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INTRODUCTION

The purpose of the thesis is to maximize the profit of the energy intensive
industry which operates an on-site energy production unit. Energy production
unit in this thesis is considered as the industrial combined heat and power plant
(CHP) which supplies the nearby industry with necessary heat and electricity.
This thesis proposes the open electricity market based management model for
the entire facility. The main outline of this thesis is to introduce optimal
management techniques driven by the electricity spot market opportunities. As
the result of the research the combination of these techniques are formed into
one management model. The model focuses on the profit maximization from
the perspective of energy, fuel, raw material and end product markets point of
view.

Industrial CHP is a type of the power plant which produces the heat and
electricity to one single factory or the group of the factories. The distinguishing
nature which separates this type of the CHP from any other CHP is the
inexistence of the heat market. The heat price is determined by the alternative
cost of the heat production. On the other hand the electricity market plays the
key role of the industrial CHP economical performance. Considering that the
energy intensive industrial production in the same factory is also highly
dependent to the electricity market level and behaviour then maximizing the
profit over the total production process becomes the desired target for this type
of the industries.

In this thesis the possible areas where the electricity market can be used for
the profit optimization have been determined and the optimization methods
have been developed. The constant change and volatility of the electricity
market price makes the research topic interesting and attractive for the energy
intensive industry whether as a consumers or as a producers. Traditionally when
the electricity price was fixed the electricity market participants have minimized
their cost. During the electricity market liberalization the market has opened for
much wider range of participants and the prices are formed in the daily
auctions. This places the market participants into totally new situation where the
electricity market prices are much more volatile and unpredictable than any
other goods. Therefore the successful transformation of the electricity producer
such as the CHP and the electricity consumer like factory plays the important
role in nowadays profit maximization task.

In the open electricity market context the electricity producer is a negative
consumer and the electricity consumer is a negative producer. In the facility
where the electricity consumption is as high as the electricity production the
influence of the electricity consumption management is as important as the
electricity production management. Therefore in this study the focus is to find
the existing flexibilities in the electricity production process and also in the
electricity consumption process in order to turn this for the benefit of the
participant. Maximizing the profit over the total produced electricity in CHP
and consumed electricity in the factory is the target function of this research.



In the open electricity market conditions the factory electricity consumption
becomes the integral part of the industrial CHP electricity trading. It is
considered as the negative production. Therefore the industrial CHP optimal
management is inseparable from the electricity consumption optimization in the
same facility. As this research has revealed the optimization potential in the
electricity consumption side can be far more effective than on the electricity
production side. The natural existing consumption flexibility in the factory can
be deployed for the consumption management and hence maximizing the profit
of the entire facility electricity trading. The management model which is
developed in this study can be deployed for the industrial CHP profit
maximization taking into account the factory electricity consumption. The
management model is the model to manage the entire facility on the open
electricity market with the purpose to maximise the market participant profit.

Development of the study

Electricity spot market behaviour plays a key role in nowadays energy
intensive industry. As of today in Nordic and Baltic countries 84% of the
electricity is traded through Nord Pool Spot (NPS) market [1]. Therefore the
power plant and energy intensive industry’s economic performance is affected
by the ability of the facility to adjust its technical performance according to the
conditions on the spot market. Exploiting the flexibility of the CHP and the
factory in the energy intensive industry significantly increases its profit.

The electricity market liberalization started in the early 1990-s and as of
today all Nordic and Baltic countries have liberalized their electricity markets
allowing the producers and consumers to compete on the open market. At the
same time it has brought more challenges for the large-scale and industrial
electricity consumers who have to adapt with new situation where prices
variations are rapid and unexpected. The spot market price reflects the status of
the electricity system’s physical state, whereas the high market prices emerge in
the condition of shortage of the generation and vice versa [2].

Producers and consumers which are able to adapt in these conditions can
have the opportunity to turn the system state into their benefit and hence
increase their profit. It can increase the electricity sales income by optimizing
the electricity production and decrease the electricity costs through adapting the
consumption according to the prices. On the other hand the changes in the
electricity consumption can affect the industrial production; therefore this has to
be taken into account. Since the electricity prices differ throughout the year the
increase of the electricity production or decrease in the electricity consumption
volume is not necessary to improve the economic performance of the facility.
The electricity income can be increased by adjusting the timing of consumption
and production even if the overall volume remains the same.

This is a new approach for the energy intensive industry to turn its flexibility
for its benefit and hence maximize the profit. The key aspect in this approach is
the existence of the on-site energy production unit which allows the industry to
be highly competitive with its energy cost. It also allows the industry to be more



competitive in the market compared to the other producers who do not optimize
their production. This establishes a new mindset where the advantage on the
market is given to the participant who can adjust its needs according to the
market conditions.

The industry that also produces electricity can benefit from the electricity
production and consumption at the same time by utilizing the optimization
techniques in both areas introduced in this thesis. The purpose of this thesis is to
optimize the entire industrial facility from the economic perspective and hence
maximize the profit. The profit maximization is chosen for the objective of the
research because this gives the real input for the industry and is likely to being
commercially exploited in large scale. In this study the industry’s operational
profit is maximised over the desired timeframe which is one year and the time
interval is one hour.

This research has developed and tested several different techniques that
could increase the industry’s profit. In this thesis these techniques are combined
together to form a complete package of the profit maximization model for the
industrial CHP and for the industrial factory. The developed technique includes
several adjustments, services, investments, and etc. which combined together
strengthen the industry’s competitiveness and gives additional advantage
amongst other competitors. The strength of this research is that it combines
different previous researches and adjust those techniques to a country specific
industrial facility throughout the Baltic countries and especially in Estonia. The
developed combinations of these techniques presented in this thesis, are unique
and have not been studied intensively before.

Importance of the study

This research topic is chosen in order to push the Baltic countries energy
intensive industries to develop the on-site power production units and exploit
their technological flexibilities in order to benefit from the economical results
and therefore be more competitive with their products in the global market. The
industries that operate the local CHP plant can reduce the power production in
the times of surplus of power in the system and reduce the electricity
consumption in factory in the shortage of power. This helps to smooth the
electricity generation and demand profiles in the electricity system and in return
lower the cost of the electricity system [3].

A relatively big wood processing industry which operates the on-site
industrial CHP plant was taken under observation. The research practical data
was collected from it and the results were modelled for this specific company.
However, the development of the optimization was always done in a way which
allows other type of industries to adapt these techniques with same success. The
developed management techniques in this research can be deployed in any
power production and energy intensive factory in the world as long as there is a
free market for the goods and products used and produced in the facility. In this
thesis the electricity is considered as a goods when consumed and product when
produced because its trading nature is the same like with any other article which



is consumed or produced in the industry. Most importance is the existence of
the open electricity market without any access barriers. Finally, the bigger are
the capacities of a single machine or aggregated loads and generations, the
bigger is the effect that could be gained from this kind of management
optimization model.

Subject of the research

The research was carried out during the period of 2010-2014 in a case study
facility where the necessary input data was collected. The collected data was
then used for the optimization and the results were modelled in different
optimization programs. The long period of time for the data collection enabled
the valuable information for more comprehensive optimization and conclusions.

The methods that were used in this research were developed from previous
researches in the field of CHP electricity trading optimization [4]. The main
concept was to keep different products and markets separated and make
decisions based on the economic perspective. All decisions and actions which
were made were put in the context of maximizing the profit.

The practical information and the constraints of the optimization came from
the case studies. The case studies were carried out by the simulations which
input was actual factory and power generation process data. The observations
and data collection was carried out over several production lines and during
several years. Since most of the data was electronically available the data
collection was not complicated and allowed to process vast amount of data to
get more accurate results.

Theoretical and practical originality of the work

The thesis originality is based on the investigation of the profit maximization
by the means of exploiting the electricity market possibilities. The key aspect
which distinguishes this research from any previous is the profit maximization
throughout the entire facility taking also into account the fuel, raw material and
industrial end product markets.

Originality of this research is that the entire industrial facility is managed
and optimized together including the on-site CHP unit and utilizing the
liberalized electricity market set-up.

The key factors that distinguish this research from any other previous
researches are:

e The research has developed an optimization technique for the entire
industrial facility in a one single geographical location taking into
account the knowledge from previous research and combined it with the
possibilities of the spot electricity market

e The optimization results can be used in any power production unit and
energy intensive industry in the electricity spot market area for
estimation of the possible effect on the profit.
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e The industrial CHP and factory profit is maximized by exploiting the
state of electricity market.

e Complete facility is analysed making sure the optimization does not
cause any extra cost that could diminish the achieved benefits.

e FEconomic based approach. The traditional approach has been to
minimize the fuel consumption, carbon emissions (CO;) etc. [5]. This
thesis is targeting to optimize the profit.

e Smart grid application solutions are used in the industry for the
optimization practical exploitation. Initiative comes from the industry
side.

e The entire model development is targeted for increasing the profit
showing that the biggest effect comes from optimizing the consumption
and not from the CHP optimization which already is working on full
load.

The electricity market itself is an uncertain component in the study because
the price in the electricity spot market is not known more than one day ahead.
The incompleteness comes by the uncertainty about the price peaks and valleys.
Furthermore there is not known even if the price has fluctuations at all and if
these fluctuations form a predictable pattern. Another uncertainty depends on
the regulation of the electricity system, and if there is a need for regulation
services. As authors of [6] have shown the economically optimal operation does
not necessarily match with the environmentally optimal operation like it
traditionally has been so far.

The management model is dependent on the incomplete information because
the market participant, especially the consumer can make investments into
demand side management and demand response activities if there are regular
fluctuations in the electricity spot prices and demand for the corrective services.
This kind of uncertainty plays key role in the further development of the
management model.

Presentation of the research results

Components of this study were presented and published in several scientific
conferences and journal articles. This thesis has emerged as a combination of
these articles where the research topic is outlined as a complete scientific
research with conclusions.

During the presentations of the conference papers the guests have showed
increased interest about the topic. Several researchers over the world were
interested about the optimization principles and results. The papers have been
attractive due to the reason that the modelling is done on the actual existing
facility where the practical problems have been taken under study. Only the
results of paper [II] are modelled by using the virtual auxiliary equipment.

The research results practical implementation in the industry has given
preliminary good positive results which are in accordance with the theoretical
modelling. Results of the research has strengthened the investigated company
competitiveness on the market as well as increased its profit.
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Paper [I] introduces the market based approach for the industrial CHP
facility optimization task. In the study the entire industrial complex is studied in
order to verify that the optimization in one place does not cause any extra cost
in another place. Therefore it is an important constraint for the optimization.
Paper [II] carries out the case study for adding the cooling production to the
products of the CHP and paper [III] introduces the statistical research in the
facility to determine the influence factors for the production efficiency and
hence lowering the environmental impact of the facility. Paper [IV] analyses the
possibilities to execute the optimization at once as soon as it indicates increased
profit values compared to the non optimized reference scenario. Paper [V]
studies the load response service provision by the large scale industrial factory.
Paper [VI] summarizes the need of hardware and software installation in order
to put the optimization process in action.
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1. MATERIAL AND METHODS

1.1 Previous research in field of industrial CHP and factory optimization

As the electricity market develops the distributed energy production is
coming more and more attractive due to improved feasibility [7-8]. The
establishment of a local energy production has mainly two reasons, firstly
economic and secondly security of supply. In some cases the combination of
both.

Start of the thesis research was to have an overview of the different CHP
optimization principles throughout the world. As the papers [9-13] reveal the
main criterion for the CHP operational and design optimization has traditionally
been related to the thermo dynamical optimization. In addition in these studies
the information has been more or less determined and prices fixed and known
several months ahead.

In other studies [14-18] the optimization method has been created especially
for power units that participate on the electricity spot market. In these
conditions the participant does not know the coming prices and therefore has to
make its decision based on the historical data and future assumptions. The
studies have revealed a significant cost effect for the participant who has been
able to adapt with the spot market and react according to the prices. However
there is no study where the power consumption would be observed in the same
facility at the same time. Therefore the contribution of this thesis is to introduce
the optimization technique which optimizes the production and consumption in
a combination finding additional synergy.

Authors of [19-24] have specially optimized the industrial power production
in the spot market conditions. However they optimize more in precisely the
offers strategy by the producer but do not consider the electricity price as a
known variable for one day ahead, like it is done by the market participants in
the Nord Pool Spot area.

Authors of [25-29] have studied intensively the demand side management
opportunities in order to optimize the energy cost. However their main focus
has been on the peak shifting or emissions decrease rather than cost
minimization. As in many countries the peak load of the consumer is heavily
penalized due the congestions in the distribution grid then the peak load
prediction and management becomes a key aspect of the cost reduction. This
however is not the case in the Nord Pool Spot area.

The hardware technology for the demand response is similar which is used
in the demand response however the nature of the demand response is much
more demanding. Authors of [30-33] have proved that industry as a consumer
can be effectively deployed for the demand respond actions. They have shown
the additional income and benefit for the service provider.

Authors of [34-35] propose the specific optimization algorithm, such as
multi-objective approach and MINLP in order to optimize the technical
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performance of the CHP plant. The approach however does not take into
account the changing electricity market price.

Authors of [36-38] are proposing the optimal dispatch of the different
generators in the market. The method however does not take into account the
possible effect of the consumer dispatch on the same market place.

Intelligent smart grid type solutions have been developed by authors of [39-
43]. Authors have developed and introduced a real hard- and software
applications to commercially utilize the developed optimizations. These case
studies show that there are numerous options to put the loads to operate on the
optimized schedule. However in most of the researches the developed systems
have been too much case specific and cannot be applied on a general level.

Similarly focused research to this thesis have been introduced by authors of
Authors of [44-45] have created principles to develop a large scale optimized
smart system which function for the benefit of the participant in the electricity
market.

In a decision making process several strategies have to be considered which
have been implemented by authors in [46-48]. These papers are rather focusing
on the strategically decisions than on the daily base optimization and profit
maximization.

Authors of [49-50] have brought out the uncertainty variables which make
the optimization task a stochastic process. It is studied the fuel consumption in
the uncertainty and the profit is maximized according to the uncertain
information.

The novelty of this thesis is the new approach to the facility system based
optimization by using the combination of the optimization measures developed
before. It previous studies the combination of the optimization measures formed
in a single management model has not yet emerged. Many studies address the
optimal performance of an individual industrial CHP component, but do not
resolve the facility-level dispatch problem of operating multiple components at
the same time. Other research seeks the optimal system design, but does not
consider the optimal dispatch of an existing system. This thesis focuses on the
optimal dispatch of an industrial CHP which includes the industrial end-product
production factory in the facility.

In general, studies that apply simulation cannot guarantee the global
optimality of their solutions. The existing applications provide the guarantee of
global optimality, but fail to consider many of the detailed performance
characteristics of the technologies that are required to realistically model the
system operation. Current thesis contributes to the literature by providing
techniques for determining the provably globally maximum profit of an
industrial CHP facility dispatch without sacrificing the realistic operation of the
technologies.

The following literature overview shows that the specific components of
current thesis have been studied before in very complex and high level manner.
Therefore all these studies contribute to the overall management model which is
the goal of this thesis. As the literature shows there is an active research
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ongoing in the aspects of the industrial CHP and factory load management
actions. Until this date no specific study has been introduced which combines
all these methods in one single management model. As a result of the previous
researches this thesis has emerged.

1.2 Market driven approach for industrial CHP together with the factory

The research for the specific industrial CHP has been done according to the
information from actual wood processing industry which operates in Estonia
and Latvia. Other information about the market prices and market behaviour has
been collected from open sources. Electricity prices are mainly accessed from
NPS web page for price areas Estonia, Latvia, Lithuania and Finland [51].

Wood chips, as a primary fuel for the CHP prices are taken from the
Estonian State Forest price statistics [52] and Estonian Statistical Database [53].
As for some articles there is only bilateral market then the prices were estimated
or a small inquiry was carried out. The actual goods and products prices from
the case study factory are not used.

The electricity market brings new opportunities for the large scale market
participants whether consumers or producers. Even more advanced techniques
can be used by the large scale consumer that operates an on-site electricity
production unit. In that case the absolute power capacities can be added on top
of each other for operating on the open electricity market. These capacities can
be used for load management measures in the benefit of the participant.

This thesis observes the entire facility in one geographical location. The
principle of the study is based on the market driven approach where everything
is compared against the market conditions. The major cost and income articles
have been separated. Until recently the electricity market was not liberalized. In
Estonia it was opened for the consumers in first stage in year 2010 and in the
remaining market share in 2013. Until that time the electricity market was
opened only for the electricity producers. The electricity consumer price could
only be lowered by the physical reduction of losses or consumption.

Case study factory share of the electricity cost in the end product price is
around 5-10% therefore making it interesting study object. At the same time the
industrial CHP in the same facility supplies 50 % of its electricity production to
the factory. However the physical flows of the energy do not have to match with
the financial electricity trading flows and thus the CHP cannot make any other
price to the factory than the market price, as explained in paper [I].

Paper [I] describes the most conceptual approach of this study that aims to
observe the markets of the CHP and factory to carry out actions according to the
market states. In order to have a clear overview about the factors which
influence the performance of the CHP and energy intensive industry, the major
cost and income articles of the facility have to be separated and given the
market prices like shown in Figure 1.
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Electricity Product
market market
Electricity
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—» CHP Heat FACTORY
Fuel Production
consumption residues
Fuel
consumption

Raw material
market

Figure 1. Industrial facility economical relations with the materials and products

As it can be seen from the Figure 1 the CHP and the factory are both
participants of the electricity market. The CHP is an electricity producer as well
as an electricity consumer and the factory is an electricity consumer. Remaining
articles have been separated by the nature of their usage. Often the side products
of the factory or the residues from the factory production can be the fuel for the
CHP plant. These residues price can either be positive or negative depending if
the residues can be sold on the market or it requires cost to deposit them.

In the current thesis the goods and materials are divided into five different
markets. It is important to separate different articles from each other in order to
clearly see the influence factors of the electricity and other goods to the
economic performance of the facility. The dividing principle of the markets
depends on the type of the industry and has to be considered case by case.

In general there are 5 types of markets in any industrial CHP facility
regardless of the area of the industrial factory production and its characteristics
like proven also by authors of [54]. These 5 markets are:

e factory raw material,

e factory end product,

e clectricity,

e residues,
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o fuel

In case the CHP can sell the heat to the district heating network then there is
also a heat market. However since in this study the CHP is solely an industrial
CHP then the heat market is not observed. Depending of the nature of the
industry these markets can have a different impact factor for the facility’s
economic performance. The main goal of the research is to maximize the
facility total profit K over the desired time interval n according to (1.1):

max 3 K, , (1.1)
=1
where
K is the entire facility profit in €
t is the time interval of one hour (h).

The target of the mathematical formulation is to find the load point of the
entire facility in each hour ¢ which gives the highest possible short-term
marginal profit. Profit is always the sum of cost and income; therefore (1.1) can
be expressed by (1.2):

maxiKr :max(ilt—iq), (1.2)
= =l =l
where
1is the facility income in €
C is the facility cost in €.

As it can be seen from Figure 1 the income comes from the excess electricity
sold on the market, sales of the factory end-product and sales of any side
products. The cost articles are fuel for the CHP and raw material for the factory.
In the case the heat market would be included then also the excess heat could be
sold. Any materials and goods which are consumed in the facility have to take
into account the market price as an alternative cost or income. This alternative
cost and income forms the base of the optimization task in order to maximize
the facility profit.

Regardless of the materials and goods physical flow the each cost and
income articles pricing has to be taken into account in separately, therefore the
income and costs in equation (1.2) can be explained by the equation (1.3) and
(1.4):

n

th:Z(IE,Z+11,Z+1RJ+IH,[)7 (13)

t=1 t=1

n n

tzlct = tZI(CE,t +Cocy +Cryi + Crur +Cri +Cp o) (1.4)
where
1Ir is the electricity production income in €
1I;1is the industrial production income in €
I is the residues production income in €
Iy is the heat production income in €
Ct is the electricity consumption cost in €
Coc is the CHP electricity own-consumption cost in €
Cr is the fuel consumption cost in €
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Cru 1s the raw material consumption cost in €
Cr is the residues consumption cost in €
Cp is the heat consumption cost in €.

The income and cost for each article is always a multiplication of volume

and unit price, equation (1.5):
N, =V, F, (1.5)
where
N is the income or cost of an article in €
V is the article volume
P is the price of that article.

In general equation (1.5) refers to the principle that income or cost always
depends on the volume and the market price of that same article. This means
that the market participant can influence the articles cost and income by the
consumed or produced volumes and the timing of the consumption or
production. The higher is the volume the bigger is the income or cost. Therefore
industry can increase physically the production and decrease the consumption
making the production process more efficient. The efficiency can only be
increased by means of investments. In this thesis it is studied how to optimize
the production process without any significant investments and instead exploit
the existing means for higher profit.

The target function for the industrial facility which operates the CHP and a
factory can be written as follows in (1.6):

n n
max Y K, =max(X(Vep,  Pe, + Vi By +Vepy  Pri +Vip, - Puy)—
=1 =1

] , (1.6)
—E,I(VECJ “Pei+Veoc, Pei Ve oy ¥ Ve Prva e ¥ Veey  Pry ¥ Ve Pu )

where

Vep is the CHP electricity production in MWhe

V1 is the factory industrial end-product production in tons (t)

Vrp is the factory residues production in tons (t)

Vup is the CHP heat production in MWhgy,

Vic is the factory electricity consumption in MWhe

Veoc is the CHP electricity own-consumption in MWh,

Vi is the CHP fuel consumption in MWhg

V'r is the factory raw material consumption in tons (t)

Vrc 1s the CHP residues consumption in tons (t)

Ve is the factory heat consumption in MWhg.

