Load-shifting inside production lines Page 1

Abstract

This thesis will have the goal to investigate possibilities for optimization of schedules of
factory's production lines, to minimize the cost of electrical energy used. During this research,
different operational constrains will have to be identified and taken into account, during
optimization. At the end, based on discovered limitations, and other necessary assumptions,
models for factory process will be devised in order to be optimized based on suitable
algorithms.
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1. Introduction (Stating objectives)

Due to increasing penetration of renewables, in near future we will wittiness increasing
need to adjust our consumption. Modern electrical networks will use different types of control
algorithms to keep the network stability during periods of high generation, especially in solar
and wind plants. At certain point this will, for sure, lead to incentives for users who are willing
to adjust their load, in order to help DSO and TSO keep the demand-production stable.

As manufacturing industries, are the biggest consumers of electrical energy, their ability
to adjust their demand would be crucial. This is also the hardest part to adjust, since there are
many constrains inside production process.

Solution to this problem is in full automatization of production lines, and their
optimization, based on different energy related cost-functions.

Objectives of this thesis will be:

e Research optimization techniques

e Propose solutions

¢ Investigate feasibility of the solutions developed

e Give conclusions about general end to end solution

In order to do this, author will present possible solutions, according to his research.
After propositions, one solution will be chosen to be fully developed for the reasons that author
will explain during this thesis.

In the end, feasibility, both technical and economical will be investigated, for the
developed project.

1.1. Thesis structure

This thesis will be divided into several chapters in order to concisely explain different
aspects of the project, form the academic point of view. This chapters will be:

Problem description
Optimization techniques
Methodology proposed
Application example
Results and discussion
Conclusion
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Page 6 M. Viktorovi¢

And each of them will explain one aspect of the work done, as follows:

1. Problem description will define main idea, and constrains r5elated to this project, as
well some main definitions and assumptions that the reader can comprehend the
overall idea behind the whole project.

2. In the part of Optimization techniques main optimization algorithms will be cover,
together with short explanation about mathematical problem they are trying to optimize.

3. Methodology proposed will focus mainly on the tools and techniques used in order
to implement the overall solution, based on previously mentioned goals and
optimization techniques Comparison of the software tools will be given together with
the reasons why a certain tool or method has been chosen.

4. Application example chapter will cover the actual implementation of the previously
proposed methodologies, using proposed tools, based on the real-case application.

5. Chapter Results and discussion will tackle performance of the optimization from the
economical point of view, together with simplified cost analysis of the solution. Also in
this part future development ideas will be proposed and discussed.

6. Inthe Conclusion, problems related to the project will be discussed, as well the overall
success of it.
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2. Problem description

Production lines are very specific when it comes to scheduling, due to many
dependencies between different processes within the same production line. For this reason it
is necessary to model processes within the production line, in such a way so that we can
schedule individual process as optimal as possible within given constrains.

2.1. Process definition

For the sake of modelling, basic terms need to be properly defined in order to have
consistency throughout rest of the paper.

There are 3 main parts, in vertical A
hierarchy: Production line, Process and [ Production line ]
Machine. Separation between last two is s

based purely on low level sensory data, Process
meaning that machine itself doesn’t have i

. o Machine
any role in the optimisation, as a

separate unit.

Process is therefore the defined as the smallest single part of production line that can be
operated independently in time. Process is consisted of one or many machines, which are
working in synchronicity with each other, and therefore cannot be separated.

Multiple processes, interconnected form one production line, which can be defined in the
next way:

“A production line is a set of sequential operations established in a factory
whereby materials are put through a refining process to produce an end-
product that is suitable for onward consumption; or components are
assembled to make a finished article.” [1]

In the previous definition, some additional explanations will be put, to make it compatible with
the project work done:

1. Production line can have multiple reefing processes
2. Sequential operations are time independent, meaning that only sequential order is
important (one process before the other, without specific mutual timing).

For this requirements to be fulfilled, certain restrictions have to be introduced, in for of
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Page 8 M. Viktorovi¢

process constraints. While modelling constrains, we can separate them into two groups. First
ones are fixed constrains like:

e Working hours
o Maximum allowed power
o FEtc...

Second group are semi-fixed or dependent constrains which change based on required inputs
and outputs of the production line, or specific process. For example:

e Production input (units/hour)
¢ Production output (units/hour)
o FEtc...

