current use of demand response
in Sweden. During the project, 171 networks owners, 24 balance responsible
players and 6 large consumers was interviewed. 4 of the questioned industries
adopts their production with indirect control signals such as electricity price, or
direct control signals by external operators. One industry have participated in
the strategic reserve, one industry uses internal small scale production during
price peaks and one industry reduce the production or shift the production in
time during high price peaks in the spot market One industry wanted to partic-
ipation in the regulating market, but have problem with the required response
time. Problems with DR where lack of interest from the network owners and
lack of profitable electricity contracts. [33]

15



Interviews with the EIIs
In order to improve the knowledge about the current use of DR within the
EII industries several interviews have been carried out. Luckily, Sweco had an
ongoing project with the Swedish Energy Market Inspectorate, with one goal
to investigate the industries thoughts about DR. The work with the interviews
and the information from the interviews was shared with this project. 26 In-
dustries were identified within the correct sector, out of these, 12 responded. In
agreement with all respondents, no concern will be mentioned by name. The
acceptable information to publish is whether the respondent is within the pulp
and paper, the steel and metal industry, or mining/quarrying. Some of the re-
spondents are from larger concern, which have several factories.

From the interviews it can be concluded that the knowledge about DR is good
within the pulp and paper industry, particularly within the large concerns. Most
of the industries within the pule and paper sector are aware of the concept DR
and are somewhat flexible in their electricity consumption. Mainly by placing
bid on the spot market and adapting their consumption and on site genera-
tion to the accepted bids. One respondent is also planning to become active
in the FRR-M. With todays low electricity prices, all respondents always buy
sufficient amounts in order to not reduce the production. However, most of the
respondents had experience too high price peaks and, therefore had to reduce
or totally stop their production. The prices peak varied between 2000-18000
SEK/MWh, where the lower amount was more likely to be a production reduc-
tion and the higher amount was more likely to be a production stop. None of
the respondents wanted to reveal the exact price required for a load reduction
action, resulting in a wide price area. Some of the respondent within the pulp
and paper sector have been or are currently participating in the Swedish Strate-
gic Reserve. Most of the pulp and paper industries also have on site generation,
some of the respondents optimize the generation towards the spot prices and
some of the respondents run the generation whenever it is possible.

The knowledge about DR within the steel and mining/quarrying industries are
limited and they do not use DR today, except one, which were close to ex-
ceeding their subscribed power limit and regulated down the production if they
were too close to the limit. Most of the respondents from the steel and metal
sector answered that they have no possibilities to move production in time or
to perform load reductions. Due to that their processes require stability, and
shutting them down have large impacts. However, after some discussion most
of the respondents within the steel and metal sector agreed that they have pro-
cess that can be used for DR purpose, but the value of DR most be increased.
Regarding the Strategic Reserve, it can be concluded that the steel and metal
factories have a hard to adapt to the 30 minutes time limit. One respondent
within the mining/quarrying sector answered that they recently became balance
responsible and are working with their knowledge about the electricity market.
After explaining DR and that mines usually have some reductions capacities,
they said that it can be be possible in the future.

During the interviews, it was overall hard to get exact answers on the questions
and most of the companies did not want to reveal exact numbers regarding price
signals or load reduction capacities. However, 6 of 12 the respondents answered
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with a specific answers, which can be seen in Table 2. Finally, it should be men-
tioned that most of the respondents think that the value of DR most increase
and that the regulating market should be redesigned to make it easier for the
consumers to participate.

Table 2: Reduction capacities and maximal sustained periods for the 6 respon-
dents who gave a specific number or an interval as answer to the question. The
industries’ on site generation are not included in the reduction capacity

Respondent 1 2 3 4 5 6
Reduction [MW] 200 90 - 10-15 50 10-200
Period [h/day] 2 - 8 - - 6
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2.5 openADR

Before the openADR alliance released their DR program guide, there were no
standardized guides to follow when designing a DR system. Each DR system
was implemented on a case by case basis, where the system set-up was an agree-
ment between the power utility and the DR resource. The only requirement was
that the system fulfilled structural and regulatory requirements of the region.
[34]

Actors engaged in designing and implementing DR systems benefits from stan-
dardized DR program because they can take advantage of the examples and
use them as guides in their own implementations. Standardized DR templates
also simplifies the integration of DR since the manufactures of equipment have
a structure to follow, which makes their appliances easier available for DR sys-
tems. Therefore, several companies joined together and created the openADR
alliance. The goal of the alliance is to create a uniform way to exchange infor-
mation in DR programs, which should favor the automated DR. Some members
in the alliance are, for example: Siemens, Honeywell, Toshiba and Earth Net-
work [?]. [34]

Even with the openADR standard, DR programs have to be designed on a case
by case basis. Therefore, the openADR profiles/program guides includes seven
standardized templates for the most common DR programs. Each program tem-
plate has a number of event signals, required reports and targeting methods,
which the users and system designers can chose between. The openADR pro-
gram guides and profiles are still under development and more templates will be
added in the future. Currently, the seven templates of DR programs are: [34]

• Critical Peak Pricing

• Capacity Bidding Program (CPB) - A synonym to Demand bidding/Buy
back

• Thermostat Program (Thermostat)/Direct Load Control (DLC)

• Fast DR Dispatch (Fast DR)/Ancillary Services Program

• Residential Electric Vehicle (EV Charging) DR Program: The resources
get modified prices for charging electric vehicles, which will influence them
to change change consumption patterns

• Public Station Electric Vehicle (EV Charging) Real-Time Pricing Pro-
gram: Aims to make the electricity prices to correspond to the cost of
charging the EV at public stations

• Distributed Energy Resources (DER) DR Program: Aims at simplifying
the integration of small scale production in the power grid

DR in the engineering industry does not include a DR program with residential
and public station electric vehicles. Production processes are also too critical
to allow a direct load control program, where the power utilities have control
of the production. DER DR programs require on-site generation or electricity
storage capacity, which Volvo in Köping does not have. Due to this, these 4
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templates are not further considered.

openADR Program Guide
The goal of the openADR DR program guide is to provide program templates
for the seven DR programs mentioned above. The provided templates also in-
cludes examples of real life scenarios and specific openADR characteristics for
each template. This should result in a decision tree that actors who want to
implement a DR system can follow. [35]

The first thing to determine when designing a DR system is the deployment
scenario, which is almost independent from the program characteristics. There
are three important terms to keep track of in the openADR program guide re-
garding the deployment scenarios, namely: Virtual end node (VEN), resource
and asset. The VEN is the communication node to where the power system
utilities sends the DR information. Behind the VEN, there are one or several
resources, for example an aggregation of several households or a single factory.
The resource contains one or several assets, which can be seen as the equipment
or appliances that is controlled. The deployment scenario is more dependent
on the type of resource than the DR program characteristics. It is completely
up to the power system utilities to define what is seen as a resource in the DR
program. When the power system utilities sends information regarding a DR
event, they can choose to send it to some specific resources or to a group of
resources dependent on some attribute, for example load type or location. The
openADR program guide contains six deployment scenarios, two of which can
be seen in Figures 5 and 6. [35]

Figure 5 shows an example of a simple DR system, where the power utility
is directly connected to the VEN. The VEN is owned by the resource and it is
responsible for performing the load reduction. There can also be several VENs
connected to one resource or one VEN can be connected to several resources.
Figure 6 showns an example where the power utility sends control signals to an
aggregator, which now owns the VEN. The power utility does not have direct
access to the resources and has no information about how the resources are dis-
tributed inside the aggregated load. When the aggregator receives information
about an event it has to forward the information to the resources, manually or
with some automated logic. [35]

When the deployment scenario is decide upon, the purpose of the DR program
has to be figured out. The openADR program guide includes a set of questions
the system designer can use as guidance and with them as help decide on the
most suitable template. The template includes the exact openADR character-
istics that are supposed to be used. A brief summary of the signals needed in
the three DR programs which can possibly be used for DR in the engineering
industry are seen below.
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Figure 5: The direct one deployment scenario in the openADR program guide
[?]