Pr is the electricity price in €/ MWh,

P is the industrial product price in €/t

Pr is the price of the residues in €/t

Py is the heat price in €/ MWhy,

Pris the CHP fuel price in €/ MWh¢

Prus is the factory raw material price in €/t
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In this thesis it is simplified and considered that the participant can never
influence the market price due to the reason that the market is big and liquid
enough. This is the key characteristic of a well-functioning electricity market as
of any other open market. Therefore in this research market price P; is
considered as an independent stochastic value. This means that the market is big
enough when one single participant cannot have an influence to the market
price solely on his own will. However the participant may always use the
favourable market conditions to purchase or sell goods with desired prices
without its decisions having an influence on the same price. In this study the
key role of the optimization is the electricity market where price changes are
significant and hourly planning and execution of the production can have a
positive economic effect.

Since the CHP electrical efficiency is usually 30% compared to the heat
efficiency which is around 60% then that majority of the energy production is in
the form of heat. In that aspect the heat price plays a key role in the economic
performance of any CHP. However in the industry there is hardly ever any
market for the heat. The only case is if the industrial CHP has an access to the
district heating network and can sell all or some of its heat into the district
heating network. However in most of the cases the industrial facility is always
away from the district heating areas.

Therefore the heat market price can only be compared against the cost for
alternative heat solutions. This cost is the justified price for the heat. The same
applies for any other goods which is produced or consumed in the facility and
has no market. If there is no clear and liquid market for some articles then the
item price has to be determined by the alternative cost. This way it is guaranteed
that the facility does not have any internal subsidization and the optimization
base information is correct. However with the majority of the materials and
goods it is clear how to determine the justified price. For most of the goods and
materials there is a spot market or bilateral market which is a public trading
place and where the prices can be found.

When observing the other markets of the case study facility it became
obvious that the electricity market is like no other. In the electricity market
there is a price pattern which is predictable and has significant difference within
one single day whereas on the rest of the markets the price patterns are not
seasonal and cannot be predicted either. Therefore this thesis focuses on the
management model on the perspective of the electricity market.

1.3 Introduction of the electricity spot market behaviour

Electricity spot market is one of the most liquid and volatile market in the
world. The price of the electricity is determined for each full hour throughout
the year. Electricity market is more close to the financial commodities market
rather than on the goods market. The night and peak hour price can be over 1.5
times different in the average. As illustrated on Figure 2 the electricity spot
market weekday (WD) price has a somewhat predictable pattern whereas the
price is higher during peak hours and lower during night hours.

22



70
60

50 Ty, b
40 4/ \__\

30

20
10

Electricyt market price, € MWh

0 T T T T T T T
0 3 6 9 12 15 18 21 24
Hours, h

Price deviation e Avg WD price

Figure 2. Typical Nord Pool Spot electricity market price pattern

Taken over a long period of time this pattern does not vanish and can be
observed more over the weekdays rather than weekends. This creates good
ground for the utilization of this difference for the benefit of the market
participant. The CHP can utilize this difference by doing the daily maintenance
on the night hours and the factory can carry out the daily maintenance on the
peak hours.

For other goods in the industrial facility like fuel, raw material, residues and
end product the price is normally given or determined on monthly basis whereas
the electricity has 720-744 different prices within one single month. This makes
the electricity market a whole new variable for the industry.

On the Table 1. can be seen the difference of the minimum and maximum
prices of the market items which have a direct influence to the CHP.

Table 1. Case study facility monthly exported electricity optimization results

2013 .€/MWh
min max
Electricity (hourly) 5,1 210,0
Electricity (monthly) 36,8 53,4
CHP Fuel (monthly) 10,3 13,8

Even though the electricity monthly arithmetical average prices are
relatively stable their monthly variation is still exceeding the other components
monthly price variations. Figure 3 illustrates the typical fuel price pattern
compared to the electricity monthly price in Estonia, 2013. As it can be seen
then there is significantly higher amplitude in the electricity price than in the
fuel price.
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Figure 3. Typical fuel and electricity annual price levels and monthly variations

In the figure above the fuel price fluctuation over one calendar year are not
as high as the fluctuation on the electricity monthly prices. As it can be seen the
electricity price in one month can be below 40 €/ MWh, and on the next month
over 50 €/ MWh.. The market price of the electricity Pg is always a stochastic
variable and cannot be predicted. The example electricity price Pr histogram is
shown on Figure 4. The histogram is an actual year 2013 Estonia area annual
prices.
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Figure 4. Electricity price P histogram for the Estonia in 2013

As the figure above demonstrates the electricity market price range varies
mostly between 30-70 €/MWh.. Sometimes lower and in extreme cases even
much higher. The histogram shows clearly close match with normal distribution
however it is rather a “normal distribution with a tale”.
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2. CHP ELECTRICITY INCOME MAXIMIZATION

2.1 Electricity export optimization

Industrial CHP and the factory have in most of the cases one single physical
connection to the market place, through the grid operator’s connection point.
For the case study industry this is a system operator connection point. The
concept for the exported electricity optimization is to separate the facility load
components from the grid connection load profile as it was done in the paper
[I]. In Figure 5 is shown one month load profiles for the facility where the CHP
electricity generation is separated from the factory electricity consumption and
from the CHP plant own consumption.
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Figure 5. Separated load profile according to the different sources

As it can be seen from the figure above the nature of these components are
different. The CHP electricity production is fairly stable and only a daily boiler
surface cleaning which is called as a soot blowing requires the electricity
production regular decrease. On the other hand the factory -electricity
consumption fluctuates in 10% range. Thirdly, there is a CHP own consumption
which is a flat load and cannot be regulated or managed.

On Figure 5 can be observed that the optimization has to be carried out over
the load profile of each component separately. For example it is clear that a
CHP own consumption has to remain stable and untouched in order to maintain
the energy production availability. On the other hand it can be clearly seen that
the production of the electricity has a certain pattern which can be adjusted
according to the market price and the benefit can be calculated. The figure also
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illustrates that the variation of the consumption load is not significant, but if that
profile would be divided between different factory production line sub-cycles
then flexible loads could be determined.

The goal of optimization in paper [I] was to maximize the profit of the
electricity which is exported through the grid connection point over the total
period of one month, (2.1) and (2.2).

n '
max XPg, Vi, (2.1)
Vi M, =1
ViL‘N = V];“P - VJLJC —Veoc» (2-2)

where

V’en 1s the net exported electricity from the facility in MWhe

Vep is the CHP electricity production, including maintenance in MWhe
V’kc 1s the factory electricity consumption, including maintenance in MWhe
M is the binary variable for the maintenance.

The calculated optimum gives the load profile for the electricity production
and consumption including the maintenances. In the case study facility the soot
blowing which reduces the CHP electricity production can be defined as a
scheduled mandatory maintenance. This maintenance can be formulated
through a binary variable M, (2.3), (2.4) and (2.5).

Vip, =(1=M))-Vip,, (2.3)
M, €{0,1}, (2.4)

M, =1= Maitenance

M, =0 = Production

t'+D+2
VeSS M, =2, (2.5)
o

where

VRep is the CHP electricity production in ideal reference scenario without
maintenances in MWh,

D is a maximum interval between two adjacent maintenances.

In the practical modelling the average time interval between the two
maintenances was taken 24 hours which is also the case of the actual reference
CHP operation.

For the second component in the load profile which is the factory electricity
consumption the same type of optimization was modelled. As the consumption
load profile shows in average the fluctuation of the consumption load remains
within 10%. Mainly this fluctuation is caused by the factory regular daily
maintenances. It can be expected that theoretically all of that 10% can be used
to shift the load according to the electricity prices. More in detail a specific
factory sub-cycle cost optimization is introduced in chapter 3.1 of this thesis.

Factory electricity consumption load can be shifted between the minimum
and maximum output of the aggregated factory load. Whereas L is the relative
amount of load shifting, (2.6), (2.7) and (2.8):
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0<L<1 , (2.6)
Vit Vie, <(+L) Vi, , (2.7)
Vit Vie, =(1-L)- Vi, (2.8)

where
VRc is the factory reference electricity consumption in MWh,.

In this case study modelling the L has been given 10 different values from
0.01 until 0.1 with the step 0.01. This means that the optimization results have
been modelled for the 10 different cases whereas in the worst case only 1% of
the factory load can be shifted and in best scenario 10% of the factory load can
be shifted.

Constraint of the electricity export optimization is that the optimized and
shifted load profile can be accepted and put in operation if the profit increase
exceeds the load shifting external costs Cgxr according to (2.9):

19, - 15, > Crxr (2.9)

exp

where
I%., is the electricity total income in the grid connection point on the reference
scenario “operation as usual” in €
1%y, is the optimized exported electricity total income in €
Cexr is the external cost of the load shifting e.g. start-up costs, labour costs, and
etc.

Final constraint is that the electricity export volumes over the optimized
period of one month need to remain the same, (2.10).

Z:VEOC,t = ZVERCV‘J ) (2-10)
t t

where

V9kc is the optimized factory electricity consumption volume in MWh,

VR gc is the factory electricity consumption volume on the reference scenario
“operation as usual” in MWhe.

This kind of constraint equation means that the industrial end-product
production also remains the same. Usually there is a linear correlation between
the industrial production and the electricity consumption. Therefore if the
absolute volume of the consumed electricity over the time period remains the
same then also the industrial production volume does not decrease.

2.2 Electricity production maximization by increasing the heat load

Paper [II] brings out the interesting aspect of the profit maximization. The
electricity production of the industrial CHP can be increased by condensing the
excess heat in the periods of lower heat demand from the factory. However this
can only be done if the electricity price and income are big enough to
compensate the dramatic total efficiency decrease.

Profit is maximized using the dry coolers and absorption chillier. In article
[55] the principal approach is effectively demonstrated how the absorption
chillier can be optimally dispatched together with the CHP in order to optimize
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the profit and environmental impact. The technical figures in that paper are
close to the figures which were gathered during research of this thesis. In order
not to lose in the CHP total efficiency, some of the excess heat could be
converted into useful cooling. This cooling can be used in the industrial process
cooling (PC) as well as for air conditioning (AC) in the facility, as shown on
Figure 6.
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Figure 6. Industrial excess heat utilization for cooling

Majority of the CHP variable cost is usually the fuel cost. Therefore the CHP
electricity output is operated based on the cost of the fuel and income from the
electricity and heat sales. In normal operation the power plant is expected to run
even in condensation mode if the electricity production income covers the
variable cost of the plant [56]. Otherwise it is more profitable not to run the
pant. The industrial CHP follows in the normal operation the factory heat load.
Usually the CHP in the industry is using the back-pressure turbine which
electrical output depends on the heat load. If the heat load decreases then also
the electrical output decreases.

The marginal cost of the CHP is the cost to produce one extra MWh, of
electricity. In this thesis the marginal cost definition is rather equal to the short
term marginal cost. When changing the power plant load from the partial load
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to the full load then there is no other significant marginal cost than the fuel cost.
The CHP is expected to increase the electrical output as long as the plant
marginal cost is covered. Therefore traditionally the criterion for operating the
condensing power plant is written in the equation (2.11):

Vip Pz >Vg - Pr, (2.11)

In any case where income exceeds the variable cost of the production, the
plant is expected to produce electricity. There are no technical restrictions to run
the CHP plant on condensing mode, but in that case the plant has to manage
with market conditions. This however is not possible in the Estonia or other
Baltic States where the fuel cost is higher than income from electricity [51-53]

Traditionally a CHP produces two forms of commercially usable energy —
electricity and heat. In paper [II] also the third sales article for the industrial
CHP is introduced — cold production. When converting some of the CHP heat
production to commercially needed cold water the plant becomes a combined
cooling, heat and power (CCHP) plant. In this research the technology for the
required cooling energy production was chosen the absorption -chiller.
Absorption chiller was used due to the reason that it is commercially most
available and commonly used technology for the cold production.

Usually the traditional biomass fired CHP plants have quite low electricity
share in the total produced energy [57]. This however is compensated with the
significantly high total efficiency on conversion the primary fuels to the useful
energy [6]. Introducing the cold production enables the CHP to increase the heat
production and therefore also produce additional electricity to the market. The
CHP technical thermodynamic total efficiency can be described as follows in
equation (2.12):

n=%="e+’7h’ (2.12)
where
17» is the nominal total efficiency of the plant
7. is the electrical efficiency of the plant
i 1s the heat efficiency of the plant.

Usually the biomass CHP-s total efficiency is in the range of 0.85-0.9. The
CHP heat production Vyp can be divided between the factory heat consumer and
the chiller production as follows in equation (2.13):

Vir =V +Vee s (2.13)
where
Vee is the heat that is used for cooling in MWhyg,.

Thereby the market based optimization algorithm for the total CCHP plant
operational profit maximization can be written in equation (2.14) as follows:

max ZI(VEPJ (Pey +Sp) Ve, Py +Veey  Pocy Vg Ppy)» (2.14)
1=

where
Sk is the possible subsidy which is paid as a feed-in premium in € MWh,
Pcc is the price of the heat which is supplied for the factory cooling in €/ MWhy,
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Cooling heat is the sum of the different types of cooling applications. In this
thesis it is an air conditioners and process cooling as shown in equation (2.15):

Voo = Yac tVec) (2.15)
N 4Bs
where
Vac is the cooling consumption of air conditioners in MWh,
Vpc is the cooling consumption of process cooling in MWh,
nuss is the efficiency of the absorption chillier.
In order to run the CHP plant electrical output even more than the total
available heat load would allow then criterion (2.16) below which is in

accordance with equation (2.11), have to be full-filled:
Vip™ - Pg +Vee - Poc =Vep - Pop > V™ -Pr, (2.16)

where

Vep™™ is the additional electricity produced due to the increased heat load in

MWhe

Vepis the condensed heat load in MWhg,

Pcpis the condensed heat load price in €/ MWhy,

V" is the required additional fuel in MWhy for the increased load point.

The price of the additionally produced heat can be either negative or positive
depending if the additional heat is commercially needed or it is just cooled
down. If it is cooled down (condensed) then there is negative cost for the
condensing operation itself, i.e. electricity cost of the fans, etc operational
condensing costs. If it is commercially needed for the cooling then there is a
positive price for that additional heat.

Heat, which is consumed for commercially needed cooling, price Pcc can
only be determined by the alternative cost compared to costs occurring with
traditional chillers or air conditioners (AC-s) which is used in the factory. Since
cooling in the industry has no market like there is no market for the heat in the
industry then the cooling income can only be determined by the alternative cost.
The cooling energy direct income is calculated by the savings it gives to the
facility when it switches over from the electricity driven local cooling to the
central excess heat based cooling. Therefore the income of the excess heat
which is converted into cooling energy can be written in equation (2.17) as
follows:

Vee - Pec =Sac +Sec» (2.17)
where
Suc is the operational cost savings with the absorption chillier compared to
facility reference case electricity based air conditioning (AC) in €
Spc 1s the operational cost savings with the absorption chillier compared to
facility reference case electricity based process cooling (PC) in €.

The comparison of the two cases will give the volume of the electricity
which is saved in the cooling operations. This volume is then multiplied with
the total price of the electricity. The results will give the absolute figure about
the savings as shown in the equations (2.18) and (2.19):
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Sic=(Vi€ —Vil>)-(Pe+ Py ), (2.18)

Spe=(Vec =Vid" ) (Fe+Pr ), (2.19)
where
V€5 is the reference case AC’s electricity consumption in MWh,
V455,¢ is the absorption chiller based system electricity consumption in MWh,

Crc is the reference case process cooling electricity consumption in MWh,
Pris the other saved electricity price component in €/MWhe.

Since the factory electricity consumption includes the wvarious price
components on the purchased electricity then these components have to be
taken into account. Regardless of the physical electricity delivery the consumer
it is often eligible for the certain taxes on top of the electricity price like excise,
subsidy tariff, VAT and other. These price components are separated from the
electricity spot price due to the reason that the spot price is given for each hour
separately throughout the year, but the remaining components are most likely
fixed by the regulation. Therefore in order to determine the facility electrical
energy savings the location specific marginal electricity cost Pr has to be taken
into account case by case.

The industrial CHP plant will run on market conditions with the higher
electrical load if the savings from the absorption chiller usage together with the
additional electricity income are bigger than the cost of the extra fuel. In
biomass based power plants there is usually in the European Union always
some subsidies involved [58]. However it should be noted that the profitability
of exploiting heat based cooling opportunities is strongly affected by the local
energy policies and therefore is a subject to the energy policy changes.
Absorption chiller based cooling enables the CHP plant to increase electricity
production and hence receive the additional subsidy income on top of the
electricity price as shown in equation (2.20):

Egp - (Pg +Sg )+ S0 +Spc ~Vep Fep > W™ - Pr, (2.20)

Therefore the plant can operate in the partially condensing mode at certain
higher range of efficiency as long as the minimum required total efficiency is

maintained, constraint (2.21):
Vep +Vip +Vip > (2.21)
v, TR '
F

where
£ep is the additional electricity that can be produced on the condensation
mode without losing the subsidy in MWh,

7z 1s the minimum required total efficiency for receiving the subsidy.
2.3 Environmental aspect of the optimization

The use of the excess heat enables the industrial CHP to increase the heat
load and therefore also increase the electricity production without decreasing
the plant efficiency. This is also an important aspect from the environmental
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point of view where the heat based cooling allows remarkable savings for the
energy sector in the primary energy consumption and emissions.

The efficiency and emissions are also an important aspect of the paper [III]
where the facility’s overall efficiency is observed and optimized using the
statistical approach. The study shows that by gathering enough statistical data
from the production process then the most important figures are determined
which influence the entire facility economic and environmental performance.
Since the industry normally works throughout the year and the production state
is giving values for each hour then there is an enormous amount of load points
to use in efficiency modelling and calculations. Therefore this establishes a
solid ground for lowering the environmental impact in the facility.

In paper [III] the following facility operational data is collected and
processed with Statgraphics Plus software using Pearson’s correlation equation:

- CHP own electricity consumption

- Factory dryers electricity consumption

- Factory remaining electricity consumption

- Specific sub-cycle electricity consumption

- CHP electricity production

- Exported electricity to the grid

- Industrial end product production

- Sub-cycle intermediate product production

- Specific electricity consumption in the factory

- Specific electricity consumption in the CHP electricity production

The target of the statistical analyze is to find the correlation of different
processes and therefore minimize the environmental impact of the facility.
However the optimization of the environmental impact has to be done on
economic basis. It is expected that in any country the environmental emissions,
pollutions and consumables are put in the relevant impact to cost ratio. This
means that the cost of any certain pollution is determined by the negative effect
of that specific pollution. In any energy or industrial production the negative
environmental aspect has the impact on the profit. Therefore minimizing the
environmental impact will most likely increase also the production site
economical profit due to the optimized consumption of goods and materials.

In this study the environmental aspect has been put in the calculation
formulas like any other variable which has a volume dependent cost. In most of
the cases the environmental pollution tax is defined per unit. This creates an
extra opportunities for the industry where the environmental impact decrease
can also give profit increase due to the increased efficiency or less pollution
emissions.
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3. CONSUMPTION MANAGEMENT

3.1 Demand side management in the factory

Demand side management (DSM) and demand response (DR) are efficient
tools for the factory’s electricity cost reduction. DSM in the factory can be done
because there are production cycles which work on partial load and include
intermediate production storages which allow producing end-product even
when certain product preparation cycles have been turned off. The similar
model has been developed by [59] but only in the closed electricity market
conditions with the fixed tariffs. The principle of the intermediate production
storages is shown in the Figure 7 and discussed more thoroughly in paper [IV].
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(s const
——)
[ |
(|
QtP A

>h

Figure 7. The principle solution of intermediate production storages which allow to
switch off the sub-cycle in front of the intermediate storage without affecting the final
end-product production
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Figure 7 shows that the wood chipper production capacity O0"* exceeds the
factory production load Q" and therefore using the intermediate storage with the
volume W™ allows the chipper to work on partial load throughout the
production period. In paper [IV] it was determined that the electricity cost Cg
for a single load under investigation, i.e. wood chipper can be minimized with
equation (3.1):

min £ |:tZ:1PE,t B(0)) +Cpxr (0, )} > 3.1)
where
E is the expected value of the operator
B is the output power of the chipper in MW,
Q is the required chipping volume in tons (t)
Since the electricity price is a stochastic parameter which can be different in

each day of the year, then Pg will be given for the scenarios s as follows (3.2):
min P2, - BY(Q,) - Pr (5)+ Cpxr (Q)) » (3.2)

t st

where
Pr(s) is a probability of the scenario s.
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The restrictions and assumptions are that the profit cannot be hindered due to
the load shifting, meaning that the system’s global optimum needs to be found
for the facility in order to minimize the electricity cost. The key factor that
enables this optimization to take place is the wood chipper’s production volume
O:. In this case study the wood chipper can produce much more material than
the factory requires therefore it is an ideal application for the load shifting
operations. The chipper production volume can be controlled quite simply
between zero and maximum output, (3.3):

0<Q, <0™ (3.3)

It can be assumed that the more the chipper’s maximum capacity Q""" exceeds
the industry’s required material flow QF, the higher the production line’s
flexibility is, which in return gains in lower costs. Additional physical
constraints arise from the fact that the storage cannot be overfilled or run below
critical level (3.4):

Wi < < (3.4)

where

W; is the actual storage volume in the given hour in tons (t)

W™* is the maximum usable storage in tons (t)

Ww™" is the minimum acceptable storage volume for the industry due to the
production process’ security of supply in tons (t).

In the long run the DSM planning can even be used for the long term
production process planning. The annual maintenances could be decided by the
Figure 8 which indicates the periods when the material is taken from the storage
and therefore the production system is stopped. Annual facility maintenance for
the factory production should be done during high electricity prices when the
storages are running empty. On the other hand CHP maintenances should be
planned over the low electricity price periods when the storages are being filled.
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Figure 8. Warehouse storage dynamics when using DSM

In order to create the factory electricity cost optimization algorithm for the
entire production process which includes several sub-cycles then the simplified
principle is introduced. If there are several sub cycles in the production line then
the equation (3.1) is redefined as (3.5):

ernE[z1 2 Pe, - BN(OD+Chxr (O )} (3-5)
With the following constraints in (3.6) — (3.9):
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V.V, 0<0f <O ie{l..n}, (3.6)

VY, W <w < e {ln), (3.7)
VY, W =W w0l -0l + Fiefln-1}, (3.8)
wi=w!"+0' +F', 3.9

where
F is the volume of the pre-processed raw material which is purchased
additionally in tons (t).