In optimization of the whole production, these ones would be referred as first and
second-stage variable within the optimization function. Second-stage variables would be
scenario dependent, while first-stage ones would be fixed before decision on scenario, or on
this case output production of the whole line / factory would be made.

CLOSED CLOSED

Figure 1 Example of 3 processes in production line

Figure 1 shows the simple example of production line, consisting of 3 processes, where
time constrains are reflecting working hours of the factory (4 to 19h) and the other constrain is
that process “M3” cannot start before processes “M1” and “M2” have finished. Later in the
paper, optimal scheduling of this example will be shown.

2.2. Optimization goals

Goal of optimization in this project is to make the optimal schedule of the connected
processes in production line, based on hourly electricity prices, on spot markets in Europe.
Idea is that, by adjusting schedules of the different processes we can achieve savings while
buying electricity on spot markets, since we would consume more in lower-price periods.
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Load-shifting inside production lines Page 9

In mathematical terms, this would mean minimising the cost function, within given
constrains for the processes:

Cost = Z z [Consumption,yocess nour * Pricenour]

process. hours

How this looks in practice we can see on the example of hourly prices in NordPool spot
market in Denmark:

24
m
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DK1

Figure 2 NordPool Spot hourly market prices in Denmark

In this case it is clearly visible that due to high prices, we should avoid putting high load
between 9 and 10 o’clock in the morning, while we could try to shift it between hours 15 and
16. Of course in this naive example we didn’t put any constrains, and we took into account
only process lasting for one hour.

Nevertheless the idea is the same with complicated processes, with a difference that we
would compare two functions of time, or time-series, and we would try to make the cross-
correlation factor as minimal as possible, within some constrained time period.

The above mentioned cross-correlation is a good tool for explanations, since it gives
scaled result of -1 in case functions are oppositely correlated, which in our case means, biggest
consumption in the moments of lowest price [2].
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Page 10 M. Viktorovi¢

2.3. Production-chain constrains

Top level optimization would have to take into account outputs of each individual
process, so that consistency of the production stays intact. Great example of this problem is
demonstrated through a strategic — learning game, named “Beer game”, and developed at MIT
[3] in order to demonstrate supply chain management problems.

Although the idea behind the game is to show how supply chain functions, it can be
perfectly applied to production line, if we consider each process as an individual part of supply
chain, where the end consumer is the actual projected output of the whole production line.

Supplier
X

Factory

Regional Regional

Warehouse

Warehouse

L 4 x x x x L 4 ¥ x

Figure 3 Beer game supply chain simulation

As we can see on the Figure 3, if we would exchange the names of the factory,
warehouse, etc., by names of the processes we would get one example of the simple
production line, where demand would be actual projected output of our production.

2.3.1. Beer game problem

When taking into account top level optimization of the production process, intermediate
steps should be considered, like storage cost, in case of the increased time gap in operation
two processes. This and other process management constrains are well described in the
“‘Beer-game” strategy:

“The aim of the players is rather simple: each of the four groups has to
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Load-shifting inside production lines Page 11

fulfil incoming orders of beer by placing orders with the next upstream
party.” [3].

In problem of load shifting in production, output of one process has to be taken into
account when scheduling the next one, due to interconnections in-between processes.

Adding all of this extra conditions, de facto changes and complicates our cost function
we are trying to optimize.

2.4. Visualisation

Beside the optimization of scheduling, aim of the project was also to visualise different
KPlIs related to electrical energy consumption. Demands in this area were not clearly defined,
but they would rather represent author’s idea about potential customer needs. This implies,
that used visualisation techniques and tools have to allow enough flexibility in order to be
customised for specific industry domains.

Key points here are:

e Choice of the tools for development of flexible visualisation
¢ Choice of platform supporting chosen tool

¢ Definition of required KPIs

e Possibility of real-time operations

Importance of visualisation has been stressed not only by potential clients but also by
various studies, of which one is saying:

“Our participants described using the instantaneous information, provided

by energy monitors, for playful exploration” [4]

Meaning that well defined KPIs and visuals can give us more insights, especially in terms
of comparing similar processes and benchmarking their performances.
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Page 12 M. Viktorovi¢

3. Optimization techniques

Main goal of optimization in this project is to minimize the price of electricity when buying
it on the hourly spot market. In order for this to be achieved, algorithms are supposed to devise
scheduling for each process within the production line, in order to shift higher consumption
periods, into time slots with lower electricity price.