Figure 6: The example of an aggregated load in the openADR program guide
[?]
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• Critical Peak Pricing

– An event signal with electricity price and time information (ope-
nADR supports more complex price signals for CPP as well)

– The VEN should always answer whether it will participate or not

• Capacity Bidding Program (This includes the signals sent when the load
reduction is needed, not the bidding phase)

– An event signal, indicating that the load reduction is needed (can
include information about the amount of load reduction needed).
Can be sent on day-ahead basis or day-of-occurrence.

– The resource should send an answer, indicating that it will participate
(should be sent even though the load has to perform the reduction)

• Fast DR dispatch

– An event signal, indicating that the load reduction is needed (can
include information about the desired operation point of the load)

– The load should send a reply, indicating that it has received the
information

– The event signals should contain information about which VENs that
should participate in the event

– The VEN should send information about their operating point (real
power consumption) during the event

The openADR alliance has also released the openADR 2.0a and 2.0b profile
specifications. These documents contains the technical information regarding
the openADR standard, such as recommended communication protocols, secu-
rity requirements and file formats. In general, the profiles recommend that the
information is sent with HTTPS using push or pull functions from the virtual
top node (VTN). The information about the DR event and the VEN which the
message should be sent to is expressed in XML format. The openADR 2.0c
profile which for example supports dynamical price signals will also be released.
[13] [14].
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3 Optimization and Modelling

3.1 Dynamic DR system at Volvo

In order to design an ADR system, routines for decision making at Volvo Power-
train Operations. When a DR event occur, Volvo should be able to determine if
it is profitable to participate. In order to enable fully ADR, a dynamic DR sys-
tem at Volvo is required. The system should be able to, for example, react upon
DR events sent from the distribution system operator or Volvos balance respon-
sible player, but it could also extract daily electricity prices from Nordpool and
optimize the production against the price. Since the engineering industry has a
large turnover in proportion to the amount of electricity usage, a loss of produc-
tion would directly result in an economic loss, despite that the electricity usage
is minimized. It is therefore important that the optimization algorithm takes
the production requirements into consideration and make sure that the they are
fulfilled. The large turnover also results in that a load reduction is unlikely to
be a suitable action during a DR event, because this requires an unrealistic high
electricity price. Another action that can be performed during a DR event or
a price peak is to activate on-site-generation or use energy storage, but since
Volvo Powertrain Operations does not have those alternatives installed, these
actions are not considered. The remaining alternative in case of a DR event is
load shifting that does not cause a loss of production.

Mohagheghi, Salman and Raji, Neda [9] proposed a dynamic DR system with
the following modules: an offline ranking system, an online ranking system
and the optimization module. Combined these modules takes crew constraints,
production requirements, maintenance scheduling and other parameters into
consideration to determine how to react upon DR events. This module need to
consider the revenue losses and compare them with indirect and direct gains.
Revenue losses occurs due to, for example: loss of production or wasted labour
hours. Direct gains are, for example: discounted electricity prices and economic
compensation. Indirect gains are, for example: reduced wear on machines and
timing of an maintenance during the DR event.

• The offline ranking module is used to determine which production lines
and processes that can be shutdown during an DR event. The module
needs to classify all workstations/machines, consider critical performance
requirements and determine workstations interrelations. This is usually
done once and does not vary over time unless major changes in the pro-
duction process occur, such as: machines are replaced or the production
flow in the factory is changed. [36]

– Workstation classification - All steps in the production process needs
to be classified dependent on their impact on the final product. For
example, production steps with a long throughput time, long start-
up time and high utilization levels should be classified as critical,
and should not be candidates for a DR reduction. Processes that
are flexible in time and are working with overcapacity should be
candidates for DR reductions.

– Critical performance classification - It is also important to determine
the set of production steps that can be candidates during the time
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period of the DR event. Some sections in a factory may not be
operational during all hours of the week and can therefore, only be
used during certain time periods.

– Workstation Interrelations - It is necessary to have a complete flow
chart of the production in the factory. Through this, the interrela-
tions between production steps are known and production steps that
have a critical impact on other processes can be excluded from a DR
event.

• The online ranking module should update the rankings from the offline
ranking module based on time varying parameters. These parameters
should be retrieved on a regularly basis or updated when the information
about an upcoming DR event is received. The following parameters needs
to be taken into consideration [36]:

– Maintenance scheduling - Combining a DR event with maintenance
or other operations that require the workstations to stop producing
results in economical profits since the DR reduction can be performed
without a loss of production and labor hours.

– Crew scheduling - It is important to consider the loss of labor hours
and what happens to the crew of a workstation during a DR event. If
the crew are cross-skilled they can be assigned to other workstation
during the event and a loss of labor does not occur.

– Production requirements - As mentioned, it is highly important that
production requirements are fulfilled in the industry. When the in-
formation about an upcoming DR event is received, production re-
quirements should be checked and it should be verified that the they
are fulfilled if a load shift is performed.

– Inventory analysis - Inventory levels should be checked to make sure
that production requirements are fulfilled, maximum capacities are
not exceeded and that inventory stacks are minimized.

The optimization module
The purpose of the optimization module is to find an optimal schedule for all
nodes in in the production flow that can be scheduled during a DR event. The
optimal schedule should minimize the cost of electricity or maximize the profits
during a DR event, while ensuring that the production requirements are ful-
filled. The online and offline ranking modules are used to retrieve information
about the production process and to send the information to the optimization
module [9]. Apart from the information from the online and offline ranking
modules, the optimization module also needs information about energy con-
sumption, electricity prices and price signals. The optimization module can
also be used to determine the operation of on-site generation and the optimal
usage of energy storage [37].
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Two mathematical optimization methods that can be used to find the optimal
schedule of the production are linear programming (LP) and mixed integer linear
programming (MILP). A LP problem requires that both the objective function
and the constraints are linear. A LP problem is usually stated in the form:

minxf(x) = cTx

such that : (2)

Ax ≤ b; x ≥ 0

Where f(x) is the objective function, c is a real vector of length n containing
constants , x is the object vector of length n containing decision variables (in the
case of production optimization the decision variables are the states of the nodes
in the production flow), A is a matrix of size n×m and b is a vector of length
m [38]. MILP includes all features of LP, but also enables requests on some
or all decision variables to be integers. The constraints in a LP problem are:
upper and lower bounds, inequality constraints and equality constraints, which
is clarified in Equation 3 - 5, where Equation 3 is the inequality constraints,
Equation 4 is the equality constraints and Equation 5 is the bounds [39].