In further studies of the DSM potential the research of authors [60] should
be studied closely in order to develop more sophisticated load shifting model
where the factory has to handle the large number of controllable loads of several
types. Authors propose a heuristic optimization method to use in the smart grid
for the load shifting. The approach is interesting and has great potential to be
used also in the industrial load shifting. Even though the authors find the small
potential in the industry due to the security of supply reasons then the
optimization method can be adapt to the specific requirements.

3.2 CHP and factory load regulation services for the system operator

The demand response (DR) nature is somewhat different from the DSM
activities because it requires a swift action in the case of a sudden notice by the
system operator. The goal of the system operator is to guarantee the electricity
system balance in each hour within a given range. For that purpose the system
operator purchases regulating services from the market participants which are
usually the power plants. The regulation can be either an up-regulation where
there is a shortage of the power or down-regulation where there is a surplus of
the power in the system.

In paper [V] the case study calculations were carried out in the same
industrial facility in order to determine possible revenues from the DR services
which the factory could provide for the system operator (TSO).

Criteria’s for providing DR services are analysed more thoroughly in paper
[V]. Based on the interviews with the studied wood industry representative and
the Estonian TSO there are three main factors that need to be addressed to
qualify as a DR service provider. The first criterion (3.10) describes the
minimum regulating power that is acceptable by the TSO:

B,cr = Brs, (3.10)
where
Bucr describes the service provider aggregated changeable load in MW,
Brs is the TSO’s minimum required regulation step in MWe..

The second criterion (3.11) takes into account the response time of the
service provider:

At, < Atpp, (3.11)
where
At is the service provider time for achieving the requested load change in
minutes
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Atrg describes the TSO’s maximum timeframe for achieving the requested up
regulation in minutes.

The final criterion (3.12) takes into account the duration of the regulation:

Aty = Atyg, (3.12)
where
Atsqr is the service provider’s capability to change the load in hours
Atrs is the TSO’s minimum regulation duration in hours.

The service provider pricing principle is rationally based on the lost profit
(or on the risk of losing production). Lost profit is used to determine the price
for load shedding and the risk of losing production is used to determine price
for load shifting. Therefore, whenever the regulation price exceeds the
industry’s price cap for the service provision, the DR service could be provided.
Large industrial consumers are expected to act in a rational way i.e. it can be
expected that they will provide the DR service if they find it cost-effective [61].

The aggregated demand profile of the consumers who is providing the
regulation service (with load shifting and load shedding) before, during, and
after service provision to catch up on the production quota is illustrated on

Figure 9.
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Figure 9. DR and DSM can be executed through aggregated load cut and regaining the
industrial production thereafter with increased production intensity

It should be noted that while with load shifting it is possible to catch up the
production quota by increasing the demand for a couple of hours, then with load
shedding the increased consumption after regulation can only fill up the
intermediate storages in the production line but the production quota will not be
caught up. Also, the consumer can provide only the up-regulation for the
system. As explained in the introduction part of this thesis for the system
operator the consumer is like a negative producer. It means that if the consumer
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decreases the electricity load then this equals with the generator being
increasing the generation.

The factory in the industrial facility can provide the up-regulation by
decreasing the consumption load and CHP can provide down-regulation by
decreasing the generation load. Also, the CHP down regulation cannot affect the
heat production and therefore does not affect the industrial end-product
production. When the CHP operates on the partial load then it can be also used
for the up-regulation, but in normal cases the industrial CHP runs on the
maximum load all year round therefore being unable to participate on the up-
regulation service provision.

The consumer’s pricing principle can be described as in equation (3.13):

ZI(I e —Cr )+ Cpxr
1=

Py, = , 3.13
= (3.13)

where

PCpr is the electricity consumer price of the DR service in €/ MWh

Iip is the value of the lost industrial production income in €

Cy is the cost of variable goods saved in €

At represents the duration of the ordered DR service from the TSO in hours (h).
The industrial CHP down-regulation service price principle can be described

by the same principal according to the equation (3.14):

n
2((Pgy+Sp) Vigpy —Cp )+ Cpyr

P, = , 3.14
DR. By M (3.14)

where
PCpr is the electricity producer price of the DR service in €/ MWh,

Paper [V] summarized that the aggregated factory consumption load could
practically participate in the DR service provision and its cost would be lower
for the system operator than cost of the generators in some extreme cases as
shown on Figure 10 [51].

Due to the reason that the system regulation prices were not publicly
available for Estonia or Latvia then the Finnish TSO prices were used for the
example. Figure 10 is an actual Finnish TSO up-regulation service prices
distribution. As it can be seen from the figure then 50% of the Finnish TSO up-
regulation cost came from the regulation purchase which prices were higher
than 100 €/MWh.. Majority of the regulations are normally still done with
prices close to the electricity spot market prices and usually remain below 100
€/MWhe. Only in few cases the regulation generators service fee rockets out of
the normal price range. These peak prices however create the biggest cost for
the TSO. That high level of the service price encourages the market participants
to exploit further the existing opportunities for the service provision. On the
other hand the different type of market participants providing the regulation
service can cut the peak prices and bring down the TSO overall cost.
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Figure 10. Finnish TSO’s up-regulation costs in 2011
3.3 Implementation technology for the load management

In order to carry out the actions and services described in the previous
chapters of this thesis the combination of the hardware and software has to be
used. The machine either a generator or a motor has to run according to the
optimized load curve. This means that there has to be a controlling unit which
gives the operation command for the electrical machine. This physical control
can be done using the programmable logic controller (PLC).

In the future it is expected that much more electrical machines and
applications are connected to the server and the smart load controlling is more
commonly used. The necessary technology for the smart load implementation
already exists, but this have to be adapted conveniently to the existing
machinery atomization. When the electricity consumption and production
equipment is connected to the so called smart grid and are operating according
to the optimized load profiles then this benefits the whole energy system.

This thesis proposes the technical layout of the load controlling equipment
which is more in detail described in paper [VI]. The optimization which is
developed in previous chapters of this thesis is carried out in the remote server.
The optimization algorithm takes the publicly available data like the electricity
market spot price from the public source. The location specific information like
the machine load and storage level is taken directly from the facility. Once the
next day prices are known the optimization is carried out and the optimized load
profile is forwarded to the PLC. The proposed example smart load technical
layout is shown in the Figure 11. This kind of easy and simple communication
between the application and the server enables the load control to be used in
larger scale than only in the specific industry.
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Figure 11. The control mechanism of the industrial electricity consumption applications
to automatically work with optimized load profile

In more advanced controlling system the external data and the price history
can be used to predict the electricity price and therefore make the optimization
even more feasible. For example the optimization model can take into account
the lower prices on the weekend and generate the load profile which utilizes the
storage capacity for a longer period than one day. Even further study in this
application is to develop the control mechanism which can adjust and adapt
with the new situation independently on his own due to the changed
characteristic of the machine, storage size etc. This would be then so called
smart self studying load controller.
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4. RESULTS

The results of this research papers have been very promising. On the
absolute figures the increase of facility profit is remarkable. Percentages which
are improved in the cost side can have a relatively high effect on the profit.
Therefore the results are worth to examine by any industry which is operating
an on-site CHP and is interested to gain additional revenues from its production.

Results of thesis define the principle difference of the non-optimized
operation compared to the optimized operation. Results show that there is a
significant potential to improve the facility economical performance and hence
maximise the industry’s profit. However this increase and potential is not yet
fully exploited in the emerging industries in the Baltic countries where the main
focus is on the organization and volume growth rather than on efficiency. On
the other hand the industries who do not improve their efficiency are not
competitive in the market and are expected to vanish in the future.

Figure 12 illustrates the sensitivity of the market price deviation to the
economic performance of the industrial case study facility.
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Figure 12. The case study industry profit sensitivity to the weighted market prices

In the Figure 12 it is shown how the market prices in the specific case study
industry affect the economical performance of the market participant. As it can
be seen when the cost articles prices increase 20% and at the same time the
income articles decrease 20% then this facility profit decreases on the 28% from
the original profit level. This means that the overall profit decreases more than 3
times. On the other hand if the conditions for the facility are favourable and the
market prices of the income articles rise 20% and at the same time the cost
articles decrease 20% then the overall profit increases 72%. This is more than
1.5 times higher than originally. As this example shows the industrial facility
sensitivity is relatively high to the influence of the market prices. Therefore the
industry has to focus on the different aspects of the markets and take advantage
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of the market variations when possible. As this thesis has introduced the goal of
the research was to take advantage of the electricity market.

Results of paper [I] show that the industry which has one single connection
point to the electricity market has to separate its load profiles in order to verify
the optimization possibilities. The key aspect of the optimization approach was
that the electricity price is the spot market price for all of the CHP and factory
electricity loads. The case study showed that facility was able to increase its
exported electricity income roughly 2.5% by utilizing its load management
potential as shown in Table 2.

Table 2. Case study facility monthly exported electricity optimization results

Actual spot price 42.32 Ir.litial Optimi;ed Dif.fer.enc.e after
€/MWh, |difference | load price optimization

i(I}lzrcl)irlztor average 4€l/2 1\28\/ . 0.04% 2/2 1\2\7)\] . 0.13%

S:SI:sumption average 4€L/21\2\6N N 0.10% 4€1 /1 1\2\9“1 e | 729

Export average income g/zl\i\z)\/he -0.23% g?l\iSVhe 2.27%

Table 2 shows that in the reference actual example month the electricity
production and consumption weighted average income and cost prices were
poorer than the market arithmetical average. Using the optimization method
developed in this thesis the weighted average cost and income improved in all
aspects contributing to the profit increase. Figure 13 shows the optimized export
results in the example day which were calculated in paper [I].
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Figure 13. Example day of the facility exported electricity load profile
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The estimated factory consumption load management potential in paper [I]
was considered 10% from the nominal load. This means that factory is able to
shift at any time 10% of its electricity consumption as long as the total
consumed electricity volume within one day remains the same. The 10% figure
was taken by the factory electricity consumption profile where it was seen that
this is the amount of the load which is varying throughout each day due to the
regular daily machinery maintenances. After observations carried out in the case
study industry it was confirmed that this load can be adjusted deliberately if
there is a need for that. Once all the production lines in the factory get fully
automated then this type of load scheduling becomes technically more
comprehensive.

In paper [II] a somewhat different approach was introduced. The increase of
electricity production is compared against the variable cost of changed load
point. The results show that it is worth to condensate the excess heat in order to
gain additional income from the electricity production as long as the variable
cost of fuel does not exceed the income from electricity sales.

The same paper also shows that if an industry wants to use the cooling load
in order to increase the electricity production in summer period then the
payback time for absorption chillier is 6.5 years as shown in Table 3.

Table 3. Case study industry calculation results

Output data Variable | Value Unit
Process cooling consumption Vpc 1583 MWh
Air conditioners cooling consumption Vac 2 491 MWh,
Total cooling consumption 4074 MWh
Total heat consumption for cooling Vi€ 5432 MWh,
Heat consumption for drying Vit 147 507 | MWhy,
Excess heat 6 180 MWhg,
Excess heat peak 7.8 MW
Excess heat for cooling production 2927 MWhy,
Cooling load peak 1.7 MW
Additional condensation need 3254 MWhg,
Condensation peak 6.8 MW
Additional electricity production 1 057 MWh,
Additional electricity income 105478 | €
Additional fuel consumption 4476 MWh¢
Additional fuel cost 53708 | €
Additional profit 51770 | €
Payback time 5.6 Years

The table above shows how much heat can be converted for cooling
production. It has to be noted that the heat is supplied to the cooling production
only when there is no demand from the drying unit. If there is a demand from
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the drying unit then firstly the heat will be supplied for the drying process and
the remaining heat for the production of cooling.

The extremely high investment cost of the unit inhibits the usage of
absorption chillers. The units are produced only by few companies worldwide
and the average payback time is not less than 6 years. Depending of the size of
the industry the payback time can also be much shorter if there is a commercial
demand for the cooling and this cooling has also a price or gives remarkable
savings in facility electricity consumption. In that case the payback time and
hence the utilization of the heat based cooling is much more justified.

The paper [I1I] shows the results of the variables which have an effect on the
electricity production. There is a strong correlation between the CHP own
consumption electricity and the produced electricity. Also the results show the
correlation of the factory electricity consumption with the CHP electricity
production. According to the calculations the dryer production cycle has an
effect to the CHP electricity production.

In paper [IV] the electricity consumption optimization according to the
electricity market price is taken under investigation and the optimization
principles have been introduced. Specific factory production sub-cycle was
investigated and the optimized production profile was modelled. The results
reveal that the single energy intensive machine savings were between 11-17%.
It has to be noted that the optimization effect cannot be determined exactly due
to the reason that the “operation as usual” can also give different economic
results. In paper [IV] a long period of specific factory sub-cycle load history
was used to compare the results. The analysis revealed a relatively predictable
variable cost for the sub-cycle and this cost was compared against the
optimization results. The machine consumption profile after applying the
optimization application is shown on Figure 14, paper [VI].
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Figure 14. Case study sub-cycle modelling with optimized operation profile
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On Figure 14 is shown the load profile of the specific machine under
investigation before and after the optimization. It can be seen that by exploiting
the intermediate storages the optimized load control has shifted the majority of
the machine operation in the valley hours of the electricity price.

For an industrial CHP and the factory there is one more interesting service
that could be provided. As paper [V] shows there is a potential for the facility to
provide load response services for the TSO-s. The facility can aggregate the
consumers for the up-regulation of the system or use a CHP for a down-
regulation, with a minimum load step of 5 MW.. This 5 MW_. step is the current
minimum step which is required by the TSO to participate in the regulation
market with balancing services.

The results in paper [V] show that the electricity consumer’s price can be up
to 100 € MWh, when shifting the load and up to 600 € MWh, when shedding
the load. The preliminary results are promising for the TSO, because according
to their information time to time there is a need for balancing services with
extremely high prices, up to 2000 €/MWhe.

Paper [VI] has developed a real world application which can be easily
implemented in any industrial load or aggregated load management. The
developed technical solution requires minimum investment cost. In fact the
other researchers are already further developing paper [VI] approach and
implementing the first actual commercial prototype application. The higher is
the automation level of the industry the easier it is to put the load controller in
operation. The estimated savings are shown in Figure 15.
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Figure 15. Relation between the consumption flexibility and savings

The Figure 15 shows that when the electricity consumer or producer has the
flexibility to shift 10% of its daily load according to the optimized load profile
then is gives additional revenues or saving around 1.8 %. As it can be seen from
the graph the higher is the flexibility the more profit it gains for the market
participant. In this study the results showed the linear relation between the
flexibility and the savings.
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CONCLUSION AND FUTURE WORK

In a conclusion the industrial CHP optimal management model contributes
to the industry profit maximization. The industrial facility which includes the
CHP and a factory can increase its profit by increasing the production volumes
or scheduling the loads according to the market prices. In this thesis both of the
options were studied. However if the production volumes are in the maximum
limit and cannot be increased then the load scheduling becomes a key element
of the optimization.

The industrial facility which also operates the CHP plant has to adapt with
the market prices from where the raw material and fuel is purchased and where
the products are sold. During the research it became apparent that none of the
related markets are as rapid and as predictable as the electricity market. For that
reason the electricity market was chosen as the variable in the profit
maximization.

The industrial CHP profit together with the factory was maximized. The
actual wood processing factory with an existing CHP unit was taken under
investigation. The theoretical methods and approach was modelled by using the
actual existing case study facility technical operations data. The modelling
results showed improved profit in all aspects of the research.

Exploiting the market condition for the benefit of the market participant is
the key factor in the future energy intensive and electricity production
industries. Inability to adapt the production process to the conditions of the
market may define the separator which determines the participants who will be
more competitive and can continue operating in the market.

The thesis concludes the studies which were presented throughout published
papers [I — VI]. The thesis concludes the different studies which were carried
out over the years of observation, measurements and investigation. As a
conclusion a management model has emerged. This model enables the industrial
facility which operates the on-site CHP to maximize its production short-time
marginal profit. Even more, the developed model enables any type of energy
intensive industry to optimize its production and hence maximize the profit. The
developed model is a general model and can be used in any type of industry
where there is a free access to the electricity spot market.

This research gives sufficient ground for further studies in the field of
market based optimization. Smart economic based approach to any electrical
applications either a generator or motor which operates on partial load can be
implemented. Furthermore in the future so called smart modules can be added
into to the devices during the designing and installation of the technology. From
the optimization point of view in the future research the mathematical minimax
risk criterion should be used for scientific risk assessment in the conditions of
uncertainty.
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DISCUSSION

The developed industrial CHP management model can be used in any branch
of industry, not just on the case study wood industry, making this research a
high value material. In fact several researchers from other regions out of Nordic
and Baltic countries have had an interest to exploit this model in their
conditions. This interest shows that this topic has a high potential in much
broader spectrum. The research has the high practical value which can be
implemented already in the near future and therefore improving the
competitiveness of the user. Even further the management model can be
adjusted to different needs of the user besides the profit maximization like peak
load control, risk management, technology designing and operation practices.
Therefore this thesis has fully achieved the tasks which were set in the start of
the research.

Optimization is the next big step in the industrial era. As the world is
seeking more energy efficient solutions in order to save primary fuels and
reduce the pressure on the environment then optimization has much more
potential. When industry stops consuming electricity during the market price
peak hours then it can be just the right amount of energy which is needed in the
system to keep the system balanced and not to put inefficient peak production
generators into operation. The same applies for the on-site power production, if
it does not decrease the power output on the peak hour when there is a shortage
in the system then it improves the system balance situation.

The industry which operates the local heat and electricity production unit
also contributes to the savings of transfer losses in the electricity and heat
networks. Decrease in the network losses in return mean less primary energy
consumption and therefore less pollution. All this is considered as a reduction of
the environmental impact which is nowadays a critical factor for a long time
sustainable development.

CHP’s are divided into two types. First type is the plants which sell the heat
to the public district heating network. These plants traditionally optimize their
performance according to the heat demand. The second types are the industrial
CHP’s which optimization task is much more sophisticated as this thesis has
revealed. The optimization is done over many criterions and the variables are
not always determined but rather have some uncertainties in them. In this study
the electricity price was uncertain figure which minimum and maximum values
were significantly different from each other and unknown more than one day
ahead.

In the conditions of uncertainty with the market prices it is impossible to
make determined decisions and not to correct them during the execution.
Market participant has to have the constant overview of the market conditions
and make its decisions according to the real time information. Therefore the
constant feedback for the optimization algorithm is a core prerequisite for the
developed management model. This creates a demand for the easy and reliable
communication technology in order to put this management model into practice.

46



Therefore the key developments are needed in the other fields of research which
would create the necessary informational and communication technology
platforms. With the real time smart grid solutions it is easy to adjust industrial
and other applications according to the electricity market prices.

In the future it is expected that the applications will be connected to the
overall network so that their control system is constantly observing the situation
on the electricity market and can make a calculated optimized decisions. This
approach means more sophisticated network, so called smart grid. The
development of the technology is moving towards the more communications
between the different applications and this tendency will create a better ground
for the market based optimization. It allows the electrical applications to
determine automatically the optimal working load. In future this means more
savings, higher profit and better position in the global competitive market.

As the research showed there is a huge difference in the electricity market
prices throughout the each day and year. The price is determined by the market
and the participant cannot change the market price solely on its own will. In this
context it is important to exploit the market opportunities to the benefit of the
market participant by changing the electrical loads. Load management principle
in the market conditions can be the same for the generator and for the motors
due to the reason that their nature is exactly the same only the flow of energy is
opposite. It is expected the participants who can adjust their production process
to the more demanding and changing environment will be more competitive
than the ones who do not. Therefore the real time optimization employment will
distinguish in future the success of the participant and possibly determine who
can continue production in the long term.

With the electricity market price continuously changing the results will
always stay in the certain range and the effect of the optimization can never be
exactly forecasted. There cannot be a certainty how a market participant would
have acted without optimization and therefore cannot be determined the exact
cost effect of that optimization. In more specific the effect can be given as a
certain range. However it is clear that by using the science based mathematical
approach the economical performance is likely to be increased.

The developed optimization approach can have high value for the CHP and
industry which energy consumption is intensive. In the conditions where the
electricity market is closed and regulated the optimization becomes rather the
task of higher physical efficiency. This however means usually significant
investments for upgrading the technology and is a different task. By using the
developed management model the higher economical efficiency can be
achieved without any significant investments. When the electricity market is
volatile and price differences are remarkable then capability to be flexible
determines the success for the power and industrial companies in the long run.
The electricity market price volatility is expected to increase in the future when
more unpredictable renewable energy are connected to the grid like wind and
solar energy. This means that the developed industrial CHP optimal
management model has much wider potential to be exploited in the large scale.
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ABSTRACT

This thesis investigates the profit maximization of the industrial CHP
together with the industrial factory which together form an inseparable
production facility. The thesis focuses on the facility profit maximization by
utilizing all existing means and flexibility. Majority of the additional profit is
gained from flexibility in the electricity production and consumption.

The core concept of the research is to divide the markets which affect the
facility economical performance. Out of all the other markets the electricity
market is much different due to its fluctuating nature and predictable pattern.
Therefore the optimization is chosen to be carried out over the electricity
market.

Industrial factory has in many cases the internal flexibility where it can shift
its electricity load without having any negative influence on the production
volumes or cost. In return the factory can benefit from the lower electricity cost.
In this study it was assumed that the market participant is small enough without
having an influence on the market due to its own actions. At the same time the
CHP can shift its regular maintenances according to the electricity market price
therefore increasing the facility profit even higher.