For this purpose, several approaches can be used. Investigated ones were using:

1. Cross-correlation
2. Heuristic optimization algorithms
3. Linear programming

All of this approaches have a goal to find the starting time t; of the process, so that product of
consumption Ci(t) and price P(t), for all processes i, be minimal. In mathematical terms,
function that has to be minimised is:

Cost = z [z Ci(t) = P(ti)]
t

Process
(Vty) 51 < gy < g

Taking into account all constrains of the processes and their dependencies.

3.1. Cross-correlation

This method is good when you need to optimize only one process, or multiple

independent processes. But since is 1=
method that requires n? calculations, it is not
the most optimal, especially when you have

more complex constrains.

“In signal processing, cross-correlation is a

measure of similarity of two series as a
function of the lag of one relative to the
other.” [2] - e

Figure 4 Cross-correlation (r) of two signals (x & y)
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Load-shifting inside production lines Page 13

Idea behind this approach is to use properties of cross correlation, like it has been done
in signal theory [2] to calculate delay of the signal. By definition cross correlation is:

(f * 9Inl = Xi=—o f7[m] * g[m + n]
Where n is the lag of second discrete signal.

Approach with cross correlation is to compare consumption function and price function,
in the given time-range in order to determine the minimal value of normalized cross-correlation
function. At this (minimal) point two functions are, in ideal case, opposite in relation to their
amplitude values. For us, this is significant because we want to find shift, where our two
functions (consumption and price) are in different phase, so that their product is the smallest
possible.

“The maximum (or minimum if the signals are negatively correlated) of the
cross-correlation function indicates the point in time where the signals are
best aligned” [2]

Using this feature of cross-correlation we can determine the shift of the process
electrical load by simply calculating minimum argument of cross correlation function of
consumption € and price P:

tfinish

Shift = min_arg z C*[t] = P[t + n]

t=tSstart

As seen on the Figure 4, signal y should be shifted by 3 unites (of time), which is also
the argument of maximum of correlation function r in order to overlap with signal x.

3.2. Heuristic algorithms

Heuristic algorithms are based on partial search of function minimums or maximums.
These algorithms are taking specific assumptions while searching for function extremums,
therefore reducing the number of calculations, but decreasing the probability of getting the
“perfect” result.

Nevertheless this decrease in “accuracy” is for most data analytics and engineering
usages is acceptable, compared to decrease of computation requirements [5].

In metaheuristic algorithms we can distinguish two types, based on number of
dimensions of the search. These two types are:
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Page 14 M. Viktorovi¢

1. Single solution
o Simulated annealing
o lterated local search
o Variable neighbourhood search
o Etc
2. Population-based
o Evolutionary computation
o Genetic algorithms
o Particle swarm optimization
o Etc.

Single solution approaches focus on modifying and improving a single candidate
solution, while population-based approaches maintain and improve multiple candidate
solutions, often using population characteristics to guide the search [5].

3.21. Simulated annealing

Simulated annealing is on of techniques of estimating the global minimum or maximum of
given function. It is a representative of single solution heuristic optimization algorithms. Typical
usage of this technique is when you have to find “good enough” local extremum, especially in
discrete functions, within limited time or number of computations.

Basic idea comes for metal casting process, called “annealing” where cooling process has
to be controlled in order to keep the best arrangement of atoms in metal’s molecular structure

[6].

/I FIRST SOLUTION — CAN BE RANDOM
I EXCLUSIVE
I TEMP. ADJUSTMENT
> /I PICK A RANDOM NEIGHBOUR
/I MOVE TO THE NEW STATE:

/INEW STATE OUTPUT
Figure 5 Simulated annealing pseudo code [6]

From optimization point of view algorithm uses random steps, for which it calculates
the cost, which is then accepted with a certain probability, which is oppositely correlated to
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Load-shifting inside production lines Page 15

randomised “temperature” (number of computations already done). This means that in starting
steps, probability of worse solution being accepted is higher (temperature is lower).