A1X ≤ B1 (3)

A2X = B2 (4)

L ≤ X ≤ U (5)

The LP or MILP method finds the optimal solution for the decision variables,
which minimize the objective function (the objective of the optimization can
also be to maximize the objective function). This can be done using several
algorithms, but the most famous and most commonly used is the method sim-
plex algorithm [38].

There exists several softwares that supports mathematical optimization, such
as R. There also exists several libraries and packages for optimization in pro-
gramming languages such as: C, Java and C++. During this project, the opti-
mization toolbox in MATLAB is used, mainly due to previous knowledge with
Matlab. The optimization toolbox in MATLAB supports LP, MILP, quadratic
programming, nonlinear optimization and nonlinear least squares. The LP tool-
box in MATLAB supports large-scale linear problems and uses one of the three
algorithms simplex, interior point and active-set to find the optimal solution.
The MILP toolbox extends the linear programming toolbox with the possibility
to state that some variables in the solution have to be integers [40]. It is possible
to model a production line with only linear equations and the operating states
of the machines at Volvo Powertrain Operation are binary variables, MILP is
therefore the most suitable method to solve the optimization problem at Volvo
Powertrain.

The optimization module proposed by Mohagheghi, Salman and Raji, Neda
[9] uses integer programming (IP) and consist of the following parts:

• Objective function - The subjective of this function is to minimize the
cost of electricity. The objective function needs to be considered during
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a predefined time, for example: the next day or the remaining hours of
the day. The total time is the divided into smaller time periods with
equal size. The objective is to find the operating point of the nodes in
the production flow for each time period, which minimizes the objective
function.

• Material balance - In order to keep the material balance in the optimiza-
tion problem, the flow of units are modelled using inequality constrains.
These inequality constraints states that a node in the production flow
never can produce more units than the node in front of in and the number
of units in storage, resulting in:

xi,t ∗ ci ≤ Ii,t−1 + xi−1,t ∗ ci−1 (6)

Where, xi,t is the state of machine i during time period t, ci is the pro-
duction capacity of machine i and Ii,t is the inventory in front of machine
i during time period t.

• Inventory constraints - In order to model the production process correctly,
all inventories between the nodes needs to have the correct size, resulting in
that number of units in an inventory has to fulfill the following constraint
for all time periods:

Imin ≤ Ii,t ≤ Imax (7)

An Imin with a value greater than zero, is an indication of that the indus-
trial process is not adopting to the lean concept, because backup invento-
ries are always required. Imax is the maximum number of units that can
be kept between two machines or production steps in the production flow,
if this is not kept, equipment can be damaged or material may wasted.

• Production requirements - The final inequality constraint that has to be
fulfilled in the optimization problem is the production requirement, which
can be expressed with the following equation:

P ≤
T∑

t=1

xI,t ∗ cI (8)

Where P is the production requirement, xI,t the state of the last node in
the production process of time period t and cI the production capacity of
the last node in the production process.

It should be mentioned that the difference between IP and LP methods, is that
IP can solve non-linear problems, which LP cannot. However, the proposed op-
timization module in [9] has modelled the objective function and all constraints
with linear equations, resulting it that MILP can be used. However, the operat-
ing states of the workstations in the case study in [9] are: 25%, 50%, 75 % and
100% of their production capacity, resulting in that MILP cannot be used.
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3.2 Simulation Set-up of Midiblock 2

The pilot group Midiblock 2 with known energy consumption is studied in de-
tail and is used to determine the DR parameters of the whole factory. The
production block is modelled using the proposed optimization method in [9]
and the Simevents toolbox in Matlab Simulink. Parameters that needs to be
known in the modelling are: energy consumption for each manufactured unit,
production capacities and start-up times of the machines. Midiblock 2 consists
of four production lines, namely: KU03, KU05, KU07 and KU08. The number
of machines in each production line can be seen in tables in Appendix 6. As
seen in tables, the production steps and the number of machines are somewhat
varying between the groups. However, it can be concluded that the production
of a cogwheel requires the four following steps:

1. Turning - This is the first step of the manufacturing for all four production
lines. The raw materials are bought as shaped cylinders from the steel
manufacturer, an example of this can be seen in Figure ??. The turning
machines process the raw materials to make the surface of the cogwheel
smooth. This is a time demanding process and each cogwheel requires
about 300 seconds of operating time. In order to increase the troughtput,
the turning machines usually handles 4 cogwheels at a time. With the
exception of KU07, which has two turning machines with lower operating
times that each turn one side of the cogwheel. The rated power of the
turning machines are significant higher than the rest of the machines in
the group. The turning machines in the production lines KU03 and KU08
also includes washing machines.

2. Hobbing - The three remaining production steps of a cogwheel are pro-
cessing of the cogs. The first step of this is the hobbing, which is the
rough shaping of the cogs. Since this is done from the smooth surface
produced by the turning machines, the hobbing machines have to work
through a lot of material, making the process time demanding. Therefore,
all production lines have two hobbing machines working in parallel. Some
hobbing machines also includes champering, but this is process is signifi-
cant faster than the hobbing and it is also done in parallel to the hobbing.
Resulting in that the cycle times of the machines is the processing time of
the hobbing and the moving of the cogwheel, with the exception from the
first and the last cogwheel in the scheduled production.

3. Shaping - Once the hobbing is done, the cogwheels are transported to the
shaping machines. This production process is used to smooth the surface
of the cogs, which is done through carving between the cogs. This is not
a spinning movement and is therefore a little bit more energy consuming
than the hobbing. The shaping machines is usually the bottle necks of the
production lines. This process requires heating, therefore, the hobbings
machines have start-up times.

4. Rounding/Chamfering - This is the final step of the soft manufacturing
of the cogwheels and is usually some small adjustment to the cogwheels.
For example rounding the cogs on the edges or making some adjustment
to the angles on the cogs. This process is usually faster and requires less
energy than the other production steps.
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Midiblock 2 consists out of four serial production lines. Therefore, are the work-
station interrelations in the system easy to determine, since a machine is always
dependent on all machines upstream in the production line. If there is a inven-
tory between two machines it might be possible to build up buffers of units and
to shut-down machines with a low processing time. Processing time is defined
as the time from when the tool start processing the material until the operation
is complete, resulting in that transporting and waiting times are excluded from
the processing time. In order to build up buffers of units between machines it
is required that the processing time of the machines in the production line are
varying. The cycle time of a machine is defined as the time period between
two completed units, in other words, how long time it takes for a machine to
process one unit with transportation from the conveyor belt/robot and back
onto the conveyor belt/robot. The factory in Köping has documented the cycle
times, however, these times was wrong, resulting in an error of some minutes
when a standard batch is produced [41]. Due to this, the cycle time and the
processing time of all machines in Midiblock 2 had to be measured. The cy-
cle time and processing time was measured four times, respectively. Since this
was done manually and not enough times to be statistically viable, these times
are not correct and some variation from the actual value probably exists. The
measured times for each Machine is shown in the tables in Appendix A. Several
of the machines have no processing time documented in tables. This is either
due to the fact that they cannot be measured by hand, e.g. there is no vision
into the machines, or due to that the cycle times are almost the same as the
processing time. In addition to the processing and cycle time, the rated power
of each machines was also acquired from the nameplate of the machine. The
rated power is used to approximate the DR capacity of the whole factory.