The market participant profit depends on two components — price and
volume. The facility can increase its volume and choose the timing of
production or consumption. This is exactly the case of the electricity market
where the price is much different throughout the single day. There are no other
goods in the industry which price is different in day and night time. Therefore
by changing the electricity volume and timing of the electricity consumption
and production the market participant can significantly increase its profit.

This dissertation has developed a management model for the wood industry
facility which operates the on-site CHP unit. However the model can be used in
any energy intensive industry which has its own local electricity generation.
Therefore the developed management model is a unique and general at the same
time allowing the different type of market participants to increase their profit
and therefore be more competitive in the global market.

The research shows different management and service provision which in all
increase the company profit. In this dissertation these management techniques
have been combined into one single management model. This model enables
the industrial CHP and neighboring factory to significantly increase its profit.
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KOKKUVOTE

Kéesolev  doktoritod uurib toostusliku  koostootmisjaama  kasumi
maksimeerimise vOimalusi koos samas kompleksis asuva todstustootmisega.
Toostustehas  koos lokaalse koostootmisjaamaga moodustab lahutamatu
toostuskompleksi, mille kogukasumi suurendamine on kiesoleva t60 eesmaérk.
Kasumit maksimeeritakse kasutades olemasolevaid vahendeid ning tootmise
paindlikkust. Enamus suurenevast kasumist tuleb tootmiskompleksi
paindlikkuse arvel elektrienergia tootmises ja tarbimises.

PShimine kontseptsioon, millele antud uurimist6d toetub, on erinevate
turgude lahutamine tootmiskompleksi majandustulemuste hindamiseks. Sellest
ndhtub, et elektriturg on oluliselt erinev koikidest teistest turgudest oma
volatiilse kdikumise ja selle seaduspérasuse poolest. Seetdttu on lahendatud
optimeerimisiilesanne 1dhtuvalt elektrituru vdimalustest.

Toostusel on nii monigi kord olemasolevad sisemised paindlikkused, mis
voimaldavad tootmisettevottel elektritarbimist nihutada ilma negatiivse mojuta
toostustootmisele voi kuludele. Elektri koormust nihutades on vdimalik
tootmisettevottel oma elektrikulusid vdhendada. Kéesolevas uurimistods on
eeldatud, et turuosaline on piisavalt viike ning ei mojuta oma kiitumisega
turgu. Samuti saab td0stuslik koostootmisjaam oma regulaarseid hoolduseid
ajastada vastavalt elektrituru hinnale ning sellega suurendada tootmiskompleksi
kasumit veelgi.

Turuosalise kasum soltub kahest komponendist — hinnast ja kogusest.
Tootmiskompleks saab suurendada oma tootmismahtu ning ajastada oma
tootmist voi tarbimist. Tépselt selline on olukord elektriturul, kus turuhinnal on
oluline erinevus oGisel ja tipu ajal. Seega, turuosaline, kes suudab oma elektri
kogust ja tarbimise v0i tootmise ajastamist muuta, saab oluliselt oma kasumit
kasvatada.

Kéesolev doktoritod on vilja arendanud juhtimismudeli puidutéostus-
kompleksile, mis opereerib lokaalset to0stuslikku koostootmisjaama. Siiski saab
antud mudelit kasutada ka mdne muu energia mahuka t60stuse ja
elektritootmise tarbeks. Seega on loodud mudel iiheaegselt nii uudne kui ka
iildine vdimaldades erinevatel turuosalistel suurendada oma kasumit ning seega
olla konkurentsivdimelisemad globaalsel turul.

Uurimistdd annab erinevad juhtimis- ja teenuse osutamise voimalused, mis
kokkuvdtvalt panustavad kasumi kasvu. Antud doktoritdds on publitseeritud
artiklid formuleeritud iihtseks juhtimismudeli tervikuks. Loodud juhtimismudel
vOimaldab t66stuslikul koostootmisjaamal ja todstustehasel oluliselt kasumit
suurendada.
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Abstract—This paper investigates the possibilities how to
optimize the industrial combined heat and power plant (CHP)
daily operations and decision making process. The aim of the
paper is to develop a method for an economic optimization of
the industrial CHP. The method takes into account the
industrial production together with an energy production in
order to maximize the global profit for the entire facility. The
method utilizes the electricity spot market price variation for the
benefit of the market participant.

Index Terms-- combined heat and power plant; demand side
management; energy efficiency; industrial processes.

L INTRODUCTION

Industrial CHP optimal operation modeling has been
widely studied. The traditional optimization method uses the
available heat storages on site which allow shifting the load
without affecting the factory industrial production in a nega-
tive way. The liberalization of the electricity markets are
bringing in new dimensions for the optimization. Volatile
price deviations on the electricity spot market allow industry
to optimize the electricity cost by using its industrial produc-
tion flexibility. This study is focusing to find the optimized
operation and decision making model for the industry facility
which owns and operates the on-site energy production unit.

From the opened energy market point of view the physical
proximity does not necessarily give the economic advantage
for the on-site electricity producer. The industrial electricity
producer has to take into account the electricity market price
and consider the market behavior. This in return gives the
opportunity for the electricity consumer to exploit the market
fluctuations to its benefit which is a key component to reduce
the energy cost and hence maximize the profit.

The distinguishing nature of the CHP which separates this
kind of electricity production from any other conventional
power plants is the ability to use the produced heat in a
profitable manner. Heat is either sold to the public heating
network or utilized on-site for industrial purposes.

This research was supported by European Social Fund’s Doctoral
Studies and Internationalisation Programme DoRa, which is carried out
by Foundation Archimedes, the Estonian Ministry of Education and
Research (Project SF0140016s11) and by the Estonian TSO, Elering AS.
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The main criterion between the industrial CHP plants and
the public district heating (DH) plants is the size of the heat
market. Commonly the industrial CHP-s are using the pro-
duced heat for them or selling it to one single customer,
whereas the DH CHP plants are selling the heat to the public
DH network, which is supplying the heat to numerous cus-
tomers. In that sense the heat market is limited for the indus-
trial CHP and it has no connection to the bigger market. This
means the heat price has no variations and is fixed for a long
period of time. Therefore the heat has a certain price for the
facility and no profit can be earned from that. This makes the
electricity load scheduling (LS) and demand side management
(DSM) actions even more attractive for the industry.

In this study the industrial CHP is observed together with
the industrial production in order to maximize the global profit
for the whole facility. The model has to take into account the
industrial production optimization as well in order to observe
the influence of the decisions to each of the facility input and
output variables. In order to avoid any conflicts of interest as
well to make a clear separation of different products the key
role of determining the optimal management point is to
separate the different products by the existing markets. In this
study it is expected that an industrial participant makes
economically rational decisions. Like with any other item
which has economic value if the market participant is able to
produce and consume the same item, then the participant has
to take into account the market price of that item. When the
own cost of producing this item exceeds the market price then
it is assumed this item is purchased from the market rather
than produced on-site. Therefore any sub product which is
produced inside the industrial facility has to be given a
justified market price. In order to verify the profitability of
producing sub products itself the production has to use a
market price for the sub product price determination.

The paper has been divided into five sections. Section II
gives an overview of the topic, section III outlines the possi-
bilities in the wood industry and investigates the case study
facility, section IV concludes the results and section V sum-
marizes and gives guidelines for the future work.
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II.  OVERVIEW OF THE TOPIC
A. Previous Research in the CHP Optimal Management

Several papers have shown that the optimized operation of
the industrial CHP together with the demand side management
(DSM) has a positive effect on the efficiency and profit [1] —
[3]. Authors of [4], [5], [14] have developed methods to
optimize the industrial CHP and the industry demand side
management (DSM) in the incomplete information conditions.

Authors of [6] — [7] are showing the positive effect of the
developed optimization technique under the open electricity
market conditions. Papers [10] — [13] are proposing intelligent
micro grids together with the optimization techniques in order
to maximize the profit for the whole production facility. Arti-
cles [8] and [9] are proving that the consumer which is located
at the same site with the electricity producer has the freedom
to purchase the electricity from the market and therefore is
free of its decision to choose the most feasible solution.

The key contributor which allows optimizing the produc-
tion process through DSM actions is the electricity market
where volatile price variations exist. The electricity spot mar-
ket is like no other market where the price fluctuations can be
considerable within one single day whereas the other goods
have no spot market but only bilateral agreements which
determine the price for a much longer period. The electricity
market price for example in the North-European Nord Pool
Spot area is varying frequently depending of the energy sys-
tem state at each hour. It is a unique market place throughout
the world where the price of the electricity is given only one
day ahead and for each hour separately. Usually the price
deviations are driven by consumption where the price is
normally lowest during nights and highest during peak hours.
This type of pattern can be easily expected from any usual
trading day. The average example week day pattern is shown
in the Fig. 1.
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Figure 1. Typical Nord Pool Spot electricity market price pattern.

Changes in the market price should motivate the market
participants to comprehend the market situation and exploit

the process storages in order to make savings from the market
price fluctuations. Industrial production process can only
participate in the DSM actions if there are some storage
possibilities. Utilizing the intermediate production storages
allows the consumer to fill the process storages during the low
price hours and consume the medium from the storage during
the peak hours.

B. Market based approach of an industrial on-site energy
Producer

The liberalized electricity market makes it possible to
make the electricity transactions similar to other transactions.
As in Nord Pool Spot trading areas the electricity is traded like
any other commodity where the MWh can be purchased from
the market based on the demand of the consumer or sold based
on the supply of the producer, Fig.2.
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Figure 2. Industrial facility relations with the input and output markets.

The flows in Fig. 2 are representing the financial flows of
the medium, not the physical flows. The principal approach of
the current study is to optimize the production process based
on the economic performance of the facility. In order to do
that the precondition is the existence of a market. It means
each of the given articles (except for the heat) should be easily
sold on the market or purchased from the market without
having any barriers. If the market prices are fluctuating and
the facility has efficiently usable storages, then the
optimization modeling needs to be executed in order to
maximize the profit.

III.  POSSIBILITIES IN THE WOOD INDUSTRY

A. Key figures describing the industrial CHP under
investigation

The wood industry under investigation operates an on-site
biomass fired CHP plant with an electrical output of 6.5 MW,
and heat output of 15 MWy,. At the same site the industrial
factory’s average consumption is 3.2 MW, of electricity. As
shown in the previous study [15] the consumption load is
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flexible in certain conditions. The facility ownership is the
same for both the industry and energy production, making the
global profit optimization as the ultimate goal.

In this study it is considered that the remaining markets
other than electricity market volatility is extremely low and
has only long term fluctuations therefore making it impossible
to optimize the production according to the other markets
behavior.

The electricity market however is extremely volatile and
the pattern is somewhat predictable. For each coming day the
prices are known one day ahead. Also the electricity
production and consumption is controllable and adjustable
within certain limits. Ability to control the load in the
predicted variable market allows remarkable savings in the
cost and maximizes the sales income.

B. Wood Industry — Case Study

The investigated facility has one single connection point
with the electricity grid. It is equipped with smart metering
allowing recording imported and exported electricity in each
hour. Since the electricity production capacity is bigger than
the consumption then most of the electricity is exported. The
example monthly electricity export profile is shown on Fig. 3.
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Figure 3. Facility exported electricity profile in the example month.

The optimization task is to maximize the income revenues.
Using the market price forecasts these optimization tasks can
be solved even more efficiently. Analysis of the sites
electricity profile indicated that it is dependent on 3 different
components. As shown in the Fig. 4 the profile dips are caused
by the electricity production periodical decrease and the rest of
the profile fluctuations are caused by the factory’s
consumption load variations.

According to the observations which were carried out in
the investigated facility, the CHP production dips are caused
by the regular soot blowing in order to keep the boiler surfaces
clean and maintain the plant thermal efficiency. Based on
interviews with the plant staff the soot blowing interval is
chosen by the empirical experience but the time of the activity
can be adjusted within any time during a 24 hour period. The

irregular factory consumption dips are caused by non-planned
shutdowns of some equipment. The CHP own consumption is
fairly even and is considered as non-flexible load. Therefore
the optimization task can be focused only on two profile
optimizations — electricity production and factory electricity
consumption.
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Figure 4. Separated load profile according to the different sources.

According to the staff there is some flexibility in the
industrial production process where some of the consumption
load can be stopped without affecting the final production
output. Factory has the intermediate material storages which
allow stopping time to time some production processes
because the storages are full. The principal of the load shifting
is shown on Fig. 5.

4.0
E 35 o
w
~ 3(5) || Regaining the
E 2'0 Loadchange\ industrial
=7 -1IMW production
£15
1.0
O I B
2 0. : t : t : t f !
S o0 3 6 9 12 15 18 21 24

Hours, h

Figure 5. Wood industry electricity consumption flexibility.

The factory has medium material storages on the site
which enable to produce the medium during the valley hours
of electricity price and consume the medium on the peak
hours. Factory has estimated that it can shift 10% of its con-
sumption load and the rest of the 90% is the base load which
cannot be shifted. The main criterion which allows this kind of
flexibility is the nominal capacity of the motors which is
higher than the average working capacity. The restrictions and
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assumptions are that the profit cannot be hindered due to the
load shifting. By the facility internal calculations the income
from the industrial product exceeds significantly any income
from electricity production or load shifting. This means that
any production loss due to the DSM actions is not accepted.

C. Optimization calculations.

The goal of optimization is to maximize the profit of the
exported electricity over the total period throughout each
given hour t.

max >, W’ B-Y,C-F, )
co.M,

where W is the optimized electricity production at time ¢
with maintenance included (MWh), C2 is the optimized elec-
tricity consumption at time # (MWh) and P, is the electricity
market spot price at time # (E/MWh).

In this kind of approach the optimum is calculated for each
hour separately due to the different electricity price in every
hour studied. In the case study facility the soot blowing can be
defined as a scheduled mandatory maintenance which can be
formulated through a binary variable M,

Wl =(1-M)-W, o))
M, {01}, ©)

M, =1= Maitenance
M, =0 = Production

t+D+2

Vi Y M, 22, )

where Mt is the binary variable for maintenance of electricity
production at time #, W, is the electricity production in ideal
reference scenario without maintenances (MWh) and D is a
maximum interval between two adjacent maintenances.

For the electricity consumption load shifting the load can
be shifted between the minimum and maximum output.
Whereas L is the relative amount of load shifting.

0<L<l, 5)
vi % <(+L)-Ck, (6)
Vi c®>(1-1L)-Ck, @)

where C is the reference electricity consumption at time ¢
(MWh). In this case study modelling the L has been given 10
different values from 0.01 until 0.1 with the step 0.01.

Optimized load profile can be accepted if the profit
increase exceeds the LS external costs C;g

0
E exp

ES >Cp, )

where Efx,, is the exported electricity total income on the
reference scenario “operation as usual” , ngp is the optimized

exported electricity total income. Another constraint is that the
electricity consumption volumes need to remain the same.

Y.co=>.ck.

This kind of constraint equitation means that the industrial
product production also remains the same.

IV. RESULTS

The developed optimization model as per (1) is solved us-
ing Microsoft Solver Foundation using the Mixed Integer
Linear Programming method. The spot prices are based on the
historical Elspot Estonia price area prices in November 2013.
The modeling was carried out by the flexible consumption of
up to 10% from the average consumption load.

(10

The consumption was modeled with 10 different scenarios
based on the ability of load shifting capacity, from 1-10%
(0.01 <L £0.1). It can be seen from the Fig. 6 that the more
the factory has shifting flexibility the more savings it brings.
The pattern of the savings appeared to be linear between the
flexibility and savings. As it can be seen with more than 10%
flexibility the savings increase even more.
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Figure 6. Consumption savings load shifting effect.

Load shifting capacity is the share of the consumption load
from the average full load which can be shifted. In this study it
is assumed to be up to 10% (L=0.1) from the average full load.
The industry representative has confirmed that with some
modifications in the production process this kind of flexibility
can be achieved without any major reconstructions or
investments. The results are shown in the Table 1.

TABLE 1. THE OPTIMIZATION RESULTS
Actual spot price 4232 .Initial Optimi;ed Diﬁé.rer_lce _after
€/MWh | difference | load price optimization
ave?:;eeriitco(;ne €£/1]\2/I:\§7\(/)h -0.04% €‘/‘13/[3th 0.13%
Corsmin | 2y | 010 |y | 1%

As it can be seen from the table the increase of the profit is
significantly higher than the individual results from each
action separately. This shows that there is a cumulating effect
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on the profit. Modeling results show that the increase in the
profit would be 2.5 % from the initial “operation as usual”
case when using the optimization method. The industry’s
representative has confirmed that the used method’s error is
acceptable and it represents the actual situation as good as the
data provided allows to assume.

Fig. 7 shows the example day of the load shifting where
the exported electricity profile is shifted according to the
electricity price and given constraints.
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Figure 7. Load shifting profile with the ability of 10% consumption
flexibility.

The optimization model shows the efficient use of the
market situation where the market opportunities are fully
exploited in order to maximize the profit.

V. CONCLUSIONS AND FUTURE WORK

An optimization principle has been created for the indus-
trial CHP management under the open energy market condi-
tions. The global optimum operation model for the electricity
export has been created for the whole facility together with the
on-site CHP plant. This model can be used to optimize the
industrial CHP production taking into account the industrial
load management opportunities, power plant load scheduling
and the electricity market price.

The key decision making concept was to separate the dif-
ferent products by the markets which these products can be
traded. The separated approach allows giving the better over-
view about the profitability of certain actions.

In addition it was showed that the different type of elec-
tricity loads have to be separated from each other and then
compared against the electricity market price. The results of
load patterns help to determine exactly the flexible loads. The
flexibility of the loads allows maximizing the profit by
shifting the load at the necessary time. Load shifting is done
taking into account the electricity production and consumption
together with its constraints.
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Future studies should investigate the other markets influ-
encing the operation of the plant and energy producer on the
same way in order to optimize the production of the total
facility. As it was shown, the highest impact to the profit was
the change of the storage capacity and the load management
actions. In the future the study should be also extended taking
into account the market behavior for raw material and
industrial end product.
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Abstract

This study investigates the possibilities how to utilize the combined heat and power plant (CHP) excess heat in the industry during the hot
periods of time when the heat demand is limited. In order to maximize the CHP electricity production the efficient heat load has to be
increased. The goal of this article is to present the solution for the industrial CHP excess heat utilization for the local cooling. The study
introduces the method and model of how to evaluate the industrial CHP plant potential and economical benefit for the production of local
cooling from the excess heat.

Keywords: combined cooling, heat and power plant; energy efficiency; HVAC systems; industrial processes.

1. Introduction

CHP plants are widely used in the areas where there is a heat demand. They can be categorized into two categories
depending of the nature of the heat consumer. Firstly, the district heating (DH) CHP plants which use the DH network to
transfer the heat to the residential area which is either a city or a local settlement. Secondly, the industrial CHP, which
produces the heat to the on-site industry or for the group of industries nearby. Depending of the industry production profile,
the heat consumption is usually lower on summer time whereas the cooling demand is the biggest. Therefore this makes the
production of local cooling from the excess heat an efficient solution to improve the economical performance of the entire
facility.

The maximum heat production is limited in the summer time due to the decreased heat demand. Since the industrial CHP
plants are mainly working with back pressure turbines, in order to maximize the thermo dynamical efficiency, the electricity
production will decrease accordingly during the periods of lower heat demand. Therefore, finding solutions to increase the
heat load is a key factor for maximizing the CHP electricity production and hence the economical performance of the plant.

Technically a CHP plant can also operate in condensing mode during the summer period if the plant has sufficient
auxiliary cooling devices. However the relatively low electrical efficiency and low electricity market price do not cover the
variable cost of the fuel. Utilizing the excess heat for producing local cooling enables the CHP to increase its electrical
output. In an ideal case it could run as a base load plant which produces electricity on full load all year round maximizing
the operational profit. Primarily the additional income comes from increased electricity production. Some income would
also come from savings on cooling costs that otherwise would be done with solely electricity driven chillers.

Contribution of this study is to investigate the local absorption chiller profitability in wood industry under open
electricity market conditions. In the 2™ section the previous research is introduced, in the 3" section the CCHP operation in
the open electricity market conditions is introduced, 4™ section outlines the possibilities in the wood industry and a specific
example case study is performed. In the 5™ section the study is concluded.

* Corresponding author.
E-mail address: priit.uuemaa@student.ttu.ce



2. Previous research on heat based cooling

Industrial three generation means production of electricity, heat and cooling in a combined cooling, heating and power
(CCHP) plant. The authors of [1-3] have optimized the CCHP operation in order to minimize the operational cost and have
concluded that the optimized CCHP operation have better economical results than non-optimized system. They have
simulated a consumer with the cooling demand and shown that the cooling system which is driven by the recovered heat has
operational savings and allows the CHP to increase its electrical output.

Heat based cooling is often not used due to the insufficient knowledge about its possibilities and also the high investment
cost of the technology. Normally the industrial cooling demand is covered with electricity driven chillers [4]. Authors of [5]
have studied the adsorption systems in different applications. They have introduced the development of relevant materials,
technologies and projects. As they have concluded the adsorption chiller technology has a great potential for converting the
waste heat to the useful cooling. However the most commonly available technology for the heat driven cooling is absorption
chiller [S]. Absorption chiller enables to recover the heat and produce cold water. Authors of [7] propose to use the
absorption cooling in summer time from waste heat in order to save costs. Authors of [8] have developed a new
optimization method which optimizes the cost, emissions and social impact through using the absorption systems.

Cooling possibilities in the industry by using locally produced heat has been investigated intensively by authors of [9-
11]. They all line out that the industrial absorption chiller has to be studied case by case, because it does not necessarily
mean lower overall cost compared to the stand alone cold water production. They have shown it is worth to exploit the
saving opportunities through heat based cooling. However their studies are mainly focused of lowering the cost and primary
energy consumption rather than maximizing the profit. Authors of [12-14] have illustrated that it is profitable in commercial
buildings large enough to use heat based central cooling unit. They prove that the waste heat based cooling is allowing the
system to be operating in a more profitable manner than the system with the electricity based cooling. They also point out
the importance of the size effect of the cooling system. This means that there has to be a minimum critical cooling load
which makes it worth to use the central cooling rather than local chillers. In another studies the authors of [15-17] have
introduced different optimization strategies based on the load distribution between heat and cooling energy production. The
main idea of the authors [18-19] has been to investigate the environmental impacts and cost effectiveness of CCHP systems.