3.3. Linear programming

Linear programing or linear optimization is a technique for maximization or minimisation
of the cost function, in a mathematical model base1d on linear relationships. In case of models
with more complicated relationships, costs function can be represented as a combination of
multiple linear relationship function, and then this model can be optimized using linear
programming [7].

Linear programs are problems that can be expressed in canonical form as

maximize: cTx
Subjectto: Ax <bandx =0

where x represents the vector of variables (unknown), ¢ and b are vectors of coefficients, A is
a (known) matrix of coefficients, and ¢' is the matrix transpose of c¢. Constrains Ax <
b and x > 0, are specifying the convex polytope at which the cost function is to be optimized

[7].

“Linear programming can be applied to various fields of study. It is widely
used in business and economics, and is also utilized for some engineering
problems. Industries that use linear programming models include
transportation, energy, telecommunications, and manufacturing. It has
proved useful in modelling diverse types of problems in planning, routing,
scheduling, assignment, and design.” [8]

A linear programming problem was defined as maximizing or minimizing a linear function
subject to linear constraints. All such problems can be converted into the form of a standard
maximum problem [7]. Techniques for this are:

= A minimum problem can be changed to a maximum problem by multiplying the
objective function by —1.
= Constraints of the form ¥7_,a;x; >b; can be changed into the form

Xj-a(—ai)x < —b;
When applying mentioned techniques, two problems may arise:

1. Some constraints may be equalities — in this case one constraint and one variable
can be removed by solving the constraint for x;where aj; is different form 0.
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2. Variables may not be restricted to be nonnegative — the unrestricted variables can
be substituted by difference of two nonnegative variables. This adds one variable

and two nonnegativity constraints.

As in previous chapters, optimization function is simplified, to product of price and

consumption:

With a given constrains:

Cost = Ci(ti) * P(tl’)
2

= Each process must start exactly once.
= Processes must start in predetermined order

= Processes must finish before its predetermined finishing time
» Processes must not start before its predetermined starting time
= Processes must finish before predetermined final hour (end of shift).

CLOSED

n

Each process

Processes must

8 o [10[s 12 |32 138 J3s J16 Ja7 J1s [19 |20 |21 |

S M2 (120kW) |

L

CLOSED

|

Dependencies between

Processes must

must start start after the processes must be finish before the
once. opening time. respected. closing time.
Figure 6 Process constraints explained
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4. Methodology proposed

For the purpose of project development in the company, whole infrastructure had to be
planed and developed. As the project | join venture between two companies, roles have been
shared in such a way, that one company provided hardware while author, as the representative
of the other company had to devise the schematics of the whole cloud based solution (in
collaboration with all stakeholders), together with optimization algorithm.

For this purpose some main parts of the infrastructure had to be built:
1. Cloud platform

2. loT sensor infrastructure
3. Data model

4. Optimization algorithm
5. Visualisation

In the given list, author was in charge of developing last three points, and partially
develop cloud platform solution.

During the project development, priorities have been changing, due to potential-
customer requirements, so decision was made to follow the top-down approach, meaning that
first visualisation would be developed, in order to better understand client’s needs, while the
rest of the points should be based on the requirements of visualisation.

Nevertheless in this work, author will follow the original order of priorities in order to make
logical interconnections.

4.1. Cloud platform

Nowadays cloud based solutions are becoming increasingly popular due to their
scalability and simplicity of use [9].

“Cloud computing is a type of Internet-based computing that provides
shared computer processing resources and data to computers and other
devices on demand. It is a model for enabling ubiquitous, on-demand
access to a shared pool of configurable computing resources, which can
be rapidly provisioned and released with minimal management effort.” [10]

This was the obvious choice or the project development for multiple reasons. First
reason is simplicity, since actual hardware infrastructure maintenance is left to the platform
provider. Second reason is scalability, which is very important due to the nature of the project,
which means that in later phases of project, certain resources can be easily adopted to new
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Page 18 M. Viktorovi¢

demand, without complicated hardware improvements. Third reason, and probably the most
interesting for the future users is the cost, which is based on a principle “Pay-As-You-Go” [11],
which gives you flexibility to utilize different services, paying for them only when you use them.