The layout and the production flow of the production lines in Midiblock 2 can
be seen in the figures in Appendix A. The number on the green arrows corre-
spond to the machine number in tables in Appendix A. It should be mentioned
that some machine have the same machine number, this means that these two
machines are working in parallel because they have significant higher cycle times
than the rest of the machines in the production line. As seen in the figures in
Appenxdix A, some machines are using conveyor belts (marked with several
lines) and some machines are using robots (marked by circles in the figures) for
transportation. The benefit with the conveyor belts compared to the robots,
is that they can be used as a small inventories, which the robots cannot. In
the cases where the machine has no possibility to store units in an buffer, the
machine always has to be running when the next machine, downstream in the
production line, wants to start producing. For example, this occurs when there
is a robot directly after the machine or the inventory after the machine is smaller
than the calculated production capacity during one time slot. Where there are
no possibilities to store units in a buffer, there are no point to model the ma-
chines individually in the optimization problem. Modelling the machines in
groups reduces the number of variables in the optimization problem and, there-
fore, reduce the computation time of the problem. This is further explained in
the next section.
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The objective function of the optimization problem can be seen in Equation 9.
Where ui,x is the state of machine i during time period x, ci is the production
capacity of machine i, ex is the electricity price during time period x and Pi is
the energy consumption for every produced unit at machine i. A clarification
of the variables in the optimization problem can also be seen in Table 3. Each
production line is modelled individual and it is assumed that the production
lines always has access to raw material, i.e. the production line is never starved.

Objective : min

T∑
x=1

I∑
i=1

(ui,x ∗ ex ∗ ci ∗ Pi) (9)

The electricity consumption is usually planned on a daily basis, which is also a
common period for production scheduling [37]. If the number of time periods
in the simulation is varied, a trade of between simplicity and accuracy occurs.
Shorter time slots in the simulation results in that small inventories can be
utilized, however, this also results in a more complex simulation with a higher
number of possible solutions. The shortest start-up time of the machines is 15
minutes, this is therefore chosen as the resolution, resulting in 96 time periods
during one day. The production capacity of the machine is approximated to be
equal to:

ci ≈
⌊15 ∗ 60

Tc,i

⌋
(10)

Where Tc,i is the measured cycle time of machine i. The approximation of the
production capacity was rounded downwards to the closet integer in order to
increase the speed of the simulation and to compensate for possible errors in
the measured cycle time. Since the production requirement always has to be
fulfilled, an underestimation of the production capacity better than an overes-
timation. In order to calculate the energy consumption for each produced unit,
the data from the energy meters is used. The total power consumption for a
time period of 2-3 hours with constant production is divided with the number
of produced units during the time period. This was done for each machine with
an installed energy meter and should give a reasonable approximation of the en-
ergy consumption for each produced unit. The simulations are performed with
three different price signals as inputs: the electricity price for the year 2015
from Nordpool, an approximation of the electricity price for year 2030, which is
a simulation from Swecos model Apollo, and a CPP-event from the distribution
system operator.

The linear equations used to maintain the material balance in the optimization
problem are the inequality constraints seen in Equation 11 and 12. Equation
11 expresses the flow of units and Equation 12 ensures that the maximum in-
ventory size is never exceeded. All lower bounds on the inventories are zero and
Equation 11 states that a negative quantity of units is not viable, resulting in
that no additional constraint is needed for the lower bound. In the equations
zi,x is the ramping required of the machines before a start-up. If the machine
is ramping, it cannot produce units, resulting in that zi,x is negative in the
equations.

Flow :
∑T

x=1(ci(ui,x − zi,x) − ci−1(ui−1,x − zi−1,x)) ≤ 0 (11)
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Inventory :
∑T

x=1(−ci(ui,x − zi,t) + ci−1(ui−1,x − zi−1,x)) ≤ Îi (12)

Table 3: Clarification of the variables used in the optimization problem
x One time period, 15 minutes
i machine number in the production line
Pi Energy consumed to produce one unit in machine i, kWh
ui,x State of machine i at time period x, boolean
zi,x Ramping of machine i at time period x, boolean
Ii Inventory of machine i, integer
ci Production capacity of machine i during one time period, integer
e(t) Electricity price at time period t
d Production requirement or demand of one line, integer

Another inequality constraint is the production requirement. This is modelled
as the sum of all produced unit in the last machine in the production line, which
can be seen in Equation 13. Just as before, if the machine is ramping it should
not be producing units. The production requirement is an important parame-
ter and should be retrieved automatically from Volvos internal system once the
optimization is performed. However, Volvo Powertrain Operation in Köping is
using an old system for their production requirements, retrieving values from
that system is too time consuming. It also exists the possibility retrieve produc-
tion requirements from an overhead system, sadly were no access to this system
granted. The production requirements was therefore based on mean values pro-
vided by the operators and a sheet from a production planner. The production
is divided into standard batches with varying number of units for each line and
article. Between each batch, the operators have to change settings on the ma-
chines, this can take anywhere between 15 min - 2 hours. Currently, the goal of
the production planning is to minimize the number of long settings time of the
machines, by producing articles that are nearly of the same type during several
batches. This results in inventory build-ups after the production lines, pushing
the factory away from the lean concept. Also, the production is done a weakly
basis, not daily, and the number of units in the inventories after the production
lines are calculated manually. Volvo wants to change this approach and become
more lean in the production by producing units more according to varying de-
mands. The investment in new machines should facilitate this process. [42]

Production :

T∑
x=1

(−uI,x − zI,x) ≥ d (13)

Another inequality constraint that is required is modelling the ramping of the
machines, which can be seen in Equation 14. If the machine requires more than
one time period of ramping, zi,x is included for several time periods, and the
right-hand side of the constraint is decreased with one for each included time
period.

Ramping :

T∑
x=1

(−ui,x + ui,x+1 − zi,x) ≤ 0 (14)
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The industry has focus on maintaining a production with high quality and
as few interruptions as possible. Therefore are factors and actions which may
affect the production negatively not looked upon with blind eyes. One of these
actions are turning off the machines. A problem with CNC machines is the
machining accuracy, which is affected by the temperature of the machine. Once
a change of state of the machine occurs, the temperature of the parts in the
machine are affected, example of affect parts are: mounting, ballscrews, spin-
dles, hydraulic and processing oil. The temperature of the these parts affects
the processing measure. If a constant production without stops is maintained,
the machines becomes temperature and measurement stable and few deviations
from the nominal measurement values occur [43]. Some machines can start pro-
ducing without the correct temperatures and some require heating for up to
1-2 hours before it can start producing. Deciding the exact ramp time of the
machine have to be done on case by case basis. During this this project, the
following ramping times are assumed [41]:

• Turning, Hobbing, Rounding and Chamfering - 15 minutes

• Shaping - 30 minutes
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4 Simulation Results

4.1 Demand response parameters

A summarizing illustration of the implemented DR system can be seen in Figure
7. The standard openADR is used to send information about DR events to the
optimization module. Simulations are performed for a CPP event, two scenarios
with electricity spot prices and a dynamical grid tariff from the DSO. Currently,
there is no openADR program and profile specification that supports dynamical
price signals such as daily spot prices. This will be released in the future with
the openADR profile C. Therefore, OpenADR is only used to send information
about CPP events to the optimization module, none of the other simulations.
As seen in Figure 7, the optimization problem takes several parameters into
consideration. Information about upcoming maintenance and long setting time
of the machines have been excluded from the optimization problem. Informa-
tion about these two actions are retrieved from [12] and the impacts of these
time on the DR parameters for Volvo in Köping are presented in this chapter.