Previous research as described above has introduced different cooling technologies and proves the absorption based
cooling is the most suitable waste heat based cooling technology. Therefore the absorption chiller is chosen for the
production of industrial cooling in this study. The previous research has also shown the positive effect on the cost,
emissions and fuel savings of the excess heat utilization in the CCHP systems. The focus of this study is to exploit even
further and maximize the electricity production by converting the existing CHP into the CCHP plant. This conversion helps
to improve the economical performance of the entire industrial facility and hence maximize the profit.

3. CCHP operation in the open electricity market conditions

Majority of the CHP variable cost is usually the fuel cost. Therefore the CHP is operated based on the cost of the fuel. In
normal operation the power plant is expected to run even in condensation mode if the electricity production income covers
the variable cost of the plant [20]. Otherwise it is more profitable not to run the pant.

The marginal cost of the CHP is the cost to produce one extra MWh of electricity. In this study the marginal cost
definition is rather equal to the short term marginal cost. When changing the power plant load from the partial load to the
full load then there is no other significant marginal cost than the fuel cost. The CHP is expected to increase the electrical
output as long as the plant marginal cost is covered. Therefore traditionally the criterion for operating the power plant is
written in the equation 1:

W,-F,>W,-Pp, Eqn. (1)

where W, is the production of electricity in MWh, P, is the electricity spot market hourly price in € MWh, W} is the
consumption of fuel in MWh and Py is the price of the fuel in € MWh. Therefore in any case where income exceeds the
variable cost of the production, the plant is expected to produce electricity.

CHP produces two forms of commercially usable energy — electricity and heat. In this study also the third sales article is
introduced — cold production. Usually the traditional biomass fired power plants have quite low electricity share in the total
produced energy [21]. This however is compensated with the significantly high total efficiency on conversion the primary
fuels to the useful energy [22]. Therefore utilizing the heat in a commercially rational way distinguishes the CHP from a
conventional heat condensing power plant. It allows the producer to be more competitive on the electricity market as well as
save the primary fuels in the energy sector. In this aspect the existence of the heat load has the critical influence on the CHP
operation. Introducing the cold production enables the CHP to increase the heat production and therefore also produce



additional electricity to the market. The CHP technical thermo dynamical efficiency can be described as follows in
equation 2:

W +W,

", W,

=0, +1, Eqn. (2)

where W, is the production of electricity in MWh, W, is the production of heat in MWh, 7, is the nominal total efficiency of
the plant, 7, is the electrical efficiency of the plant and 7, is the heat efficiency of the plant. Usually the biomass CHP-s
total efficiency is in the range of 0.85-0.9.

The heat production W), can be divided between the heat consumer and the cooling consumer as follows in equation 3:

W, =W +wf, Eqn. (3)

where W, is the heat that is used for heating and W,  is the heat that is used for cooling. Cooling heat is the sum of the
different types of cooling applications, in this study it is an air conditioners and process cooling as shown in equation 4:

_ Wac +Wpc)

M 4Bs

wE Eqn. (4)
where W, is the cooling load of air conditioners in MWh, Wy is the cooling load of process cooling in MWh and 77,35 is
the efficiency of the absorption chillier.

The main principal of the CHP plant is that usually it runs according to the heat load due to the reason that in the
condensation mode it is not competitive enough on the electricity market. Ability to sell the produced heat to the DH
network or to the industrial customer makes the CHP plant electricity price much more competitive. When the CHP plant
can sell the produced heat then this income will be added on top of the electricity income. This in return allows the CHP
plant electricity price to be lower than the average market price.

Heat market enables the CHP plant to exploit the total efficiency for its benefit. However maximizing the total efficiency
decreases the electricity share in the total energy production mix and this share is lower than in conventional condensing
power plants. Therefore with the same primary fuel the condensing power plant electricity price is lower and it can sell its
electricity on the spot market whereas the CHP electricity offer is not accepted due to too high price. The price formation in
the electricity spot market depends on numerous aspects, but as explained above the average electricity spot price level is
too low for the biomass CHP. In the traditional condensing power plant the electricity output is maximized sacrificing the
efficiency of total primary energy usage. In order to run the CHP plant electrical output even more than the available heat
load would allow then a criterion 5 below which is in accordance with equation 1, have to be full-filled:

Weextra 'R; + WhEXIVa Ph > W;«VW” Pf s Eqn (5)

where W,“"“ is the additional electricity produced due to the increased heat load in MWh,, W, is the additional artificial
heat load in MWhy,, P, is the price of the heat in €/ MWh, W is the required additional fuel for the bigger load point in
MWh. The price of the additionally produced heat can be either negative or positive depending if the additional heat is
commercially needed or it is just cooled down. If it is cooled down (condensed) then there is negative cost for the
condensing operation itself, i.e. electricity cost of the fans, etc operational condensing costs. If it is commercially needed for
the cooling then there is a positive price for that additional heat. In this study the available cooling demand is covered by the
additional heat which is produced in the CHP. When converting some of the CHP heat production to commercially needed
cold water the plant becomes a CCHP.

Heat, which is consumed for commercially needed cooling, price can only be determined by the alternative cost
compared to costs occurring with traditional chillers or air conditioners (AC-s). Usually there is no market for cooling and
hence no market price for cooling because there is no district cooling networks. The cooling energy price can only be
calculated by the savings it gives to the facility when it switches over from the electricity driven local cooling to the central
excess heat based cooling. Therefore the excess heat income can be written in equation 6 as follows:

WE-PE=8,40+Spcs Eqn. (6)

where P,€ is the price of the heat which is used for the absorption chiller in €/MWh, S, is the operational cost savings with
the absorption chillier compared to reference case electricity based air conditioning in €, Spc is the operational cost savings
with the absorption chillier compared to reference case electricity based process cooling (PC) in €.



In order to define the savings then two different scenarios have to be compared. What are the operational cost of the
reference case AC and PC when this cooling is produced separately by the electricity driven applications and what is the
operational cost of the absorption chillier based cooling. The savings can be calculated according to the equations 7 and 8:

Sy =(C=C )R, +P;), Eqn. (7)
Spe =(CXC=C® )P+ P ), Eqn. (8)

where C,*C is the reference case AC’s electricity consumption in MWh, CA% is the absorption chiller based system
electricity consumption in MWh, C,” is the reference case PC electricity consumption in MWh, Py is the remaining
marginal electricity consumption cost in €/ MWh.

Since the consumer has various price components on the purchased electricity then these components have to be taken
into account. They are separated from the electricity spot price due to the reason that the spot price is given for each hour
separately throughout the year, but the remaining components are most likely fixed by the regulation. However these
components vary significantly through different countries and locations therefore they cannot be clearly written in the
equations. It rather depends on the location specific regulation. For example the MWh which is purchased through the
public network includes the retail cost, balancing cost, system operator transfer cost, distribution operator tariff, mandatory
government taxes, etc direct costs. In most of the places these costs can be even higher than the electrical energy itself.
However if the facility consumes the electrical energy which is produced on the site directly then only some of these
components can be added, like taxes because the electricity is not purchased through the public network. Therefore in order
to determine the facility electrical energy savings the location specific marginal electricity cost Pr has to be taken into
account case by case.

It has to be outlined that heat based cooling which is based on the absorption chillier has a size based cost-effect. It can
be assumed that a small cooling capacity can be full-filled much more efficiently locally with the electrical AC, rather than
provide cold water from distance which requires additional water pumps and etc. operational energy and hence higher cost.
If all the extra heat W, is consumed by the absorption chiller then equation 3 could be rather written as follows in
equation 9:

WP+ 840 +Spe >WFT Py, Eqn. (9)

This means that the CHP plant will run on market conditions with the higher electrical load if the savings from the
absorption chiller usage together with the additional electricity income are bigger than the cost of the extra fuel. In biomass
based power plants there is usually in the European Union always some subsidies involved [23]. Absorption chiller based
cooling enables the CHP plant to increase electricity production and hence receive the additional subsidy income on top of
the electricity price as shown in equation 10:

Wefzxtm (Re + SR)+SAC + SPC > Wfaxtrtl ‘Pf s qu’l. (10)

where S; is the case by case specific subsidy in € MWh, received by the producer according to the regulation. Since the
feed-in tariff based subsidy do not require the producer to participate on the electricity market then this type of subsidy is
not taken into account in this research. In equation 10 the so called feed-in premium is considered.

There are no restrictions to run the CHP plant on condensing mode, but in that case the plant has to manage with market
conditions. This however is not possible in the Estonia or other Baltic States where the fuel cost is higher than income from
electricity [24-26] as per equation 1. It should be noted that the profitability of exploiting heat based cooling opportunities is
strongly affected by the local energy policies and therefore is a subject to the energy policy changes.

Usually the standard biomass fired CHP plant total efficiency 7, is higher [22] than normally required 7z [23] by the
regulation in order to receive the subsidy. Therefore the plant can operate in the partially condensing mode at certain higher
range of efficiency as long as the minimum required total efficiency is maintained, criterion 11:

W, +wEkw,
e ¢ h>

s Eqn. (11)
R
Wy

where W, is the additional electricity that can be produced without losing the subsidy and 7 is the minimum required total
efficiency for receiving the subsidy. In that case where the 7, > 7z additional regulatory dependent electricity production
can be written as follows in equation 12:

W AW (P +Sp)+ S 40+ Spe > Wi - Py Eqn. (12)



The optimization algorithm for the total CCHP plant operational profit maximization can be written in equation 13 as
follows:

mwfé](Wa Py +Sp)+ WPy + WS P - i 'Pﬁ)’ Eqn. (13)
where ¢ is the time period of one hour.
4. Possibilities in the wood industry CHP-s
4.1. Key figures describing the facility under investigation

This section uses the method developed in previous section to investigate excess heat utilization for cooling purposes and
find the economical feasibility of the cooling process. The wood industry located in Estonia is under investigation. The
industry main production activity is wood processing. Therefore the facility needs the heat for the drying process and
cooling air to cool down the final product. Additionally cooling is also needed for the utility and office rooms which is at
the moment done by local air conditioners. The industry also operates the on-site CHP plant which produces the required
heat for the drying process. The key parameters of the industry under investigation are summarized in the Table 1.

However since the drying process requires less heat in the summer time due to the higher ambient air temperature the
excess heat is left over. Figure 1. illustrates the actual heat production profile for the industrial CHP under investigation.
The studied CHP plant is built with a backpressure turbine making it impossible to adjust the heat production without losing
the electrical output. Therefore the decrease in the heat output also decreases the electricity output. At the same time in
Figure 1. is also included the modeling results of the possible cooling capacity that could be added on top of the overall heat
load. The remaining peaks which still have excess heat available can be simply cooled down with the dry coolers which are
installed in the CHP plant while still maintaining the required minimum 75% total technical efficiency.

During the times of higher ambient temperature the drying process uses less heat. On the other hand the higher ambient
air temperature requires more cooling energy to cool down the industrial product which is more energy intensive when the
temperature rises. Therefore this makes the cooling demand ideal substitute for the heat consumption decrease. In the Figure
1. there is also some normal operation dips which are either caused by planned or unexpected maintenances. Due to the
reason the modeling uses the case study facility actual historical data these dips are not taken out from the profile and are
not meant to be filled with cooling load either. These dips are rather shown as a part of the modeling results.

Table 1. Key figures of the industrial facility under investigation

Input data Variable  Value Unit Source

CHP electrical output capacity /8 6.50 MW, Case study industry
CHP heat output capacity /3 18.00 MW, Case study industry
CHP total efficiency s 0.89 Case study industry
Fuel price Py 12 €/MWh [24-25]

Subsidy, feed in premium 53.7 €/MWh, [27]

Price (savings) for cooling Sc 0.00 €/MWh Case study industry
Process cooling airflow 90 000 m’/h Case study industry
Process cooling temperature 5 °c Case study industry
Heat exchanger efficiency 0.85 Case study industry
Air conditioners (AC) capacity 0.334 MW, Case study industry
AC Load factor, t>10°C 1 Case study industry
AC Load factor, -10°C <t<10°C 0.75 Case study industry
AC Load factor, t <-10°C 0 Case study industry
Absorption chiller efficiency Nass 0.75 Case study industry
t° below full heat load required tmax 10.00 ’c Case study industry

Investment cost of the absorption chiller 170 000 €MWy, Case study industry
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Fig. 1. Case study facility actual heat consumption profile where the added cooling load can help to even out the heat consumption in summer period.

From Figure 1. can be seen that the majority of the heat is used by the heat consumer which is the dryer unit and the heat
valleys are covered by the cooling demand in the summer period. The combined heat load makes the production profile
much more close to the base load plant profile. This in return allows more stable operation. The actual case study facility
excess heat volume relation to the ambient air temperature is shown on the Figure 2. As explained above in order to

maximize the electricity production the dry coolers are necessary to cover the reaming excess heat peaks which cannot be
covered by cooling load.
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Fig. 2. Case study facility existing excess heat production relation to the ambient air temperature.

The excess heat deviation in the same ambient air temperature range is caused by the different operational influences. For
example if the heat consumer has more pollution like dust in the system the heat transfer is poorer and hence the more
excess heat is left over. Therefore the auxiliary cooling devices would also improve the reliability of the system.



4.2. Wood industry case study

In Nord Pool Spot market Estonia area small scale CHP plants cannot run on condensing mode in the market conditions
because the fuel cost exceeds the electricity market price. According to the Estonian statistical database and state forest
sales prices the average biomass fuel price was 12 €/ MWh [24-25] in 2012. At the same year the average electricity market
price was 39.2 €/ MWh [26]. If the CHP total technical efficiency 7, is 89% then the fuel consumption on full load is 27,5
MW. According to the equation 2 this makes the electrical efficiency 7, 24%. This means that the 24% of the primary
energy is converted to the secondary energy, in this case electricity. With this electrical efficiency the power plant short
term marginal cost would have been 50.0 €/ MWh, which significantly exceeds the electricity price. Traditional biomass
fired small CHP plant would not be operating in these conditions.

Currently the industry has 0.3 MWy, of cooling load for utility rooms and office which is at the moment cooled with
electrical air conditioners. The wood processing requires also 0.8 MWy, of cooling load to cool down the product. At the
moment it is cooled down with outside air and not using the chillers. However if a heat exchanger would be used the
electricity consumption of the fan would be lower. The company also loses some of the quality of the product due to the
lack of cooling capacity during summer period. In total the existing cooling demand is 1.1 MWy, However in order to
convert this cooling capacity from the heat network and taking into account the conversion factors, the total cooling load in
heat network would be 1.7 MWy, as shown in the Table 2. As it can be seen from the Figure 2. the excess heat production
can be up to 7.8 MWy, which exceeds the cooling demand. Therefore the remaining 6.1 MW, excess heat has to be cooled
down by the dry coolers shown in Figure 3. in order to maximize the electricity production.

The industry under investigation operates the CHP plant with the output power of 6.5 MW, and 18 MWy, throughout the
whole year, stopping only for annual maintenance. The heat is used currently 100% in the drying process of the same
company. However in the summer time the heat demand for the drying process decreases due to the higher ambient air
temperature. At the same time the cooling capacity rises for the electricity rooms cooling and for the process cooling. The

proposed system for the developed industrial three generation is shown in the Figure 3.
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Fig. 3. Proposed technical solution for the Industrial CHP cooling system.

In Figure 3. the proposed process diagram is shown for the case study facility. Instead of using all the heat in the dryer
and being dependent of the dryer heat consumption, the CHP can be run also using the excess heat in the cooling demand.
For the cooling demand the absorption chiller is needed in the conversion of the heat to the cold water. In case the cooling
load is not sufficient enough to maximize the electricity production the dry coolers will start to work to cool down the
remaining portion of the heat and maximize the electricity production and hence the profit.

4.3. Results
Case study industry calculation results for the cooling energy production are given in the Table 2. As it is shown the

payback time for the absorption chiller is less than 6 years. In addition to that there is an environmental saving through less
used primary fuels.



Table 2. Case study industry calculation results

Output data Variable Value Unit
Required process cooling 1346 MWhy,
Process cooling load Wpe 1583 MWhy,
Air conditioners load Waic 2491 MWhy,
Total cooling load 4074 MWhy,
Heat demand for cooling W;f 5432 MWh
Heat demand for drying W, 147 507 MWh
Excess heat 6180 MWh
Excess heat peak 7.8 MWy,
Heat for cooling 2927 MWh
Cooling load peak 1.7 MWy,
Additional condensation need 3254 MWh
Condensation peak 6.8 MWy,
Additional electricity production 1057 MWh,
Additional electricity income 105478 €
Additional fuel consumption 4476 MWh
Additional fuel cost 53708 €
Additional profit 51770 €
Payback time 5.6 Years

The above case study calculations are done with the assumption that no heat is wasted or condensed. The payback time
for the absorption chiller is calculated on the additional useful heat load that it provides. The savings are counted as 0,
because due to the small scale cooling demand there is no size effect and the operation cost of the absorption chiller are as
bg as the existing cooling equipment operation cost. If the existing cooling devices are replaced by the absorption chiller
then there will be also some electricity consumption involved — cold water pump, absorption chiller own consumption etc.
Therefore in this study the electricity consumption is neutral when making the transfer from existing electricity driven
cooling system to the absorption chiller based cooling. The main income in this study comes from the CHP increased
electricity production.

For the purpose of the simplification of the calculations in this study the capital cost and the interest rates were not taken
into account. If some additional field tests are done then these can be taken into account in future studies. In case there will
be some operational savings involved then this makes the feasibility even better.

It should be noted that this study was performed by taking into account the existing subsidy mechanisms and therefore
the results are dependent of the energy policy. In case the energy policy should change the results can differ as well.
However the developed method is still valid in any case even when there is no subsidy mechanism involved, because the
equations can still be used for the feasibility study. The developed method is not dependent of the subsidy mechanism, but
rather takes this into account, because it plays a key role in the case study calculations. However the developed method can
be used in any CHP system conversion calculations. This study focused only on the producer aspect and did not take into
account the indirect influence for the other market participants or wider aspects to the national energy mix.

5. Conclusion and future work

The traditional CHP plant can be converted into a CCHP plant if sufficient cooling demand is available. This study
developed a method to calculate and assess the effectiveness of the CHP conversion to a CCHP plant. Actual case study was
performed on the existing wood industry facility which operates the on-site CHP plant. Case study facility actual data was
modeled for the calculation purposes. The investment payback time for the absorption chiller based cooling technology was
found to be less than 6 years. Using the absorption chiller enables a CHP plant to become a CCHP plant which also
produces more electricity in summer period due to the increased overall heat load. Additionally producing the cooling
energy from excess heat means also savings in the environmental aspect through savings in primary fuels.



In future the developed approach should be studied on the similar industrial CHP-s which have a constant cooling need
and compare it to the results found in this study. Furthermore an actual practical case study conversion should be made in
order to compare the practical results with the theoretical results found in this paper. The practical conversion tests would be
especially necessary to compare the heat based cooling operational savings with the traditional cooling.
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Abstract. This study investigates and analyses the methodology for introducing cleaner wood
pellet production. A statistical model is developed for the energy consumption analysis.
Efficiency indicators have been chosen which allow determining the impact on the production
process. The developed model can be used in other similar type of industries. This study has
processed large empirical data with statistical methods in order to establish the efficiency
indicators. The modelled results enable to define the indicators which lead to higher efficiency
and hence to the cleaner production.

Key words: Energy efficiency, energy optimization, improvement of the production process,
industrial process.

INTRODUCTION

Production of wood pellets in the Baltic countries has been growing (Mola-
Yudego et al., 2013) as new large and small scale facilities emerge. Cogeneration
plants are added next to the most advanced production sites of wood pellets in order to
improve the production efficiency and secure cleaner production (Anderson & Toffolo,
2013; Kohl et al., 2013). The concept of cleaner production comprises the aspects of
resources consumption. Reducing the resources consumption is an essential tool for
industrial production. Efficiency is the basis for analysing and developing guidelines
for continuous improvement in the production process (Song et al., 2011). At pellet
production facilities, these resources are biomass, which is the raw material for pellets,
and fuel for energy production, electricity, heat, and water. The contribution of this
study is to develop a model for efficient use of these resources.

The second section introduces the materials and methods; the 3™ section outlines
the modelling study results and includes the discussion. The 4" section concludes the
study and makes recommendations for future work.

633



MATERIALS AND METHODS

Production description

When wood pellets are produced, they have to comply with generally accepted
quality standards. Only clean sawdust can be used for production. The sawdust may
not contain any impurities, it has to be dry, free of any sand, abrasive particles and
chemistry. The produced pellets must be mechanically robust, should not contain any
small sawdust particles, and have to be free of any foreign objects.

Damp sawdust is the basic material for the production of wood pellets. After
additional processing, cellulose fibre and technological wood chips can also be used
for the production. Processing of wood chips takes place at a special cutting device.
The system of the cutter consists of a range of electrical machines like chippers,
peelers, conveyors, ventilators, hydro devices, etc.

The wood chips that are made of branches and bark can be used as fuel and are
combusted for production of flue gases and for energy production in the cogeneration
plant. The furnace system in the flue gas production consists of several electrical
motors that power the equipment for ensuring operation of the furnace, i.e. heating,
cooling, feeding of fuel, ventilators, valves, and hydro machinery. The heat from the
cogeneration plant on the other hand is transferred to belt-type dryers. The biggest
electricity consumers of belt dryers are ventilators, which suck heated air through
sawdust.