“Cloud services are expected to reach a market size of $555 billion in 2020
from $209.9 billion in 2014 at a CAGR of 17.6%, according to the new
report by Allied Market Research.” [9]

When it comes to choice of providers, author's company suggested to possibilities:

1. Amazon Web Services
2. Microsoft Azure

From this two, Azure platform has been chosen based on mutual comparison of services
platforms offer, shown in the Table 19 of appendix. One of main benefits of Azure, over
Amazon Web Services, was better and easier integration of different tools.

41.1. Microsoft Azure

“Microsoft Azure is a cloud computing platform and infrastructure created
by Microsoft for building, deploying, and managing applications and
services through a global network of Microsoft-managed data centres.”

[12]

Microsoft lunched Azure in 2010, and platform made huge success from the beginning,
tripling its digital growth in less than five years since lunch, reaching almost one billion in
revenue in 2013-2014 [9].

As one of the main advantages of the platform, Microsoft stresses the easy native
integration of different services. For the project, this is significant, since some main
components used, have been supported in the Azure cloud, like IoT hub, data streams, and
different visualisation tools, combined with R language support through Revolution-R.

Suggested architecture of the cloud solution is consisting of:

* Azure SQL database

= Stream Analytics

=  Azure Machine learning
= Microsoft Power BI
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Stream Analytics Azure SQL Database PowerBI

a
8
i

‘ Energy prices ‘
" Weatherdata | Azure Machine Learning
‘ > ‘ R scripts |

Figure 7 Proposed Azure architecture

4.1.2. Stream Analytics

Azure stream analytics is chosen in order to be link between the standard, “old-school”,
approach and real-time results representation. Unfortunately due to lack of data in the current
stage of the project, this tool will be used only for direct real-time visualisation of different
sensor data, because of its natural connection with Power Bl reporting tool.

“Azure Stream Analytics lets you rapidly develop and deploy low-cost
solutions to gain real-time insights from devices, sensors, infrastructure,
and applications. Use it for Internet of Things (loT) scenarios, such as real-
time remote management and monitoring or gaining insights from devices
like mobile phones and connected cars.” [13]

According to Microsoft, main features and abilities of this service are:

= Perform real-time analytics for your Internet of Things solutions

= Stream millions of events per second

= Get mission-critical reliability and performance with predictable results

= Create real-time dashboards and alerts over data from devices and applications
= Correlate across multiple streams of data

= Use familiar SQL-based language for rapid development
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Page 20 M. Viktorovi¢

4.1.3. Azure Machine learning

Azure ML is a tool developed to make implementation of machine learning algorithms less
complicated on the cloud platform. For this project, service was chosen because of support for
programming languages like Python and Revolution-R.

“You can deploy your model into production as a web service in minutes—
a web service that can be called from any device, anywhere and that can
use any data source.”

Other than this language support, service offers fast and intuitive, previously developed,
code implementation. This future was important to the company, because of familiarity of
employees with mentioned languages, so easy implementation and transition to other platform
is a great benefit.

4.2. Optimization Script

Optimization algorithm is the heart of this project when it comes to the importance.
Although just a small part of the whole project this essential component is the biggest added
value in this end-to-end solution. Through project, this part has been changed many times, in
order to improve its performance. Starting from basic R scripts, visualized using Shiny studio
tool, it evolved to multi-script solution running on the Azure Machine learning.

As shown in the Figure 7, R scripts should run within Machine Learning service on the
cloud, in a way that they are connected to SQL data storage from which they collect the
information, which they process and then write back to the same database.

Proposed solution involves multi-script algorithm, consisting of three main parts:

1. Script for reading and formatting data from SQL database
2. Optimization script (with corresponding sub-scripts)
3. Script for formatting and writing data to SQL database

B

m &S
o Fecel

b |
(2}
m



Load-shifting inside production lines Page 21

Scripts 1 and 3 are quite similar, and they require SQL coding, that can be done either
through ETL tools in Azure Machine Learning, or through R script. Script 2 has been developed
completely in R programming language, due to its simplicity and speed in processing
reasonable amounts of data.