Figure 7: Sytem setup for the DR application at Volvo Powertrain Operation-

Midiblock 2 is modelled as a MILP problem, which includes the objective func-
tion in 9 and the constraints in Equation 11-14. The problem is solved using
MATLABs optimization toolbox. The output from the optimization solver is
binary operating points for time periods of 15 minutes during 24 hours. The
binary operating points are sent to a model of Midiblock 2 in Simevents, which
is a DEM and is used to validate that the production requirements are fulfilled
and to display the energy consumption of Midiblock 2.

The calculation specifications of the MILP problem for the four production
lines in Midiblock 2 during a simulation is shown in Table 4. The solution times
of the simulations are examples and vary significantly when the electricity cost
in the objective function is changed. If there are large deviations between the
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processing times of the machines, the complexity of the problem increases and,
thus the solution time. The used software and hardware are: MATLABs opti-
mization toolbox with the simplex algorithm and a Intel Core i5-4670k 3.4 GHz
CPU.

Table 4: Calculation specifications for the MILP problem, the optimization
problem is solved for 24 hours (96 binary operating points) with the electricity
spot price from 23-01-2015 as input in the cost function of the objective function.

Production Line Number of variables Number of constraints Time [s]
KU03 968 1288 8.86
KU05 570 670 0.79
KU07 768 957 13.52
KU08 768 957 12.96

Volvo in Köping is currently planning their production on a weekly basis, which
results in no daily production requirements. Since the optimization problem is
implemented to find a solution of the production scheduling on a daily basis,
the weekly production requirements have to translated to daily requirements.
In a document provided by the production planners the weekly production ca-
pacities of each production line is stated. The weekly production capacites are
distributed over the week to create daily production requirements. Production
line KU03 has 5 shift groups (production is running constantly), production
lines KU05 and KU07 have 4 shift groups (production during the weekdays and
half the weekend), and production line KU08 has 3 shift groups (production
during the weekdays). However, no energy meters have been installed on the
machines in production line KU03. Therefore, it is assumed that KU03 has 3
shift groups and its weekly production capacity is decreased proportionally. For
KU05 and KU08 with 4 shift groups, the weekly production capacity is split
over 24 hours during the weekdays and 11.5 hours during the weekends. It is
also assumed that the production capacity for each hour during the weekends
should be 30-40 % lower than the weekdays. The resulting production require-
ments for each production line can be seen in Table 5.

Table 5: The weekly production capacity and the resulting daily production
requirements for the production lines in Midiblock 2. In the public version of
the report these numbers have been left blank due to a confidentiality agreement
with Volvo.

Type of day KU03 KU05 KU07 KU08
Production capacity

Weekdays
Weekends

In order to derive the maximal sustained response period of Midiblock 2, the
optimization problem is exposed to a CPP-event during 08.00 - 12.00 AM on
a weekday. As explained in [16], it is more suitable to provide compensation
for a load reduction than to add extra fees, resulting in that the amplitude of
the CPP corresponds to the economical compensation for each reduced kWh/h.
However, for simplification the price peak is modelled as a fee in the optimiza-
tion problem. The resulting electricity consumption of Midiblock 2 during the
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96 time periods in the optimization problem can be seen in Figure 8.

Figure 8: The daily consumption of Midiblock 2 during a CPP-event between
between 08.00-12.00 AM. The daily consumption profile is divided into 96 time
periods of 15 minutes, respectively.

As seen in Figure 8, Midiblock 2 can theoretically be completely shutdown dur-
ing 2 hours and 45 minutes each day and it is possible to reduce the electricity
consumption for up to 7 hours and 30 minutes. The simulation takes all short
stops, such as changing of tools and emptying of metal scrap containers into
consideration by forcing the machines to produce extra units. Longer stops,
such as: changing of machines settings and faults are not considered. In the
report [?], some statistics of the longer stops are measured. Each day, the aver-
age downtime due to unplanned actions are 3 hours and 30 minutes. The daily
average time spent on changing settings of the machines between batches is 85
minutes. However, the size of one batch is usually 100-200 units. As seen in
Table 5, the daily production capacities are larger than the size of the batches,
therefore is the downtime due to changing of settings distributed over the entire
day. The time spent on changing settings of the machines varies between 15
minutes and 2 hours. It is realistic to assume that 45-60 minutes of these 85,
can be used for DR purposes. A realistic maximal sustained response period
is therefore around 3-4 hours, it should also be noticed that entire Midiblock 2
cannot be shutdown during a day with normal production (production accord-
ing to the maximum capacity).

Maximal sustained response periods of each production line in Midiblock 2 can
be seen in Figures 9 and 10. As seen in the figures, the problem becomes binary
when considering the individual lines. The problem becomes binary because the
cycle times of each machine in the individual lines are similar. It is also due to
that the inventories between the machines are small. These two reasons force the
machines in each line to run at the same time, causing the problem to become
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binary except the ramping of the machines. The proposed algorithm is capable
of calculating individual production schedules of each machine. However, if the
cycle times varies, the solution time of the problem will also increase. Table 6
shows the simulated downtime and realistic downtime of each production line
in Midiblock 2.

Figure 9: Consumption pattern of production lines KU03 and KU05 during the
CPP-event

Figure 10: Consumption pattern of production lines KU07 and KU08 during
the CPP-event

4.2 Results from scenarios

The potential savings from energy efficiency measures and production optimiza-
tion against dynamical electricity price are presented for four scenarios: elec-
tricity spot prices from year 2015, approximated electricity prices for year 2030,
a time differentiated power tariff (TDP-tariff) and the electricity spot prices
from year 2015 combined with the TDP-tariff. These price signals should be
classified as real-time pricing DR. For each scenario, the calculated consumption
pattern is presented for one week with hourly resolutions and the economical
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Table 6: A summary of the simulated and realistic maximal sustained response
periods for each production line in Midiblock 2. These times are based on
constant daily production requirements calculated from the weekly maximal
production capacities.

Production Line Simulated time [Minutes] Realistic time [Minutes]
KU03 420 195
KU05 300 75
KU07 195 0
KU08 420 195

savings are approximations for one year.

In order to approximate the energy savings, a consumption pattern that simu-
late that actual consumption of Midiblock 2 is needed. The energy meters in
Midiblock 2 are measuring the power demand with a resolution of 10 seconds
and these measurements are used to create a weekly energy profile with a hourly
resolution. The resulting energy profile is the average value of week 19-23, which
can be seen in Figure 11.

Figure 11: The approximated weekly mean consumption of Midiblock 2. The
consumption profile is based on data from the energy meters and the rated
power of the machines.