Sawdust needs to be dried to obtain the required humidity level for the production
of wood pellets. Dried sawdust material is dosed to a hammer mill where the sawdust
is crushed. During the milling process, dried sawdust is turned into small particles and
dust, a uniform substance is obtained. The milling system consists of several electrical
motors that power the equipment to ensure milling of sawdust, i.e. heating, cooling, a
dosing device, a ventilator, a worm-type transporter, a mill, and hydro machinery.

In the granulating device, there is a process during which the mix of sawdust is
delivered into two pressing rolls and a rotating matrix. The process results in
production of hot pellets with a diameter of 8 mm. The following process is cooling
and screening, where the pellets become hard and are cleaned of any dust. After this
process, the pellets are ready for storage and transportation. The granulating system
consists of several electrical motors that power the equipment, i.e. conveyors, suction
devices, coolers, worm-type transporters, a vibrant-sieve, dosing devices, a mixer, a
central lubricating system, and presses. On Fig. 1 the operational scheme of the pellet
production facility with indications to analysed data is shown.
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Figure 1. The operational scheme of the pellet production facility with the analysed indicators.
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If power consumption at an industrial production facility is reduced, the share of
generated electricity available for sale on the electricity market increases. Optimization
of the production of the entire facility reduces the electricity bill of the pellet plant and
increases the revenues from electricity sales.

This study will provide an analysis of power generation at a cogeneration plant,
P _E. The target is to find the factors which have an impact on the power generation
and therefore, once these factors have been defined, the next step is to optimize the
production accordingly. Table 1 shows the list and explanations of the analysed data.

Table 1. Analysed data

Abbreviations  Explanation Unit

C CHP Cogeneration plant power consumption kWh

C Dryer Power consumption of the belt dryers kWh

C Pellet Power consumption of the pellet production kWh
facility, excluding the belt-type dryers

E1=C DP Power consumption of granulation kWh

C Total Total power consumption kWh

P E Produced electricity kWh

P EG Produced electricity to grid kWh

P Pellet Produced pellets t

P F Sawdust crushed in the cutting device m’

C DP/P Pellet Power consumption per produced ton of pellets kWh t!

C CHP/P E Power consumption per generated KkWh kWh kWh'!

Analysis and data processing

Authors (Savola et al., 2007; S6derman & Ahtila, 2010) have used the modelling
programme MINLP, MILP or simulation software (Mikita et al., 2012; Mobini et al.,
2013). In this study, the empiric data was processed by applying statistical methods for
data processing, correlation, and regression analysis. By means of a correlation
analysis, the mutual link between two values and its strength are determined. The
regression analysis is used for identifying the statistical importance of the multi-factor
regression model and its coefficients (Blasnik, 1995).

The computer software STATGRAPHICSPIus was used for statistical processing
of the data and development of the multi-factor empiric model. A similar model has
been developed by other authors (Revina, 2002; Beloborodko et al., 2012).

In order to select the type of the regression equation, the linkage of the parameters
by means of performing the correlation analysis is established by a single-factor linear
model. The strength of the mutual link between independent and dependent random
variables (correlation) can be assessed by means of a correlation coefficient. In case of
a single-factor mathematic model, the Pearson's equation (1) is used for its estimation:

r_2ﬁ1(x1_x)'(3’1_3’) )
 (m—-1-5.S,

where: x; and y; are the independent variables and pairs of their corresponding
dependent variables; x and yare the arithmetic values of independent and dependent
variables; S\ and S, are the variables of the selection dispersion.
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Correlation coefficients were used for evaluating the accuracy of the mathematic
models describing the strength of the correlation. It is assumed that a correlation is
good if the correlation coefficient is above 0.8. It should be noted that in software for
statistic processing of data, the squared correlation coefficient is usually calculated.
When the value R’ is multiplied by 100, the value that characterises the changes of
dependent variables is described by the resulting empiric equation. For example,
R>=0.9 indicates that the relevant regression equation characterises 90% of the
changes of the dependent random variables.

Correlation analysis of produced electricity
In this study, the purpose is to analyse the operation of the production facility and
find the correlation between produced electricity P _E and the following parameters:
e  Cogeneration plant power consumption C_CHP, kWh;
Power consumption of the belt dryers C_Dryer, kWh;
Power consumption of the pellet production facility C Pellet, kWh;
Produced pellets P_Pellet, t;
Crushed sawdust P_F, m’.

RESULTS

Only the graphs where correlation between the values of dependent variables and
independent variables can be seen are presented below. The dependence of electricity
generation on the auxiliary power consumption of the cogeneration plant C CHP is
presented in Fig. 2.

Plot of Fitted Model
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Figure 2. Produced electricity P_E depending of the CHP power consumption C_CHP.

In Fig. 2, it can be seen that there is a good mutual correlation between both
variables. The value of the squared correlation coefficient as determined by the analysis
is R*=0.75 and the correlation coefficient R = 0.87. The relationship between the
variables is non-linear and it is defined as follows, (2):
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P _E = 1/(-3.29065E-7 + 0.127262/C_CHP), )

The Eqn (2) explains 75% of the analysed changes in the data and it can be used
for approximate calculations. 25% of generated electricity should be explained by the
impact of other parameters.

The analysis of the data correlation shows that there is a certain correlation
between the produced electricity P E and the power consumption of the pellet
production facility C Pellet. The changes of the values are presented in Fig. 3.

Plot of Fitted Model
P_E = sqrt(1,95323E11 + 4,76264*C_Pellet”2)
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Figure 3. Produced electricity P_E depending on the power consumption of the pellet
production facility C_Pellet.

The mutual correlation of the analysed variables is described by the value of the
squared correlation coefficient R* = 0.71 and the correlation coefficient R = 0.84. The
relationship between the variables is non-linear and it is defined as follows, (3):

P E = sqr(1.95323E11 + 4.76264 - C_Pellet), 3)

The mutual correlation of the variables is slightly lower than the correlation to the
CHP electricity consumption. Eqn (3) explains 71% of the changes in the studied data.
The impact of other parameters is higher, e.g. 29% of the electricity generation. The
review of the correlation of other parameters demonstrates that there is no considerable
correlation. Therefore, in further multi-factor regression analysis, the changes in the
dependent variable of the produced electricity depend on two factors, i.e. the
cogeneration plant power consumption C CHP and the power consumption of the
pellet production facility C Pellet, Eqn (4):

P E = f(C CHP, C Pellet), (4)
The performed correlation analysis of the data makes further regression analysis

easier, as the set of factors that needs to be included in the multi-factor regression
equation has been established.
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Regression analysis of the data of power generation

The regression analysis is aimed at obtaining an empirical equation that would
provide a quantitative description of the power generation depending on the indices
that characterise the operation of the pellet production facility. These characteristics are
statistically important and would serve as the basis for improving and evaluating the
energy efficiency of the production facility. The regression analysis defines the
accurate quantitative parameters of the change in random variables, i.e. explains the
importance of the stochastic link by functional relationships.

The sequence of the regression analysis was as follows:
e the rule of the distribution of the dependent variable, i.e. the produced electricity

P _E, was verified;
e the regression equation was established by applying the smallest square method;
e  statistical analysis of the obtained results was performed.

The results of a regression analysis are correct if the rules for its application are
complied with (Beloborodko et al., 2012). The number of rules is high and they cannot
always be fully followed in practice. There are several main preconditions behind the
application of the regression analysis. The use of the regression analysis of the data is
correct if the normal distribution law is applicable to the dependent variable (produced
electricity P_E). This requirement is not applicable to independent variables. The
above means that the analysis starts with establishment of the distribution of dependent
variables and the analysis may be continued if this distribution complies with the rule
of the normal distribution. The results of verification of the rule of distribution are
presented in Fig. 4. Normal distribution within logarithmic coordinates is graphically
presented by a line. As can be seen in Fig. 4, the analysed data are placed close to the
line in the graph. It means that the distribution is close to the rule of normal distribution
and the application of the regression analysis is justified.

Plot of P_E
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Figure 4. Distribution of the produced electricity P_E values.
When empirical models are developed in the form of the regression equation, several

issues have to be solved. Whether the model comprises all the independent variables
describing the analysed phenomenon and whether the model does not comprise unnecessary
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and non-essential variables, thus making the model too complicated. The answer to the
above questions is provided by evaluation of the statistical importance of the variables
contained in the model and the dispersion analysis of the model (Beloborodko et al., 2012).

The regression equation that is used by the author does not contain the effects of
double and triple interaction of independent variables and is as follows in Eqn (5)
(Beloborodko et al., 2012):

y=b0+b1x1+b2x2++bx=b0+ bl'xl, (5)

n
i—1

i

where: y is the dependent variable; 4, is the free member of the regression; b,.. b, are the
regression coefficients and x;..x, are the independent variables.

The regression equation that corresponds to the Eqn (5) and was obtained as the
result of statistical processing of the data and contains statistically important
independent variables, as in Eqn (6):

P_E = b() + b] . C_CHP + b2 . C_Pellet (6)

The values of the coefficients of the regression equation and their statistical values
are presented in Table 2.

Table 2. Coefficients of the regression equation and their values

Coefficients b; Values t statistics P value
Constant by -5.27157 -2.36019 0.0360
Coefficient b, 9.39524 4.27046 0.0011
Coefficient b, 1.42205 4.10665 0.0015

In the data processing, the level of importance P = 0.1 was selected and it corresponds
to the probability of credibility 0.90. For the purpose of evaluation of the importance of the
coefficients by.....b, of the regression Eqn (6), the ¢ criterion with the Student's distribution
with ffreedom levels is applied in Eqn (7).

f=m-(n+1), (7

where m is the volume of the data which is the subject of the analysis, » is the number of
independent variables in the regression equation.

The level of freedom is defined in Eqn (8):
f=m-n+1)=12-2+1)=9, (8)

The value of the # criterion corresponding to these values as taken from the tables of the
Student's distribution is #,=1.9. As can be seen from Table 2, the relationship (Blasnik,
1995) > ¢, is valid in all cases. It means that all the parameters are important and should be
maintained in the equation.
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The study has resulted in obtaining a regression equation that defines produced
electricity depending on the data of the production facility, i.e. the cogeneration plant power
consumption C CHP and the power consumption of the pellet production facility
C Pellet in Eqn (9):

P E=-527157+9.39524+ C_ CHP + 1.42205- C Pellet, )

The value of R* as determined as the result of statistical processing of the data which
was established in the empirical model equals 0.83. It means that the established model (8)
explains 83% of the change in the analysed data. The remaining 17% refer to independent
variables that have not been included in the equation or defined in the study or the effect of
their mutual interaction.

Evaluation of adequacy of the regression equation

Evaluation of the adequacy of the equation (9) is performed by means of the dispersion
analysis by applying the Fisher's criterion F. For this purpose, the relationship between the
dispersion of the dependent variable and the balance dispersion is analysed, Eqn (10):

Sy (f,)
Sitl(fz)

F(f.f,) = (10)

where: §°,(f1) is y dispersion of the dependent variable and S*(f>) is the balance dispersion.

The balance is defined as the difference between the dependent variable and the value
calculated by means of the regression equation y; — Vigy-

The value as determined by means of the dispersion analysis performed by the software
is F=19.16. The obtained value is compared to the table value of the criterion, which is
determined by applying the values of the freedom levels, Eqn (11):

fi=m-1=12-1=1landfr=m-n=12-2=10 (11)

The table value of the Fisher's criterion is Fip. =2.9. As can be seen, the relationship
F > F is valid and it means that the Eqn (9) is adequate and can be used for describing the
analysed data within the framework of their change:
e  For produced electricity from 0.65 to 1.72 GWh per month;
e  For the CHP power consumption C_CHP from 0.07 to 0.12 GWh per month;
e  For the power consumption of the pellet production facility C Pellet from 0.36 to
0.75 GWh per month.

Verification of the rules of correct application of the correlation analysis

When following establishment of the regression equation, it is possible to perform
verification of the rules of correct application of the regression analysis based upon a
range of other indices. These are autocorrelation, multicollinearity and
heteroscedasticity.
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By means of application of the Durbin-Watson's (DW) test, in the course of
statistical treatment of the data and the data analysis, the DW criterion has been
established. Its value equals 2.3 and exceeds the marginal value of 1.4. This means that
there is no considerable autocorrelation of the balance and assessments of the values by
means of the smallest squared values method in the course of the analysis are not
performed.

The verification has been performed by analysing the correlation matrix of the
coefficients calculated by means of the regression equation, presented in Table 3.

Table 3. Correlation matrix of the coefficients of the regression equation

Coeft. Const. C CHP C Pellet
Const. 1.0000 -0.7155 -0.3338
C_CHP -0.7155 1.000 -0.4095
C Pellet -0.3338 -0.4095 1.000

The analysis of the correlation matrix of the coefficients of the regression
equation demonstrates that there is no considerable correlation between the coefficients
and independent variables. This is attested by the low values of the correlation
coefficient in Table 2. The values presented in the Table are below 0.5 or close to this
level, and this means that the evaluation of the coefficients of the regression equation is
correct.

The verification of the heteroscedasticity has been performed by means of graphic
analysis of the distribution of balances depending on the cogeneration plant power
consumption C_CHP. If an increase of variations can be seen in graphs (the points
form a triangle or a wedge), it means that there is heteroscedasticity. The distribution
of the balances is presented in Fig. 5.
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Figure 5. Distribution of balances depending on the cogeneration plant power consumption
C_CHP.
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In Fig. 5, it can be seen that there are no considerable changes in the distribution
of balances depending on the cogeneration plant power consumption C CHP. The
values of the balances are similar along the whole range of changes in C_CHP. The
distribution of the balances has been analysed based on other factors. In all cases, the
conclusion has been that there is no heteroscedasticity and the standard error has been
identified correctly.

One of the types of verification of the regression equation is related to the
verification of the signs of its constituents and the fact that there is a logical
explanation behind them. The identified changes in the equation from the physical
essence perspective are described in the processes. In the regression equation for
determining the produced electricity P_E (9), the signs of all the parameters are
positive and an increase in their values causes an increase in produced electricity P _E.
When the CHP power consumption C CHP is increased, the produced electricity
increases because, for a power plant to be able to generate more electricity, it has to
consume more resources. The visible trends comply with the essence of the processes
and there is a logical explanation behind them.

The question as to how complete is the correlation between the results calculated
by means of the regression equation and the analysed data is among the basic questions
regarding the use of empirical equations. It can only be stated in the case of satisfactory
correlation that the model adequately describes the situation in practice and its use for
simulating the situation is correct. For the purpose of verification of the adequacy of
the empirical equation, the empirical and calculated data have been compared. The
graphic presentation of the data comparison is in Fig. 6.
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Figure 6. Comparison of the analysed and calculated data of produced electricity.
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As can be seen from Fig. 6, there is a good correlation between both data sets. If
the calculated value corresponded accurately to the surveyed data, the points would be
located on the line in the figure. There is an increased dispersion of points at low
values of the reduction of power generation.

CONCLUSION AND FUTURE WORK

Using the statistical processing and applying the methods of regression analysis,
the most important factors describing the operation of the production equipment were
identified. The relationship between the produced electricity and the parameters
impacting this is defined by the regression equation which was obtained during the
data processing. During the regression analysis, tests were performed at every stage
regarding the correctness of the implemented steps.

According to the performed analysis, the electricity produced is determined by
two statistically important parameters, cogeneration plant power consumption and
power consumption of the pellet production facility. The adequacy of the equation was
verified by applying the Fisher's criterion. The equation describes 83% of the changes
in produced electricity.

This study has shown that there is a possibility to find a good equation which
describes some independent values using variable values. This study shows that there
is a possibility to make a model which describes all factory processes. This additionally
enables to use this model for demand side management and hence improve the
economic feasibility of the facility.

In future, this task should be studied further. More data must be gathered about
another values, analysed and put in a model which can describe factory work.
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Abstract--This paper presents the results of a study carried out
with the help of industrial consumer who is willing to shift their
electricity consumption in time. The aim of the study was to
develop an optimization model for a specific load cycle in an
industrial process e.g. a wood chipper. The paper covers the
main aspects and assumptions used to assess the possible de-
mand side management revenues for the industry. The model is
used to optimize the wood chipper’s operation schedule accord-
ing to the day-ahead spot market price information. The devel-
oped model and its results could be used by the industry as an
input for optimizing its production cost for any industrial (sub)
process under the open electricity market conditions.

Index Terms--Demand side management, price based control of
industrial processes, load shifting, peak demand.

1. INTRODUCTION

The European Union’s (EU) climate policy together with
the liberalization of the electricity and energy markets are
creating numerous challenges and opportunities for the market
participants. On the electricity market the price of electrical
energy is determined for each hour separately. As in most of
spot markets, the electricity price can vary significantly within
a single day. Peak consumption hours are generally more
expensive than off-peak hours during night, therefore creating
an opportunity for the consumer to gain benefit from shifting
the load.

Optimizing the electrical load according to the electricity
price is one of the key measures to lower the production cost
in the industry. Fig. 1 illustrates the control principle of an
industrial process according to market prices. Due to the dis-
persion and variability of the market price two scenarios are
studied according to the data available — control according to
the average historical price (s1) and in addition the possibility
for load shifting according to the day-ahead market prices (s2)
in order to gain additional benefit from actual price peaks and
dips. The actual control range will be limited by the physical
parameters of the production line i.e. power and output of the
machinery and capacity of the intermediate storage.
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Figure 1. Dispersion of the stochastic market price allows two different
load control methods; WD — work day, LS — load shift, s1 — scenario 1 and
s2 — scenario 2.

Within this context, the authors are investigating a large
electricity consumer’s production line optimization possibili-
ties which in future could also be adapted to domestic con-
sumers. An optimization method has been developed and
studied that allows the consumer, whether industrial or domes-
tic, to lower their electricity cost. The results of this paper will
cover two scenario analysis based on historical market data.
The paper has been divided into five sections, with section II
giving an overview of the topic under discussion and describ-
ing the optimization principles. Section III describes the pos-
sibilities in the studied wood industry. Section IV will summa-
rize the modelling results. Finally, section V concludes the
main results of the paper and discusses over research possibili-
ties in the future.

1L OVERVIEW OF THE TOPIC
A. Previous Research in the Field of Load Shifting

Availability of energy storages allows the consumers to
shift their load. Energy storage possibilities have been studied
extensively by Furusawa et al in [1]. The authors of [1]-[3]

978-1-4799-2984-9/13/$31.00 ©2013 IEEE



have shown that by using any kind of energy storage, it has
always a positive effect on the cost and profit. In addition, the
market participant who can utilize any available storage will
always have an advantage compared to other competitors who
do not have such an opportunity. Torriti in [4] demonstrates
that the consumers are willing to shift their load if there is an
economic benefit in for them.

Several papers [5]-[7] have indicated that the future energy
network will be based on smart grid applications, which will
include vast sources of renewable energy. In such systems the
consumer is expected to control its load and make decisions
according to the situation in the system. From the one hand
this will optimize the infrastructure and control of the energy
system and on the other hand it will enable the consumer to
reduce its energy bills.

Auviirt et al. in [8] have analysed the influence of the de-
mand side management under the open electricity market
conditions in the Nord Pool Spot market area. The study indi-
cated that there is a significant difference between the peak
hour electricity price and the off-peak electricity price, thus
making it profitable for the consumer to participate in load
following. The study revealed that it is worth to investigate
consumer storage opportunities because there will always be a
price difference in the peak and off-peak hours.

Papers [4], [9] analyse the time-of-use (TOU) tariff influ-
ence on the peak load shifting. The authors have demonstrated
that the differentiated tariffs trigger a significant load shed and
peak load shifting. The authors of papers [4], [10], [11] also
conclude that the residential load shifting is mainly inhibited
due to human behaviour and their comfort zones, however this
is not the case with industrial consumers as long as they retain
their production norm. Authors in [12], [13], [14] have devel-
oped a mathematical model for a mechanical process with the
aim to maximize the industry’s profit by taking into account
the hourly variations of the electricity price.

The current study is focused on optimizing the timing of a
production process according to the market price. The process
under investigation is the industry’s wood chipping line which
consists of several machines like chippers, peelers, conveyors,
and etc. All these sub processes are considered as a single load
that is controlled separately with load management actions.

B. Key figures of the industry’s load under investigation

The industry under investigation has a wood chipper line
that is semi-automatic and works continuously (for 24/7). The
industry’s process line with the corresponding consumption
loads are illustrated in Fig. 2 The production process is con-
strained by the O/ (the final product output of the plant),
which is determined to be constant by the industry. Therefore
the production has to have constant flow of intermediate prod-
uct that is constrained by the storage capacity W"* and by the
required chipping volume Q,. The flexibility of the control is
determined by the maximum output of the chipper 0" and
storage capacity W. Higher chipper productivity and storage
capacity gives bigger control flexibility for the industry.

Stops in the production process, as illustrated in Fig. 2, are
mainly caused by the individual needs of the certain customers
that require e.g. other type of wood for their product. In the

case where electricity is purchased with a fixed price from the
electricity trader, there is no need or economic motivation to
consider load shifting. However, under open electricity market
conditions and taking into account the TOU grid tariffs, it
should be economically feasible to optimize the consumption
profile in the industry according to the varying price. Addi-
tional costs arising from the load shift should be taken into
consideration.

Chipper Q. (t/h) Production Q,P(t/h

Storage W "

const

0, 4
o _ e

a W

h

Figure 2. A wood industry’s production process and the corresponding
indicators (work cycle, storage capacity, final product output) and their
correlation.

The authors of [15] have proved that their investigated
load is very flexible and can be deployed or stopped within
very short notice. The main limits arise from the production
volumes that have to be met by the end of the day and the
maximum production capacities of the intermediate processes.

The authors of this paper have determined that the electric-
ity cost (E) for a single load under investigation can be mini-
mized with (1).

miQnE{ZP, ~CCH(Q,)+CE(Q,)} ; M

where P, is the electricity price for time period 7, C* is the
output power of the chipper and C is the external cost of the
load shifting e.g. start-up costs, labour costs and etc.