Model of the
processes
After discussion with people from the company, AMPL
decision has been made to proceed with method of
R execution

linear programming, which has been proposed as one “ script
of possible optimization techniques. For this

combination of AMPL, “A Mathematical Programming v

Language”, and R was used to develop models

Figure 8 Representation of relations in

necessary for optimization. o .
optimization script

4.21. R programing language

For the purpose of developing optimization algorithm, R programming language has been
used, primarily because of its good data handling abilities. [14]. When comparing R to some
other competing languages, main advantages that come out straight away are [15]:

¢ interactive language

e data structures

e graphics

e missing values

e functions as first class objects
e packages

e community

Taking this into account, and some extra tools, like Shiney, which allows you to make
interactive web apps or data reports, R has proven to be quite handy for data analytics.

‘R is not just a statistics package, it's a language.” [15]

As main competitor, Python comes as other good solution, but due to availability of R
experts in the company, R has chosen, although they have pretty much the same scores in
most benchmarks, and they equally good int6egration with previously mention Azure cloud
solutions. For engineers, R might be slightly more intuitive due to the fact it is, according to the
author, very similar to Matlab.
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Page 22 M. Viktorovi¢

SQL, 30.6%

Figure 9 Language used for data analysis/mining

Figure 9 shows that R is the most used data analytics tool according to 2014 statistics,
while in combination with SQL represents again the most used tool by data scientists [16].

“New KDnuggets Poll shows the growing dominance of four main
languages for Analytics, Data Mining, and Data Science: R, SAS, Python,
and SQL - used by 91% of data scientists” [16]

For the use and integration with Microsoft based cloud, distribution named “Microsoft R”
is recommended to be used, due to its higher compatibility with Azure Machine Learning. This
version of R is formally known as “Revolution R”, and it is fully compatible (ver. from Aug 2016)
with R version 3.3.0. [17]

42.2. AMPL

A Mathematical Programming Language, or shorter AMPL, is modelling language,
designed to describe and solve complex calculation problems that require large-scale
mathematical computations.

AMPL is used for different type of problems like:
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e Linear programming

¢ Quadratic programming

¢ Nonlinear programming

o Mixed-integer programming

* Mixed-integer quadratic programming with or without convex quadratic constraints
e Mixed-integer nonlinear programming

e Second-order cone programming

¢ Global optimization

¢ Semidefinite programming problems with bilinear matrix inequalities

o Complementarity theory problems (MPECS) in discrete or continuous variables
e Constraint programming

Figure 10 AMPL lifecycle flow

For developed project, first point, linear programming is the part that will be used. Also,
since regular AMPL requires 3™ party solver, instead of official release [18], package,”’Rglpk”,
developed for R should be utilized. This package uses similar interface as AMPL, but with
zero cost for the licence, which makes it tool of a choice for development of models.

4.3. Visualisation

Market currently offers couple of Visualisation tools, that can utilised on this project. Two
main competitors here are Power Bl and Tableau. Choice of one of these is based primarily
on other parts of the solution, in our case, the cloud solution by Microsoft. Since the same
company is developing the Power Bl and Azure Cloud, it was natural to consider this
combination as the primary one.

4.3.1. Microsoft Power Bl

This powerful tool has been developed by Microsoft in order to compete with different
business intelligence reporting tools. As such, it was the natural choice because of its “natural’
integration with the rest of Microsoft Azure tools and services.
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Figure 11 Comparison between data visualization tools [19]

As already mention in the previous chapter, because of requirements of the company, this
tool has been chosen in the first step, as the opposite to logical order, where the visualisation

tool choice should come in later stages of the project.

Main competitor to Microsoft’s tool is Tableau, which has been leading software for data
visualisation on the market in recent years. [19] As seen on the Figure 11, Power Bl is leading

in the innovations in the field of reporting tools.

When it comes to economic feasibility, Power Bl is much cheaper tool, which offers more.
Licence for Power Bl Pro is 9.99$ per month per user (~120$/year), while Tableau is 1999$
per year, with Power Bl being better in next areas, according to proficient users [19]:
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Integration and sharing — “What really makes PBI powerful is the sharing options
it provides. These allow the segmentation of users we want to send information to,
with the possibility of selectively displaying or hiding information that we don’t want
certain users to see.”
Data sources and modelling — “One can create complex relationships between
tables, add columns and rows, import from one table to the other, join, filter and

i

much more.’
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= Custom visuals — “You can use the custom visualizations published in the Viz
Community.”

= DAX (Data Analysis) expressions - “DAX expressions can be used to create
calculated fields, new columns, aggregations, changes to data formats and
granularity and you can even modify the data in the tables or join tables.”