Due to technical problems, energy meters have not be installed for all machines,
only some machines in KU05 and KU08 have a measured consumption. To be
able to calculate an approximation of Midiblock 2 actual electricity consump-
tion, some assumptions have to be made. KU05 and KU07 are both working
with 4 shifts, it is therefore assumed that KU07 is operating at the same time
as KU05. It is also assumed that KU08 is operating at the same time as KU03.
In reality, KU03 has 5 shift groups and KU08 has 3 shift groups .Therefore,
the approximated weekly consumption has a lower electricity demand during
the weekends than the consumption in the reality. For each measurement from
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the installed energy meters, the status of the machine is checked, i.e. operat-
ing, stand-by or switched off. For each measurement, it is assumed that the
machines in KU07 have the same status as the machines in KU05 and that the
machines in KU03 have the same status as KU08. For the machines without
an energy meter, it is also assumed that the operating power is 53 % of the
rated power and that the stand-by power is 40 % of the operating power. The
percentages are the mean value of the machines with an energy meter.

The average weekly consumption with optimization to the electricity spot price
can be seen in Figure 12. The electricity spot price is the average week during
year 2015 in the price zone SE03. The red bars show the consumption of the
measured average week of Midiblock 2 and the green bars show the optimized
consumption of Midiblock 2. As seen in Figure 12, it is possible to stop the
production during the price peak in the afternoon. It is also important to no-
tice that the area covered by the green bars is significant less than the area
covered than the red bars, the majority of the difference between the areas is
the energy which can be saved with energy efficiency measures, i.e. shutting
off the machines when they are not producing. During Friday afternoon, the
optimized consumption is larger than the measured consumption, this is due to
an error in the optimization problem. In reality, a 4-shift group should only be
working 11.5 hours on Fridays, in the optimization problem it is assumed that a
Friday includes 24 work hours. During Saturday and Sunday, the required pro-
ducing time is marked by the green bars, which is around 8 hours. However, the
measured consumption (red bars) never reaches zero, even though there is no
operation during half the weekend. The savings which can be made on energy
efficiency measures and optimization against the electricity spot price during
the year 2015 are presented in Figure 16.

Figure 12: Result from the simulation with the spot electricity price with taxes
from 2015 in SE03 as electricity cost in the cost function. The blue line is the
spot price, the red bars show the consumption of the measured/approximated
week of Midiblock 2 and the green bars show the optimized consumption of
Midiblock 2.
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In addition to the spot price from year 2015, the optimization problem is also
solved with approximated spot prices for the year 2030 as input. These ap-
proximated spot prices are results from Apollo, which is a model developed by
the energy markets group at Sweco. It should be noticed that the electric-
ity price is significant higher than the 2015 prices and that variations in the
electricity price during the hours of the day increases. The behaviour of the op-
timized production is similar to the year 2015 scenario, except during the high
price peak which occurs on Wednesday afternoon. The optimization problem
now prioritize reducing the consumption during the high price peak, causing
the production to run during the morning peak. The price peak is a result
from a larger peak in December with an amplitude around 50000 SEK/MWh.
The savings which can be made on energy efficiency measures and optimization
against the electricity spot price during the year 2030 are presented in Figure 16.

Another simulation scenario is with the TDP-tariff developed in [16] as electric-

Figure 13: Result from the simulation with approximated electricity price from
2030 as electricity cost in the cost function. The blue line is the spot price, the
red bars show the consumption of the measured/approximated week of Midi-
block 2 and the green bars show the optimized consumption of Midiblock 2.

ity price in the MILP problem. The TDP-tariff is a dynamic grid charge with
hourly resolution that promotes usage of electricity during the hours of the day
when the total load in distribution grid is low. If more information about the
derivation and functionality of the TDP-tariff is needed, it can be found in [16].
Since the TDP-tariff is on a daily basis, the result of the optimization problem
is the same for weekdays and weekends, respectively. Therefore, the result of
the optimization is only shown for one weekday, which can be seen in Figure 14.
As seen in the figure, it is theoretically possible to reduce the consumption from
08.00 in the morning until 15.00 in the afternoon, minimizing the cost towards
the grid charge. The savings which can be made towards a TDP-tariff is shown
in Figure 16.

Finally, the optimization problem is solved with the TDP-tariff combined with
the spot price in zone SE03 during the year 2015 as input to the cost function.
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Figure 14: Result from the simulation with the TDP-tariff developed in [16] as
electricity cost in the cost function. The blue line is the spot price, the red bars
show the measured/approximated week of Midiblock 2 during a Monday and
the green bars show the optimized consumption of Midiblock 2.

The result of the simulation can be seen in Figure 15. The results are similar
to simulation with the spot price during the year 2015. The difference is that
the total cost of electricity is slightly higher and that the TDP-tariff increases
the difference between the morning and the afternoon price peak, resulting in
higher incentives to decrease the consumption during the hours in the morning.
Since the price peak in the TDP-tariff overlaps with the peak in the weekly av-
erage spot prices, the total savings are increased, which can be seen in Figure 16.

Figure 15: Result from the simulation with the TDP-tariff developed in [16]
and the electricity spot prices from 2015 electricity cost in the cost function.
The blue line is the spot price, the red bars show the consumption of the mea-
sured/approximated week of Midiblock 2 and the green bars show the optimized
consumption of Midiblock 2
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For each simulation scenario, Figure 16 shows the economical savings that can
be made. It can be seen that the savings that can be made on optimizing
the production towards varying electricity prices are small compared to the
savings which can be made on energy efficiency measures. In order to estimate
which part of the total saving that corresponds to energy efficiency measure and
optimization, the total electricity demand reduction between the measured and
optimized production was multiplied with the yearly average electricity spot
price. This should give a fair approximation of the savings which can be made
on energy efficiency measures. The calculation was performed for 48 weeks of
the year, since the entire production is shutdown during the vacation in July.

Figure 16: The savings which can be made for each simulation scenario. For
each scenario, the total savings is marked in blue, the energy effiency savings
marked in red and the DR-savings marked in green.

It is important to clarify that these derived DR parameters and possible savings
is only for Midiblock 2, not the entire factory. To derive results with similar
accuracy for the entire factory is not within the scope of this project. In order
to estimate the total possible savings in the factory, it is assumed that the
rest of the production blocks can perform the same consumption reductions
and savings as Midiblock 2, but in proportion to their operating power. The
total operating power of the factory is around 6 MW. The operating power of
Midiblock 2 is around 600 kW, resulting in that the presented savings in this
chapter is around 10 % of the possible total savings. As showed in [16], the
DSO for Volvo in Köping have a fee for subscribed power at 177 000 SEK/MW
to the TSO. The subscribed power is based on the two highest peaks in the
distribution grid, these peaks usually last around 4 hours. If the subscribed
power is reduced with 1 MW through a CPP program, the totally reduced
energy have to be 8 MWh. With the assumption that the entire factory have
the save DR possibilities as Midiblock 2, Volvo can reduce their consumption
with 2 MWh/h during 3 hours. Resulting in they can be compensated for the
entire reduction, etc. 177 000 SEK.
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5 Discussion

5.1 Limitations

During the project several assumptions and simplifications have been made
which the reader should be aware of. The following sub-chapter presents the
most crucial assumptions and explains the their impacts on the results.
Simulation Assumptions
An online ranking module, which considers time varying parameters such as
crew and maintenance scheduling has not be implemented. The implementa-
tion of the fuzzy logic system required for this purpose and the fetching of the
required data from Volvo’s IT-system would be too time consuming. There-
fore are the results from the simulations theoretical and the actual economical
savings will be lower. The crew scheduling have been considered as static pa-
rameters with scheduling of shifts, which is sufficient for this case since Volvo
are working with a concept called Way of Working, meaning that the whole
crew should be cross-trained. However, the maintenance scheduling should be
considered for a better analysis. Another action that should be done before a
simulation is carried out is to consider the current state of inventory. If the
production is ahead of the unit schedule, the maximal sustained period would
increase and vice versa. Several efforts have been made to get hold of data with
this information from Volvos report system, but without success.