Since the electricity price is a stochastic parameter which
can be different in each day of the year, then P, will be given
for the scenarios s with (2).

minY. Y B -C(Q,)- P(s)+ CF(Q,)» @

TS

where P(s) is a probability of the scenario s.

The restrictions and assumptions are that the profit cannot
be hindered due to the load shifting, meaning that the system’s
global optimum needs to be found for the industry in order to
minimize the electricity cost. The key factor that enables this
optimization to take place is the wood chipper’s production
volume Q, The production volume can be controlled quite
simply between zero and maximum output (3).

0<Q, <O™. 3)

It can be assumed that the more the chipper’s maximum
capacity O™ exceeds the industry’s required material flow
Q’, the higher is the production line flexibility, which in return



gains lower costs. Additional physical constraints arise from
the fact that the storage cannot be overfilled and cannot run
below critical level (4).

Win SW, <™

min < @
where W, is the actual storage volume in the given hour and
W in 1s the minimum acceptable storage volume for the indus-
try due to the production process’ security of supply.

III.  POSSIBILITIES IN THE WOOD INDUSTRY

Wood industry is an energy intensive industry which re-
quires heat and electricity to produce goods. Depending on the
goods, electricity can make up to 4-12% of the manufacturing
costs of the final product [16], [17]. The increasing energy
prices are making the industry to seek opportunities for lower-
ing that cost. Although there are indications that industries are
starting to manage their production according to the market
conditions, it is not yet fully deployed technique.

A. Optimization Model Principles

The goal of this paper is to find and demonstrate the opti-
mization cost effect using intermediate storages on the specific
sub-system in the wood industry. For the purpose of this study
wood chipper line process as a single load control is investi-
gated. The chipping electricity cost is minimized depending of
the electricity cost on the spot market for each given hour.

Two scenarios are studied. In the first scenario the produc-
tion plan has been set for the wood chipper according to the
historical spot market average prices. In that case the produc-
tion plan is fixed and is exactly the same in each day through-
out the year. The advantage of this approach is that the indus-
try can easily adjust the rest of the production’s behaviour
according to the fixed plan of the wood chipper. It allows even
in the low tech industry to optimize machine’s production
costs.

On the other hand the actual spot price dips and peaks
might not be in the predicted range and time. Therefore there
might be a more optimal schedule for production line that
could be utilized instead. If the machinery and the process
behaviour allows, then it could be more efficient to create the
wood chipper’s following day plans according to the day-
ahead electricity market prices.

The second approach gives the industry even a higher cost
optimization possibility because it makes possible to use the
most optimal production plan for the specific day, which is not
ensured with the fixed production plan. The precondition of
that approach is installing information and communication
technology platform that calculates, executes and analyses the
optimized production plan. The simplified production control
is illustrated on the Fig. 3.

To push the optimization even further with the aim to max-
imize the utilization of the available storage space, an electric-
ity market price forecasting model could be used. For exam-
ple, by knowing the weekend prices, it could be useful to take
that into account in the workday production plans. In this case
the storages could be used even more efficiently and the varia-
tion of the storage volumes would be more significant. The

developed optimization approach within this study allows the
industry to calculate the exact cost effect of the load shifting
by using their intermediate storages.
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Figure 3. The simplified production control with day-ahead optimization of

the wood chipper’s operation schedule.

B. Wood Industry - Case Study

The industry under investigation operates a wood chipper
with an electrical power of 0.5 MW (C™). The chipper’s
production capacity is 72 t/h (Q"*). The factory itself requires
only 42 t/h (Q,") chipped material in order to produce continu-
ously the end product. The intermediate storage’s total volume
is 7096 t (W"*") and the factory’s management has determined
the minimum required storage volume at 500 t (W™").

The wood chipper’s production characteristic is linear, i.e.
the correlation between electrical power and output capacity is
linear. As a simplification the production characteristic the
wood chipper used in the following calculations is its average
output, which does not take into account differences between
wood types, e.g. softwood and hard wood. The production
characteristic is an actual long time average in the wood in-
dustry under investigation.

The reference scenario for this study is the assumption that
without using any optimization the industry’s wood chipper
working hours are random and/or it works constantly at lower
output. In this case the wood chipper’s electricity cost would
equal to the annual average spot price. However, with the
optimization model the optimal production plan is found for
each day separately and the total annual cost effect is com-
pared to the reference scenario. Within this study historical
market data was used for this comparison and analysis.

IV. RESULTS

The developed optimization model as per (2) is solved us-
ing Microsoft Solver Foundation which uses the Simplex
method. The spot prices are based on the historical Elspot
Estonia price area prices in year 2012'. In the reference case,
where it works at lower output constantly or randomly select-
ed hours, the unit’s electricity cost is found with (5). Note that
as a simplification external costs described in (1) and (2) have
been disregarded.

2R
Ccp=t——
Or
where ¢, is the specific cost of electricity and Qr is the total
annual production in time period 7.
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The chipper’s specific energy cost is calculated because its
actual electricity consumption measurements, on what the
actual costs could be determined, are not available. The indus-
try’s representative has confirmed that the used method’s error
is acceptable and it represents the actual situation as good as
the data provided allows to assume.

The calculated specific energy cost for the chipper which
production curve is not optimized is 0.27 €/t (reference scenar-
i0). For the first scenario where the production process is
controlled by the average historical price optimization algo-
rithm, the unit’s specific cost would be 0.24 €/t (scenario sl).
The results show that when using the above mentioned opti-
mization model the cost of the electricity could be remarkably
decreased. The annual electricity cost reduction for the studied
wood chipper would be 11% lower compared to an existing,
not optimized, production schedule. Fig. 4 illustrates the daily
optimal working schedule for the wood chipper and changes
in the storage volume depending on the average historical
electricity spot price.
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Figure 4. The optimized production characteristics with the changing
storage volumes according to the sport market’s average price (sl).

Fig. 4 clearly illustrates that the optimization algorithm
finds the economically most reasonable production graphic for
the average day, meaning that the algorithm has found the
global optimum for the studied chipper in order to reduce the
electricity cost.

In the theoretical scenario (s2) where the cost for each
hour of the next day is known the chipper’s specific cost could
be lowered to 0.23 €/t as illustrated on Fig 5. Therefore this
last scenario presents the theoretical minimum, which is 6%
lower than the case study for the average price scenario (sl).
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As a result the electricity cost could be lowered as much as
17% compared to the base scenario. Since the Elspot market
in Nord Pool Spot area provides prices only for the day-ahead,
the model cannot take into account the possible changes that
might occur in the longer future. For example, the model can-
not know whether the prices will be lower on the weekends,
thus limiting further optimization without additional forecast-
ing models.

0.27 1.0
08«
=}
- 0.18 06 °
= £
0.09 r 04 5
o2 &
0.00 - 0.0
Base sl s2
¥ Specific Cost| 0.27 0.24 0.23
Relative cost 1.00 0.89 0.83

Figure 5. Comparison between different study cases; s1 — optimization
based on historical market data, s2 — optimization based on day-ahead market
data.

The working schedule that is optimized according to the
day-ahead market price is ideal for additional minimization of
the electricity cost. Capacity for the chipper is determined for
each hour independently throughout the whole year. Ideally
this would be a good example of a well-functioning spot mar-
ket where the consumer could benefit from the system and
system could have a positive influence from the consumer.
When consumer shifts the load into the off-peak hours of the
day, then the electricity system would become more stable and
less peak capacity would be needed. This in return would
lower the cost of the electricity system for the society.

Fig. 6 illustrates that if the electricity price would be
known more than one day-ahead then the usage of the storages
could become even more cost effective. Analysing the histori-
cal long period price fluctuations on the electricity market, the
most profitable shifting periods could be determined. During
load shifts on peak hours and days, the required wood would
be taken from the storage. Additional benefit could be gained
by planning the annual or regular maintenance stops to the
peak periods. This way the storage of physical medium i.e.
wood chips would serve as energy storage during load shifts.
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Figure 6. Warehouse storage dynamics according to s2 over on calendric year with preset storage limits and according to historical market data.



V. CONCLUSIONS AND FUTURE WORK

An optimization algorithm was created for an energy in-
tensive industry in order to manage load shifting under open
electricity market conditions. By implementing the developed
optimization algorithm for a studied industry, the wood chip-
per’s production line energy costs could be decreased based
on historical market data up to 11% and with using day-ahead
market prices and optimization up to 17% compared to the
base case where the chipper is operated randomly or according
to the needs. In addition to the cost benefit from optimization
the industry could use the information and storage dynamics
to determine the best periods to do the monthly and annual
maintenance.

The key for a successful and cost effective optimization is
to utilize the existing physical medium storages that are a part
of the production line. These intermediate storages in the
energy intensive industry’s production line serve as simple
energy storage — during peak hours medium is taken out and
extra energy is not used and during off-peak hours energy is
consumed to produce medium or to fill up the storage. The
utilization of these existing storages provides the opportunity
to optimize the industry’s energy and hence the production
costs without any significant additional investments.

The developed optimization technique should be possible
to be extended to any type of loads, whether industrial or
domestic, with continuous processes and controllable loads
that have any kind of intermediate storages that could act as
indirect energy storages. As a conclusion the electricity cost of
the industry can be remarkably lowered through load shifting.
Future studies will focus on analysing whether it is optimal to
over dimension certain parts of the production line in the en-
ergy intensive industry in order to increase the manoeuvrabil-
ity. Higher capacities in certain parts of the production line
give bigger flexibility to implement load shifting in the open
electricity market conditions.

In addition the studied industry’s whole production facility
(including also the local power plant) should be analysed in a
similar way in order to find the global optimum for the entire
production facility. The final aim is to maximize the profit and
use the developed optimization mechanism for optimizing
other production sites. It should be stressed that main task
would be always to find the profit’s global optimum because
the cost minimization does not always guarantee the highest
profit. Therefore similar studies with energy cost optimum
calculations will be carried out at the industry’s other process
lines using the methods described in this paper. The article has
also shown that the same principle could be launched among
the domestic consumers on much lower scale. However, the
sum of such consumers could contribute to remarkable total
savings in the power system.
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Abstract--This paper represents the preliminary study results
of industrial consumers who would be willing to provide demand
response services for system balancing. Using aggregated load
shifting in a wood industry over the whole Baltic power system
for regulation is discussed. The paper covers the main aspects
and assumptions used to assess the possible demand response
outcomes for the transmission system operator in terms of regu-
lation costs. The aim of the paper is to show that demand re-
sponse can be deployed and consumers are willing to participate
in providing demand response services for the transmission sys-
tem operator, who should use this information as an input for
developing the necessary market entity for balancing services.

Index Terms--Demand side management, demand response,
industrial processes, load following, balancing power, and bal-
ancing markets.

I. INTRODUCTION

HE European Union’s (EU) climate policy together with

the liberalization of the electricity and energy markets are
creating numerous challenges for the current power system.
With the large scale development of distributed and renewable
power plants, the once emerged hierarchical unidirectional
topology of the grid has become outdated. The bidirectional,
variable and unpredictable energy flows in the power system
are making it harder to control and maintain stability in the
grid.

The increasing share of stochastic and unpredictable gener-
ation in the system inevitably increases the need for additional
balancing services to cover the possible mismatches between
demand and supply. In addition, the liberalization of the elec-
tricity market has led to a situation where the migration of
customers from a previously monopoly service provider to
other market participants (so called balance providers) has
occurred. This in return might increase and aggregate their
load and generation forecast errors, thus also requiring addi-
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tional balancing service.

Conventionally, this balancing is done using traditional
power plants. However, with the continuous demand growth
and increasing number of variable generation in the system, it
is questionable how long this approach is economically feasi-
ble. The increasing need for short-term balancing power on
the electricity market provides a new opportunity for consum-
ers. Energy-intensive industrial consumers could participate
more actively on the ancillary service markets e.g., with load
following or providing balancing power1 for the transmission
system operator (TSO).

This paper analyses the possibilities in the Estonian power
system to effectively deploy demand side management (DSM)
amongst energy intensive industries to provide short term
regulating service for the TSO. The study concentrates mainly
on the willingness and possibilities of consumers to provide
DR service and thus the issues with technical platforms will be
addressed separately in future papers.

II. OVERVIEW OF THE TOPIC

DSM describes various measures that can be taken on the
customer side for energy efficiency or conservation purposes
and is thus rather vague term. Instead, the authors of this paper
will use a more specific and widely used term, demand re-
sponse (DR), to analyse the DSM possibilities in the grid. DR
describes more accurately the customer’s actions in response
to particular conditions in the power system (outages, conges-
tions, ancillary services, price, and etc.).

A. Previous Research and Experiences in Europe

Several papers [1-5] have brought out the coherence be-
tween the increasing need for additional regulating services
and large scale variable generation integration into the power
system. Similar tendency has also been observed in the Esto-
nian power system [6].

Authors of [2-5, 7] bring out the importance of energy con-
sumers providing additional balancing services to the system
operator through DR. It is discussed that DR could reduce the
need for balancing and peaking generators with higher mar-
ginal costs, supply balancing service at lower costs and even
decrease the grid investments, leading to reduction of electrici-
ty prices. Although there are mechanisms designed that would
enable demand side actions (such as load shedding) to be

"'In the literature sometimes also referred to as tertiary reserve.



competitive for providing regulation service, traditional supply
side balancing is still favoured.

Torriti et al. in [5] give an overview of the DR experience
in different European countries. Although there are numerous
DR programmes and initiatives within EU Member States, the
EU-wide DR initiative is missing mainly due to the inexist-
ence of a single European energy market. Most of the DR
programmes in place in EU Member States are focused mainly
on large industrial users and miss the benefits possible from a
more comprehensive approach to DR including commercial
and household consumers. It was observed that customers are
lack of means and adequate incentives to respond to DR re-
quirements. Nevertheless, recent developments have reshaped
the DR programmes, which are starting to focus on commer-
cial and residential customers rather than industries.

Palensky and Dietrich in [7] point out that DSM’s main ad-
vantage is that it is financially and economically more promis-
ing to intelligently control consumers for providing balancing
services, than to build new power plants or install energy
storage units. DR and demand shifting could be used more
effectively for system-wide services through a platform, which
would give the consumers the necessary information, such as
actual need for regulating power in addition to simple price
incentives, for scheduling its processes.

Bradley et al. in [8] bring out that deploying DR in the
market can bring positive economic effect and increase the
economic welfare for the society. The authors have brought
out eight core benefits that DR can have on the power system
e.g., absolute and relative reductions in electricity demand (up
to 2.8% reduction in overall consumption and 1.3% shift of
peak demand in the United Kingdom). In addition, by provid-
ing ancillary system services some investments into grid and
plants can be displaced. Several studies analysed in the paper
also indicated vast interest (participation over 75%) on the
customer side to participate in those programs. Large scale
participation in DR may be low without the appropriate shar-
ing of benefits among the parties. In addition, incentives are
needed that lower the participation costs in such programmes.

B. Key Indicators of the Estonian Power System

The Estonian power system is operating in parallel with
power system of IPS/UPS of Russia. In 2012, the total capaci-
ty of installed power plants was 2647 MW, the peak demand
has stayed so far around 1600 MW and is expected to increase
annually approximately 1.8% for the following decade [9].
Together with the other two Baltic States, Latvia and Lithua-
nia, the total system capacity is around 6 GW and total peak
load around 5 GW.

All TSOs in the power system IPS/UPS of Russia have
agreed to keep their national system balance by the end of
each hour within a certain range (e.g., for the Estonian TSO
this is 30 MWh). All deviations have to be dealt with, in
order to maintain the overall security and integrity of the
IPS/UPS power system. In order to deal with the unexpected
unbalances all TSOs have to maintain certain system services
OI POWET reserves.

Generally, the emergency reserves have to be maintained

by the national TSO and all the costs are paid solidarily by the
consumers through grid tariffs [10]. To balance the large mis-
matches between demand and supply, the TSO can order regu-
lation services, which has been used so far to either increase or
decrease the electricity production to balance the system. This
service is realised through bilateral agreements between the
TSOs and power plants in the Baltic region. The costs are
reflected in the balancing electricity sales/purchase price and
covered by the balance providers and their customers (con-
sumers and producers).

The TSO has to purchase or sell the necessary balancing
electricity to the service provider who offers the most techno-
economically optimal price, assuring equal terms to all service
providers [10, 11]. All balancing actions last until the end of
the hour, when everything is reset and if balancing is still
needed, it is reordered from the service provider. The balanc-
ing requirements of the Estonian power system in 2011 are
presented in Fig. 1. The up regulation was ordered during 595
hours and down regulation during 779 hours of the year. [6]
Although in 2012 the down regulation occurrences have de-
creased, there is an increasing need for additional up regula-
tion services [12].
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Fig. 1. Required balancing energy in the Estonian power system in 2011, (a)
up regulation or positive tertiary regulation and (b) down regulation or nega-
tive tertiary regulation [6].

The TSO’s costs for up regulation services in 2011 and
their distribution are presented in Fig. 2. The following analy-
sis is focusing mainly on the up regulation because due to
safety and technical reasons consumers cannot ramp their
consumption up as fast as they can switch it off. Therefore,
from the consumer point of view, down regulation has little
perspective.
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Fig. 2. Estonian TSO’s up regulation costs in 2011.
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costs are caused by low price occasions. It can be assumed
that after creating a market mechanism for balancing services,
the cost distribution may become more similar to the Finnish
regulating market. The cost allocation on the Finnish regulat-
ing market is subject to right-truncated distribution, meaning
that most of the costs are caused by high price occurrences.
The up regulation cost histogram in year 2011 in the Finnish
regulating market is illustrated in Fig. 3.
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Fig. 3. Finnish TSO’s up regulation costs in 2011 [13].

As it turns out, 50% of the cumulative regulation costs are
caused by regulations with prices above 100 €/MWh. At the
same time regulations with prices above 100 €/ MWh consti-
tutes only 10% of the total regulation occurrences. Even more,
regulating with 1 000 €/MWh is only 0.2% of regulation oc-
currences but it makes up 18% of the costs. The authors are
using the Finnish regulating market price information to ana-
lyse financial motivation of electricity consumers to provide
system services for the TSO. After the regulating market is
created, then due to the interconnections between Estonia and
Finland, it can be assumed that the Finnish market will have
some impact also on the Estonian market prices.

C. Issues

In theory it would be already today possible for large indus-
trial consumers to provide regulating power for the TSO
through bilateral agreements. The authors have interviewed
the Estonian TSO and two industrial consumers in order to
map the current situation and issues. As it turned out, large
electricity consumers have started to monitor the situation on
the electricity market and plan their production according to
the market situation.

According to the Estonian TSO, it is already today possible
to accept balancing services from electricity consumers be-
cause from the power system point of view, it does not matter
whether the regulation is performed by increasing the produc-
tion or lowering the consumption and vice versa. Neverthe-
less, the minimum capacity that consumer can offer for regula-
tion is 5 MW. In addition, all the offers have to be submitted
two hours prior to the possible request for service.

The main issue with the existing balancing service is that it
is not based on a market mechanism and it lacks of transpar-
ency how the prices are formed. Estonia alone is too small to
deploy a balancing service market, and taking into account
that currently most of the service providers are from outside of
Estonia, it would not be also reasonable. In order to establish a

balancing market, all three Baltic States have to fully liberal-
ize their electricity markets. After that it would be possible to
start developing the regulating market, which could make it
more attractive for a wider range of customers to provide
regulating and/or emergency reserves.

From the consumer side two different views exist:

1. The consumer has totally misunderstood the concept of
DR or assumes to have such a complex production
technology that it is not feasible to adjust it for DR;
nevertheless the consumer is monitoring the market
situation and can make the necessary adjustments for
load shifting.

2. The consumer has acknowledged the possibilities of
DR, has implemented load shifting according to mar-
ket price fluctuations and is seeking for opportunities
to optimize and control its production so that it could
provide additional services for the TSO.

Although the views are different, the common denominator
between both views is the lack of information. There is no
information about the procedures, requirements, obligations or
price levels at which short term regulating service could be
provided for the TSO.

III. POSSIBILITIES IN THE WOOD INDUSTRY

Wood industry is an energy intensive industry which re-
quires heat and electricity to produce goods. Depending on the
goods, electricity can make up to 4-12% of the manufacturing
costs of the final product [14, 15]. The increasing energy pric-
es are making the industry to seek opportunities for lowering
that cost. Although there are indications that industries are
starting to manage their production according to the market
conditions in Estonia, they could also utilize other unique
opportunities to provide services and receive additional incen-
tives to increase their production flexibility.

A. Wood Industry — Case Study

The wood industry is mainly a mechanical industry which
uses large motors for chippers, conveyers, fans, pumps, and
other applications. The production process is usually a straight
forward end product manufacturing from the raw material. If
the production chain is interrupted somewhere it can stop the
whole process line. Without enough flexibility in the produc-
tion line, it cannot stop the industrial process without econom-
ic consequences [2, 3].

However, interruptions in the production line tend to hap-
pen time to time anyway, and most of the industries have
secured themselves against such sudden outages. Since not all
of the processes in the production line are dimensioned to the
same output power, the output of different intermediate pro-
cesses varies. The variable output of indirect products in dif-
ferent parts of manufacturing process serve as natural storage
buffers. The existing buffering systems could be used to stop
some parts of the production line, without affecting the final
output. This enables the consumer to shift some of the loads in
time, offering additional flexibility. Deliberate shifting of
electricity consumption on certain parts of the production line
could be used to provide DR service for the TSO, without



affecting the final production.

The studied wood industry has production units (compa-
nies) all over the Baltic countries, making their aggregated
electrical load (15 MW) attractive for the balancing service.
The wood industry has defined two different levels of balanc-
ing service that it could provide. With the first level of regula-
tion (load shifting) the industry could provide 5 MW of regu-
lating power to the TSO, without affecting its final production.
This would require the company to make some adjustment in
the production process but the regulation could be achieved
within 15 minutes. The second level of regulation could pro-
vide additional 5 MW of regulation through load shedding.
However, this would affect its final output and the later start-
up of the manufacturing process could take up to 2 hours.