As mentioned in chapter 4, it is crucial that the parts in the CNC-machine
have the correct temperature before the machine start producing units. Dur-
ing this thesis, it was assumed that turning, hobbing, rounding and chamfering
requires 15 minutes of heating and that shaping machines requires 30 minutes.
These times are not exact and in reality the times can be unique for each ma-
chine and they should be studied on case by case basis. After the discussion
with the method technician at soft cogwheel production, it was concluded that
the times can vary between 0 minutes (no heating required) and 60 minutes.
However, the machines that requires 60 minutes of heating are larger and are
placed in the shaft production. The times assumed during this project is an
exaggeration for soft cogwheel production and in reality several of the machines
should be able to start producing without heating.

Lack of Energy Data
A problem with the calculations in this project is the lack of electricity con-
sumption data. There are 24 machines in Midiblock 2 that have an electricity
consumption large enough to be taken into consideration. The expectations be-
fore the project was that all of the 24 machines should have one energy meter.
However, due to delays with the installation, only five machines have working
energy meters. These five meters does not measure the electricity consumption
of all types of machines (turning, hobbing etc.) and all four production lines
does not have installed energy meters.

The data from the energy meters are used to calculate Pi, which is the en-
ergy consumption per produce unit in the cost function of the MILP problem.
Therefore, the majority of the machines have an approximation of Pi, which is
based on the mean value of the machines with a measured consumption, but in
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proportion to the machines cycle time and operating power. During this project,
the MILP problem is used to decide when to run the entire lines, rather than
finding individual schedules of each machines. Therefore, the MILP problem
does not have to prioritize between the machines, causing the lack of energy
data not to affect the accuracy of the optimization towards the electricity spot
prices. If it is important to find individual schedules of the machines, more
energy meters have to be installed. The energy data is also used to create the
approximated weekly consumption profile, which simulates the real consump-
tion. Since the majority of the machines relation between operating and rated
power is calculated from a different type of machine, and the fact that KU03 had
to follow wrong shift schedule. The approximated weekly consumption profile
is inaccurate. If all types of machines have a measured electricity consumption
and all production lines have at least one energy meter, the accuracy of the
approximation will increase significantly. This should therefore be prioritized
when Volvo resumes working with the energy meters.

Statistics of planned and unplanned stops
In order to remove an extensive work from the thesis with analysis of Volvo
reporting system for production stops, the needed data was retrieved from a
bachelor thesis from year 2015. The data in this thesis was only documented for
the production line KU05 and was also only done for five weeks. In reality, the
number of stops might vary somewhat between the production lines. Five weeks
is also not enough time to make the numbers statically proven, since a failure
requiring a long reparation time haves a significant affect on the final numbers.
However, more accurate data of planned and unplanned stops are unlikely to
create larger changes in the results of this project.

openADR
As mentioned, the openADR standard is only integrated with the optimization
module for CPP-events. No openADR program profiles have been released for
dynamical price signals. However, this have no affects on the simulation results.
The purpose of using openADR was only out of interest and this project was an
good opportunity to get a little insight into the openADR standard. Therefore,
the price signals can as well be inserted directly into the MILP problem, without
an affect on the simulation results.

Simulations Scenarios
In the project economical savings due to DR and energy efficiency measures have
been calculated for different price signals. Three of the simulations included dy-
namical price signals, namely: spot prices from year 2015, approximated spot
prices for year 2030 and a TDP-tariff. The electricity spot prices from year 2015
is based on historical data and are therefore accurate. The electricity price for
the year 2030 is an output from the Apollo model, which is developed by the
energy market group at Sweco. Apollo is formulated as an optimization prob-
lem, with the objective function to minimize system cost. It is important for the
reader to understand that the output from the model is only a approximation,
which is based on the current most likely electricity market scenario for the year
2030. The presented savings from this scenario is therefore likely to change. The
savings from the TDP-tariff is only an example and the derivation of this tariff
includes several assumptions, which can be studied further in [16]. The most
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crucial simplification is that the used consumption data from the distribution
grid is only for the year 2015. Therefore is the affect of varying temperatures
during the years seasons not included in the derivation of the grid tariff. Also,
today most of the DSO companies only have grid tariffs based on fuse sizes or a
subscribed power, therefore is optimization towards the distribution grid tariff
unlikely.

5.2 Reliability of Results

The results from the simulations are the theoretical maximum value that can
be saved during a year with spot electricity prices. The simulation take no
consideration of unplanned downtime such as failures. In the result chapter, a
weekly mean value of downtime due to failures are stated. This is a significant
downtime each day which cannot be optimized against varying prices, therefore
the real savings which can be made due to optimization are significant less. The
daily production requirements can be increased in proportion to the unplanned
downtime, which can give a better approximation of the actual savings. The
economical savings due to energy efficiency measures are almost not affected by
the unplanned, since it would be be possible to shutdown all machines in the
production line, except the machine being repaired.

DEM is a simple modelling tool that is suitable for production lines since it easy
to include all delays in the transportation and to make sure that the servers in
the model simulates the actual machines production times. DEM is a good tool
to validate that the output from the MILP fulfills the stated conditions during
the whole simulation. DEM was used continuously during the project to make
sure that the inventory limits never are exceeded and that the production re-
quirements are always fulfilled. The output plots from Simevents gives a clear
result of how many units that are produced, which can easily be used to derive
the daily production requirements. Due to the confidentiality agreement with
Volvo, these plots are never showed in the report.

Due to the size of the factory, Volvo in Köping is unlikely to become a bal-
ance responsible player. Therefore is there actual electricity price higher for
Volvo in Köping than the spot prices used in the simulations. With a constant
electricity price, it is impossible to perform any production optimization to-
wards the electricity price and the economical savings due to energy efficiency
measures increases. The distribution grid fees are also likely to increase within
the next few years. If the distribution grid tariff is changed from a subscribed
power to an energy based tariff, the savings due to energy efficiency measures is
further increased. Regarding the validity of the project, the study gives goods
results of the factory in consideration. It is easy to control all parameters in the
simulation and the output can be used to validate DR-parameters and economi-
cal savings of Volvo in Köping. However, the results from the project cannot be
generalised to other factories in the engineering industry. Each factory should
be studied on case by case basis and more studies have to be performed to
conclude any general results regarding DR in the engineering industry.
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5.3 Thesis Benefits

The thesis has derived the following results which should be useful for the future
decision making at Volvo in Köping. Partly regarding DR in the factory and
partly regarding the development of routines to shut off machine when they are
not producing.-
DR Parameters and Economical Savings
The simulation results can be used as the maximum economical savings which
can be obtained by optimizing the production against varying electricity prices.
The results of the optimization against spot prices does not consider faults and
are therefore impossible to obtain in reality. The results of the energy savings
are accurate and can be used as an goal for the operators and the energy co-
ordinator at Volvo in Köping. It should be mentioned that the input are the
electricity spot price with taxes included. Volvos current electricity price is prob-
ably significant higher than the spot price and therefore should the economical
savings due to energy efficiency measures be increased in the same proportion.
The derived DR parameters of the factory are accurate and can be used if DR
becomes of interest in the future. If the production requirements deviates from
the maximum production capacities, the maximal sustained period is affected.

Energy Models of an Optimal Production
Volvo Group have a commitment to the WWF organization to yearly reduce
their energy consumption with 8 %. This percentage is distributed over all fac-
tories within Volvo Group, in proportion to the factories sizes. Volvo in Köping
is one of the larger electricity consumers within the Volvo Group, they have to
perform large reduction. An important part of this is to shut off machines when
they are not producing. The MILP model developed during the thesis results
in an optimal energy consumption, which can be used for comparison purposes
or be a optimal goal for each production line. The report also includes fair
approximations of the current electricity consumption in Midiblock 2.

Optimization Problem for Production Purposes
The developed MILP problem and DEM are during this thesis are ued for DR
purposes. These models can easily be configured to be used for production op-
timization purposes, such as deriving maximum throughput based on number
of machines or minimizing the numbers of units in inventories. Currently the
focus of the factory is to maximize the number of produce units, optimization
problems is a useful tool for this purpose.
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5.4 Future Work

In order to implement a completely dynamical ADR system at Volvo in Köping
there is much work left to do. Before an ADR system can be implemented, it
should be possible to perform manual load reductions. Currently, there are no
standard routines for shutting off machines when they are not producing. In or-
der to not cause any problems when they machines should start producing units,
it is common that the machines are left in stand-by over longer stops, such as
nights, weekends or holidays. A first step towards reducing the waste of energy
and a DR system is to develop these routines. During the thesis a visit at Volvo
factory in Eskituna was carried out. At that factory, they have the same types
of machines and they are working with routines to shut off machines if they are
not planned to produce units within 10 minutes. Which proofs that machines
can be shut off without affecting the measurement stability. To be able to per-
form a load reduction, it is also important that the production planing becomes
more lean, with shorter production planing phases than one week and a better
track of the number of units in the inventories between the blocks is also crucial.

Despite this, If an ADR system were to be implemented in the future, the
following three points are important to develop further:

• More accurate analysis of the DR capacity - During the thesis one
production block have been studied in detail. As seen in Figures 9-10
the problem becomes binary, and it is a decision to decide when to run
the entire production line or not. Another approach is to model the entire
factory, with each production block or production line as a producing unit.
This will result in a better approximation of the factory’s DR parameters.
This model can also be used for production optimization purposes. It is
a more much extensive work, which is more time demanding and require
data that is not available at the moment.

• Control System of the Machines - Currently, there are no overhead
system which can control all machines in a production line. All machines
are working within smaller cells or completely individual. As long as a
machine is not blocked it will process units and deliver them downstream
in the production line. In order to implement an ADR system, an overhead
system which can shut off all machines is required. A first step towards
this, is to design a system which shut off all machines after a manual
intervention, for example closing of a switch. Such a system will also
favour energy efficiency measures by shutting of machines when they are
not producing.

• Dynamical DR System - As mentioned is not an online ranking module
implemented during this project. Any follow-up from this project, should
first implement this and integrate it with the proposed optimization prob-
lem.
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6 Conclusion

It can be concluded from the simulations that the maximal sustained period for
Midiblock 2 during a day with production according to the capacities is about
195 minutes. It is possible to reduce the load with 300 kW during 120 minutes of
this time period, and 450 kW during 75 minutes of this time period. Resulting in
hourly average reduction of around 380 kWh/h during 3 hours. Currently, there
are no routines to shut off the machines, which have to be developed to perform
the load reduction. According to the production planners and operators it is
be suitable to send notification about the reduction the day before the peak.
Theoretical this reduction can be performed once every day. However, it should
be remembered that unplanned stops such as faults is not uncommon. These
unplanned stops causes the production to fall behind the production schedule.
Because of this, the inventories should be checked before a load reduction is
performed. If the load reduction is used in a CPP program with Volvos DSO
they can yearly earn 177 000 SEK with DR. The savings which can be made
through real-time pricing DR was for the year 2015 70 000 SEK, and with the
approximated electricity spot price for the year 2030 the savings are increased
to around 140 000 SEK. However, there are still a lot of work to develop a
system that can handle this optimization problem, partly regarding technical
equipment and party regarding routines at Volvo in Köping. Therefore, it be
concluded that real-time pricing DR is not suitable for production lines such as
this.

With the assumption that the entire soft manufacturing of cogwheels has the
same possibilities to perform a load shift as Midiblock 2, it is possible for Volvo
in Köping to perform an average load shift on 800 kWh/h during 3 hours. If
the possibilities for DR from Midiblock 2 are scaled up to the entire factory, it
is possible for Volvo in Köping to perform a load reduction of around 2 MWh/h
during 3 hours. The number for the entire factory is probably an inaccurate
assumption, since the possibilities at soft processing of shafts and sync parts,
and the entire hard processing in the factory should be studied more in detail.

Compared to Volvo in Köping large revenue, it can be concluded that the possi-
ble compensation from DR programs are small. However, the energy efficiency
measures by shutting off machines when they are not producing results in good
economical savings and also contributes to the work with a sustainable future.
Only Midiblock 2 can earn around 500 000 SEK yearly by shutting of machines,
if the potentials are the same in the entire factory, the resulting savings are
around 5 000 000 SEK with the spot prices from the year 2015 (Volvos actual
electricity price is significant higher). Also, in order to fulfill their commitment
to WWF, Volvo should start working with this problem.
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Appendix A: Information about the production flow in the Midiblock 2

Table 7: The processing steps in production line KU03
Machine type Cycle time [s] Processing Time [s] PN Number

Turning 70.5 - 125 2
Hobbing/Chamfering 1 135 - 34 4
Hobbing/Chamfering 2 135 - 34 4

Shaping 72 72 51 5
Shaping 60 45 51 6

Rounding 70 37 29 7

Table 8: The processing steps in production line KU05
Machine type Cycle time [s] Processing Time [s] PN Number

Turning - - 127 2
Hobbing 96 70 29 3
Washing 60 - 44 4

Hobbing 1 196 178 30 5
Hobbing 2 196 178 30 5
Shaping 98 83 45 6

Chamfering 93 68 8 8

Table 9: The processing steps in production line KU07
Machine type Cycle time [s] Processing Time [s] PN Number

Turning 105 - 53 2
Turning 105 - 53 3
Shaping 107 90 65 4
Washing 150 - 29 5

Hobbing/Chamfering 1 160 - 50 6
Hobbing/Chamfering 1 160 - 50 6

Rounding 106 45 29 7

Table 10: The processing steps in production line KU08
Machine type Cycle time [s] Processing Time [s] PN Number

Turning 102 83 125 2
Shaping 97 - 52 4

Hobbing/Chamfering 1 182 - 34 5
Hobbing/Chamfering 2 182 - 33 5

Washing 60 - 44 6
Rounding 99 56 28 7
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Figure 17: Layout of the machines and production flow in the production line
KU03.

Figure 18: Layout of the machines and production flow in the production line
KU05
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Figure 19: Layout of the machines and production flow in the production line
KU07

Figure 20: Layout of the machines and production flow in the production line
KU08
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Sammanställning av tekniska krav och öriga villkor för tillhandah̊allet av
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