From the economical perspective the consumer would be
willing to stop the production, if it is more profitable than
producing its final product. The cost of the load shift for the
TSO would be equal to the price of the final product not pro-
duced. Even though the shifting might not affect the final
volumes of the product, it poses an additional risk for the
company.

The most promising DR service provider(s) would be con-
sumer(s) with total electrical loads over 10 MW from what at
least 5 MW should be shiftable. From the power system bal-
ancing point of view it does not matter whether the consumer
has a single unit with a load of 10 MW or aggregated number
units with a total load of 10 MW dispersed over a geograph-
ical region.

B. Criteria for Providing DR Services

Based on the interviews with the studied wood industry
representative and the Estonian TSO there are three main
factors that need to be addressed to qualify as a DR service
provider. The first criterion (1) describes the minimum regu-
lating power that is acceptable by the TSO.

PacL 2 Prss M

where P, describes the consumer aggregated changeable
load in MW and Pyg is the TSO’s minimum required regula-
tion step in MW.

The second criterion (2) takes into account the response
time of the consumer:

At, < Aty (2)

where 4t, is the consumers time for achieving the requested
load change in minutes and Atz describes the TSO’s maxi-
mum timeframe for achieving the requested up regulation in
minutes.

The final criterion (3) takes into account the duration of the
regulation:

Aty 2 Aty 3)

where Afgy, is the consumer’s willingness to change the load
in hours and Atz is the TSO’s minimum regulation duration in
hours.

The consumer’s DR pricing principle is rationally based on

4

the lost profit (or on the risk of losing production). Lost profit
is used to determine the price for load shedding and the risk of
losing production is used to determine price for load shifting.
Therefore, whenever the regulation price exceeds the indus-
try’s price cap for the service provision, the DR service could
be provided. Large industrial consumers are expected to act in
a rational way i.e., it can be expected that they will provide the
DR service if they find it cost-effective [4].

The aggregated demand profile of the consumers who is
providing the regulation service (with load shifting and load
shedding) before, during, and after service provision to catch
up on the production quota is illustrated in Fig. 4. It should be
noted that while with load shifting it is possible to catch up the
production quota by increasing the demand for a couple of
hours, then with load shedding the increased consumption
after regulation can only fill up the buffers in the production
line but the production quota will not be caught up.
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Fig. 4. Aggregated demand profile of the consumer providing regulating
service for the TSO (before, during and after service provision).

Consumer’s pricing principle can be described as in (4).
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where PDR! is the price of the DR service (€/MWh), Cpi is the
value of the lost industrial production (€), CVi is the cost of

variable goods saved (€), Csy is the cost of start-up (€), Pacy. is
the consumers aggregated load shift/shed (MW) and At repre-
sents the duration of the ordered DR service from the TSO.

Most of the consumers do not have today the necessary
technical platform for providing this service. The technical
platform should consist of an information and communication
technology solution which would enable to receive the neces-
sary information in a central way so that the aggregated con-
sumers would receive the order simultaneously.

IV. RESULTS

The authors have made the preliminary estimation of the
price, that the wood industry under investigation would be
able to provide regulating services. The price level for these
services should be competitive with the prices on a regulating
market (100 €/MWh for load shifting and 600 €/ MWh for load



shedding, respectively). It can be assumed that on the rare
occasions when the system runs out of other options, consum-
ers could offer these services at lower and more competitive
prices than expensive power plants. In the long term this
should lower the regulation costs for the TSO and further
optimize power system infrastructure.

Taking into account the demand levels in the Baltic coun-
tries the aggregated DR service possibilities should be further
investigated even at smaller scales than industrial consumers.

V. CONCLUSIONS AND FUTURE WORK

Using DR in the Estonian power system has so far not been
researched thoroughly. Nevertheless, the preliminary inter-
views and studies with consumers have indicated their interest
in more active participation on the market and even providing
system services for the TSO. Since the liberalization of the
electricity market in Estonia large consumers have started
scheduling their larger loads according to the market situa-
tions. Several industries have already installed or are planning
to install a local generating units utilizing manufacturing
waste (bark, saw dust, etc.) as fuel, increasing furthermore
their production flexibility. Taking these flexibilities to the
ancillary service markets could optimize the power system
even more and lower the costs for the society.

Future studies in this field will include a detailed market
study and modelling of the socio-economic impact of consum-
ers participating in the power system balancing. The industry
under investigation is developing the necessary technical plat-
form for its companies to actually participate in the Estonian
power system regulation. Within those studies field tests are
planned, which should demonstrate the feasibility and possi-
bility to use aggregated DR for system regulations. This
should also provide the necessary input information to further
study the possibilities including residential and commercial
sectors in the regulating markets in the Baltic region.
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Abstract--This paper presents the principal solution for a
real time load control application in the industry under
the conditions of open electricity market. The aim of the
study is to create the basic concept of a PLC controlled
load optimization system for the group of energy intensive
machines. The optimized load curve calculations for the
specific machine or for the aggregated group of machines
in the industry production process have been proposed
using the optimization algorithm. The paper covers the
main aspects and assumptions used to assess the possible
demand side management revenues for the industry. The
application is used to optimize the industry production
cycles operation according to the day-ahead spot market
price information. The developed application and its re-
sults could be used by the industry to optimize the whole
production line electricity cost.

Keywords --Demand side management; load control; price
based control of industrial processes; load shifting; peak
demand.

1. INTRODUCTION

The European Union’s (EU) climate policy together
with the liberalization of the electricity and energy mar-
kets are creating numerous challenges and opportunities
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for the market participants. The consumers are forced to
move on to the smart solutions in order to cut back their
rising cost of energy. The optimization effect what the
smart solutions offer is so far not widely used among the
consumers and especially in the industry. However the
significant variations in the electricity prices on the spot
market are creating an opportunity for the consumer to
gain benefit from shifting the load.

Optimizing the electrical load according to the elec-
tricity price is one of the key measures to lower the pro-
duction cost in the industry. The market place for the
electricity in the Nordic and Baltic countries is the Nord
Pool Spot market. In this market system the prices are
given for one day ahead and for each 24 hours (h) sepa-
rately. Fig. 1, illustrates the market price fluctuations and
the industry aggregated single load actual and shifted
consumption. The control principle for the industry is to
shift the consumption to the time of the lowest prices.
Due to the dispersion and variability of the market price
the scenario of the real time load control is studied in
order to gain additional cost savings from actual price
peaks and dips. The control and hence the shifting is
limited by the capacity of the machine and the required
material flow over the specified time period.

Fig. 1. Effect on the daily load curve. Market price fluctuations create an opportunity for consumer to lower its weighted cost of electricity by

implementing load shifting.
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Within this context, the authors are investigating a
large electricity consumer’s production line optimization
possibilities. An optimization method has been devel-
oped in previous study for a single unit in the industrial
process [1] and the optimization of the whole process is
studied in this paper. The studied subject allows the
consumer, to lower their electricity cost. The results of
this paper will cover the fundamental principles how the
production process electricity cost can be optimized and
how to compare this with the non-optimized regular
operation costs. The paper has been divided into five
sections, with section II giving an overview of the topic
under discussion and describing the optimization princi-
ples. Section III describes the possibilities in the studied
wood industry. Section IV will summarize the results.
Finally, section V concludes the main results of the
paper and discusses over research possibilities in the
future.

II.  OVERVIEW OF THE TOPIC

A. Previous Research in the Field of Consumption
Load Scheduling

The consumption load scheduling has been studied
due to several reasons - lowering the cost, cutting the
demand peaks etc. In order to cut the consumption peaks
authors of [2], [3] have studied the results of the load
response. They have shown the positive effect for the
consumer to control its load. The key factor which al-
lows load scheduling is the existence of some sort of
energy storage. It can be a water reservoir for the pumps
or a raw material warechouse for the wood industry.
Auvailability of energy storages allows the consumers to
shift their load. Energy storage possibilities have been
studied extensively by Furusawa et al in [4]. It is as-
sumed that the industrial consumers are willing to shift
their load if there is an economic benefit in for them.

Several papers [5]-[9] have brought up the technical
solution for the control principal itself. They have cre-
ated pilot solutions and got a positive effect on the field
tests. It is indicated that the smart load response requires
the combination of the well programmed software to-
gether with the reliable hardware solutions.

The authors of [10]-[12] have extensively studied
and outlined the potential savings and benefits for the
industrial company that implements load shifting activi-
ties. The results indicate at least a 5% savings when
following the electricity price and scheduling the con-
sumption profile accordingly [11]. Previous studies
include also the algorithm for maximising the profit or
minimising the cost [12], [13].

The current study is focused on optimizing the tim-
ing of a production process according to the market
price. The process under investigation is the industry’s
production line which consists of several machine
groups like chipping, drying milling, and etc. All these
sub processes are considered as a single load that is
controlled separately with load management applica-
tion/controller.

B. Key figures of the industry’s load under
investigation

The industry under investigation has a 5 sub cycles
in the factory process line that is semi-automatic and
works continuously (for 24/7). The industry’s process
line with the corresponding production flows are illus-
trated on Fig. 2, and Fig. 4, The production process is
constrained by the O/ (the final product output of the
plant), which is determined to be constant by the indus-
try and depends on the sales and technical limit of the
factory. Therefore the production must have a constant
output of the final product. The flexibility of the control
is determined by the maximum output of every capacity
sub cycle P; and intermediate storages capacity S;.
Higher sub-cycle productivity and storage capacity gives
bigger control flexibility for the industry.

Stops in the sub cycle production process and there-
fore in the electricity consumption, as illustrated in Fig.
1, are mainly caused by the overproduction of a specific
sub cycle. In the case where electricity is purchased with
a fixed price from the electricity trader, there is no need
or economic motivation to consider load shifting. How-
ever, under the open electricity market conditions and
taking into account the time of use grid tariffs, it should
be economically feasible to optimize the consumption
profile in the industry according to the varying price.
Additional costs arising from the load shift should be
taken into consideration.

Fig. 2. A typical industry’s production process structure, the
corresponding production cycles and their respective production
capacities including the sales capacity.
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The load scheduling is only available with the flexi-
ble loads. As pointed out by Hazi et a/ in [10] the cost of
outage is very high for the industry and therefore the
optimization costs cannot exceed the savings from the
load scheduling or its errors. The load scheduling appli-
cation installation cost on the other hand has to be very
cheap in order to implement it; this requires mainly
cheap and reliable means of communications [8].

The authors of this paper have determined that the
electricity cost (E) for a single load under investigation
can be minimized with (1) [1].
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mglE{ZRC(Q,HCE(Q,)}a M

where P, is the electricity price for time period ¢, C is the
output power of the sub cycle and C” is the external cost
of the load shifting e.g. start-up costs, labour costs and
etc.

Since the electricity price is a stochastic parameter
which can be different in each day of the year, then P, is
given for the scenarios s with (2) [1].

min Y Y1 -C Q) P()+CHQ). @

where P(s) is a probability of the scenario s.

The restrictions and assumptions are that the profit
cannot be hindered due to the load shifting, meaning that
the system’s global optimum needs to be found for the
industry in order to minimize the electricity cost. The
key factor that enables this optimization to take place is
the sub cycle’s production volume Q. The production
volume correlation with the consumed electricity is
linear and can be controlled quite simply between zero
and maximum output.

It can be assumed that the more some sub cycle
maximum capacity Q;"* exceeds the industry’s required
material flow Qy, the higher is the sub cycle flexibility,
which in return gains lower costs.

In order to create the algorithm for the entire produc-
tion process the simplified principle is shown on Fig. 3.

Fig. 3. The looping principle for the whole production line

optimization.
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If there are several sub cycles in the production line then
the equation (1) is redefined as (3):

minE[’i > ~C"(Q[)+CE’i(QZ)}’ ®

o '3 7

Also the following conditions need to be fulfilled.
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where S is storage (t) and Q production flow (t/h).
III.  POSSIBILITIES IN THE WOOD INDUSTRY

Wood industry is an energy intensive industry which
requires heat and electricity to produce goods. Depend-
ing on the goods, electricity can make up to 4-12% of
the manufacturing costs of the final product [14], [15].
The increasing energy prices are making the industry to
seek opportunities for lowering that cost. Although there
are indications that industries are starting to manage
their production according to the market conditions, it is
not yet fully deployed technique. The problem so far has
been the different constraints which do not allow re-
scheduling the load according to the electricity price but
rather depend on outside influence e.g labour work or-
ganization, reliability reasons, etc. Therefore it is impor-
tant to define the loads which are not influenced by other
factors or do not cause some cost increase in the other
sub cycles of the production. If it causes some other
costs outside of the observed sub cycle then these costs
have to be considered in the optimization calculations.
The target is always to minimize the overall cost of the
factory considering all the influences among the differ-
ent sub cycles.

It is evident that the more energy intensive is the in-
dustry and the more flexible load it has available the
easier it will be to control it and the more savings it
produces.

A. Load Controlling Principles

The goal of this paper is to find and demonstrate the
optimization using a PLC controlled optimal load curve
for the machines throughout the entire factory process.
The factory electricity cost is minimized depending on
the electricity price on the spot market for each given
hour.

The main objective of the industry is to produce
goods according to the market situation or the produc-
tion capacity. It means that the industry’s production
capacity is fully exploited unless unfavourable market
conditions do not allow realizing the full volumes of the
end products. Therefore industry mainly runs with 2
constraints. The product flow is constrained by the need
of the market, i.e. by the sale volume which is the com-
mercial limit of the production, as described in (8).

Sorzom, ®)

max

where Q: ales — Maximum average sale volume (t).

In energy intensive industries aggregated loads in
different subsystems form a single load. This single load
can be controlled independently from rest of the process
without hindering the overall productivity of the system.

The subsystems of the process can be divided by the
type of the consumers. The loads that act as a single
cycle, which cannot be separated, form a controllable
load. The single loads which have the medium storage
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between them do not depend from each other and there-
fore can be considered as a single aggregated load.
These loads can be controlled independently in order to
minimize their electricity cost under the open electricity
market conditions.

The commercial limits are given by the market con-
ditions and the technical limit is given by the lowest
production cycle capacity in the factory. If the produc-
tion capacity is even throughout the total process then
there is now possibility to optimize the production be-
cause the system needs to run flat out in order to produce
the required industrial product. Therefore the cost-effect
optimization can be implemented in the factories where
there is available overcapacity of the machines

However, in most of the energy intensive industries
there is some overcapacity available for reliability rea-
sons. The industry under investigation for example has a
several single load sub cycles in order to gain in the
production reliability. It means that if some equipment
fails in the process it does not stop the end product pro-
duction. The final product production can continue as
long as there is a medium available in the intermediate
storages. These kind of intermediate storages allow
repairing the broken equipment during mid-production.
They also provide the flexibility to make the necessary
maintenance in the subsystem without losing the end
production capacity. On the third aspect these storages
can serve also as a simple energy storage allowing the
industry to deliberately start and stop the subsystems for
minimizing the cost of electricity.

Load control of the sub system has to be done auto-
matically in order to implement it at a larger scale. The
principal of the automated PLC based control system is
described on the Fig. 4.

Fig. 4. The simplified production control with day-ahead optimization
of the machines’s operation schedule.
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As studied previously in [1] these savings can be up
to 17% from the electricity cost of a single optimized
cycle. Depending on the energy intensity of the specific
industry the absolute commercial savings could be re-
markably high. It is evident that the more energy inten-
sive is the industry and the more flexibility it has, the
higher is the load control revenues for the consumer.

The automatic control systems excludes the human
error factor for running the loads according to the given
load profile. For automated systems it is easy to control
the machine load according to the calculated optimiza-
tion curve. Technically the machine or the industry
needs the controllable load preferably together with
frequency converters or other systems which allow to
start and stop machines frequently with short start up
times. Once the optimization system and algorithm is
created the technical control and communication solu-
tions are required. The machine needs a PLC controller
for starting and stopping operations. The optimization
program needs the information input about the market
price and the feedback from the machines and storages
about the volume available in the storages. In case of the
commercial limits it also needs to know the required
maximum production and sales volume.

The inputs of the required data together with the
feedback from the system create a database for the opti-
mization algorithm. This algorithm is used to create a
load profile for each subsystem (single load) separately.
Once the load curve has been formed the curve is trans-
ferred into the PLC and the PLC gives a command to the
machine according to the calculated load profile.

In this kind of automated system every single load
unit can be optimized no matter how big or small the
unit is. However the bigger is the load the more revenues
its controlling gives to the industry. Since the technical
hardware which is required has a low cost then it is
worth to use the system on any bigger load e.g. pumps,
chippers etc which have a storage for the intermediate
product.

To push the optimization even further with the aim to
maximize the utilization of the available storage space,
an electricity market price forecasting model could be
used. For example, by knowing the weekend prices, it
could be useful to take that into account in the workday
production plans. In this case the storages could be used
even more efficiently and the variation of the storage
volumes would be more significant. Longer period pre-
diction model even allows making decisions for schedul-
ing a long term maintenance break.

B. Wood Industry - Case Study

The aim of this study is to determine the flexible
loads and the storage capacities for the industry under
investigation. The factory full process line is tracked and
the installed machines and their nominal output is de-
scribed in the Table 1. The principal of the factory and
its sub cycles are described in the Fig. 5. The over ca-
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pacity sub cycles have been defined and their respective
flexibility is found.

The industry under investigation operates a wood
processing factory with an average electrical power of
3.2 MW (C). The factory production capacity is 21 t/h
(Q™). The factory production structure is illustrated on
Fig. 5, and the technical parameters are given in the
Table 1. The factory’s management has determined the
over dimensioned machines capacities are fully control-
lable and flexible for load response activities. The possi-
ble fixed additional costs might need to be taken into
account for implementing such a concept.

As it can be seen from the table, the factory has some
overcapacity in 3 of its sub cycles out of 5 which could
be successfully used for the load response.

Fig. 5. Factory under investigation production structure.
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The reference scenario for this study is the assump-
tion that without using any optimization the industry’s
machines working hours are random and/or it works
constantly at lower output. In this case the factory’s
electricity cost would equal to the annual average spot
price which is also confirmed by the factory overall
consumption measurement. However, with the optimiza-
tion model the optimal production plan is found for each
day separately for each sub cycle and the total annual

cost effect is compared to the reference scenario. Within
this study historical market data can be used for this
comparison and analysis.

The factory machines’ and subsystems’ production
characteristics are linear, i.e. the correlation between
electrical power and output capacity is linear. As a sim-
plification, the production characteristic of the sub cycle
used in the later calculations is its average output, which
does not take into account differences between wood
types, e.g. softwood and hard wood. The production
characteristic is an actual long time average in the wood
industry under investigation.

IV. RESULTS

The developed optimization model as per (3) can be
solved using Microsoft Solver Foundation which uses
the Simplex method. The base case scenario is known
from the factory electricity cost history and this can be
used to compare the cost of the optimized consumption
profile. The results can first be simulated on the Micro-
soft Solver Foundation to find the cost effect in relative
and absolute figures. After the successful simulation the
factory can make a decision to install the necessary
communication infrastructure and execute the load
scheduling program. Since the Elspot market in Nord
Pool Spot area provides prices only for the day-ahead,
the model cannot take into account the possible changes
that might occur in the longer future. For example, the
model cannot know whether the prices will be lower on
the weekends, thus limiting further optimization without
additional forecasting models.

The working schedule that is optimized according to
the day-ahead market price is ideal for additional mini-
mization of the electricity cost in the industry who has
already exploited all the other options like efficiency
increase, power factor compensations, and etc. Ideally
this demand response is a good example of a well-
functioning spot market where the consumer could bene-
fit from the system and system could have a positive
influence from the consumer. When consumer shifts the
load into the off-peak hours of the day, then the electric-
ity system would become more stable and less peak
capacity would be needed.

TABLE L. FACTORY PRODUCTION SUB CYCLE PARAMETERS
Subcycle number and | Load | Control- Production Additional Storage | Storage | Energy consum- Over
description (MW) lable capacity (t/h) | purchase (t/h) (t) (h) ption (MWh/t) capacity
Chipping 0,4 YES 36 9 1 500 33 0,01 114%
2 | Mechanical process I 0,3 YES 18 54 7 100 303 0,02 11%
3 | Drying 0,7 NO 21 - 630 30 0,03 0%
4 | Mechanical process 11 0,5 YES 24 - 50 2 0,02 14%
5 | Mechanical process 111 1,3 NO 21 - 7245 345 0,06 0%
Total | 3,2 21
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V. CONCLUSIONS AND FUTURE WORK

An optimization algorithm has been created to the
online load controller for the overcapacity machines in
the energy intensive industry. The application manages
the load shifting under open electricity market condi-
tions. By implementing the developed optimization
algorithm together with the load profile controller for a
studied industry, the factory’s production line energy
costs are estimated to decrease compared to the base
case where the factory is operated normally according to
the needs.

The developed algorithm and technique enables the
energy intensive consumer as a factory to oversee its
flexibility and determine the available resources for the
demand response activities. The skill to execute the
demand response optimization can decrease the indus-
try’s energy cost and therefore make the production
more competitive than the industry who does not use this
opportunity. Once the optimization technique has proved
its success the consumers of other type can be expected
to have more interest about the demand response as well.

It is important to investigate the studied industry in
more depth to determine the details for the data neces-
sary to make the simulation. The simulations should be
tested under various conditions in order to see the total
cost effect of the optimization. Once the simulations
have been done the research should focus on the actual
application implementation in the given industry. During
the field test all the relevant costs can be recorded and
taken into account. Also the non-technical aspects can be
studied like the willingness of the factory personnel to
adapt with the new principles of the work organization.

This approach gives the industry a high value cost
optimization possibility because it makes possible to use
the most optimal production plan for the specific day.

In the future there should be done some field tests
with this equipment and the results should be compared
to the previous simulation results. In case the field test
comes out to be successful, the technology should be
turned into a real product that should be released as a
wide scale commercial application.
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