Description Free Pro
Consume content that is scheduled to refresh 10K rows/h 1M rows/h
=
..% Consume streaming data in your dashboards and report v
<
§ Consume live data sources with full interactivity v
Access on-premises data using the Data Connectivity Gateways v
Collaborate with your team using Office 365 Groups in Power Bl v
_§ Create, publish and view organizational content packs v
©
g Manage access control and sharing through Active Directory groups v
8 Shared data queries through the Data Catalogue v
Control data access with row-level security for users and groups v

Table 1 Differences between Free ver. and Power Bl Pro

On top of the mentioned advantages, Power Bl has a free version, which has almost all
the features of Pro version, just with limited amount of data. Plus Microsoft publishes update,
with new features, in average every two weeks [19].
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5. Application example

Optimization of this kind can be done inside any energy intensive industry that has
possibility to make their working schedule a bit flexible. In the era of complete automatization,
optimization of schedules can be done in more flexible way, up to the point where factories
become real prosumers and not just pure consumers of electrical energy.

5.1. Constrains

e

Figure 12 Example process hierarchy

For primary demonstration purposes, factory with a production line consisting of three
processes has been chosen. This simple model consists of three groups of machines (usually
marked as M1, M2 and M3), interconnected in a way that process 1 and 2 must be done before
process 3 starts, like in Figure 12.

In terms of mathematical constrains this means:

finsih start
t < 83

finsih start
t; S t3

Where t5 and t"ish represent starting and finishing hour of processes.

Adding some logical constrains that process cannot be finalized its work before it has
started, we get three extra conditions:
tftart < t{tnlsh

inish
tgtart< tglnls

inish
tgs,tart< tglnls
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Also we have more constrains in terms of factory’s working hours, which are in period
between 4am to 7pm. So we add this constrain as well to our model:

(Vi€ [1,3]) 4 < t5tart

(vi € [1,3]) t/™" <19
5.2. Model

In order to create model for processing in AMPL and R, we need production constrains,
defined previously. This constrains should be transferred into matrix format in order to be
calculated inside the model.

For order of processes we have the matrix form in which values A(i,j) = 1 represents
that process i must be finished before process j.

In given example that would mean:
A(1,3) = 1 equivalent to t] ™™ < tstart
A(2,3) = 1 equivalent to t]™™ < tstart

or in or of a matrix form:

A=10 0 1

0 0 O

001]

Now, with matrix like this we can form our model our process, with of course adding the
set of parameters for working hours constrains in form of arrays:

Process ID Start of working Process ID Start of working
hours
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5.3. Process data acquisition and optimization

After accounting for all of the time constrains, next step is use data mining to get working
hours of the processes. This is done easily by setting threshold for consumption, so that when
consumption is bigger than certain value, we say that machine is working. Here small
complication can be the fact that different machines inside process have multiple sensors, in
which case we need to aggregate their values in form of a sum of their consumptions per unit
of time.

This can be seen in the data model represented in the Figure 13.

(master) e
Sensor_id[int] Location_id [int] <{— Location_id [int]

e T Y| P
Sensor_id [int] -
Time [DateTime] 4 Latitude | L+ [float] Time [DateTime]
Name (name)[varchar]
CQuantity (Consumption) . i Longitude |L.o11) [float] Price [float]
[float] Sensor_type_id [int]
——— City [varchar] Unit (EUR) [varchar]

Measure [varchar] -
Location_id [int] 1
| Machine_id fint] m

EIE.CF.?_M fint]

Start time [time]
Sensor type |

) End time [time]
| Sensor_type_id [int]

- OUTput_limit max [float]

Process_id [int] OUTput_limit min [float]

= irmiiz=iti Process_definition
Machine_id [int] Optimization L INput_limit max [float]

Type [varchar]

R d I Process_id [int]
Time [DateTime] Machine_id fut]

INput_limit min [float]

Time [DateTime] Machine_id independent [int]

Output optimal [float]
Optimal consumption

Output [float] [float] Machine_id dependent [int] Input npﬁmal'['ﬂoaﬂ

Input [float] |

Figure 13 Proposed data model

In used algorithm we have used time scale in hours because of simplicity, but resolution
can be increased by simple aggregation of data on the level of any smaller time period. In this
case, data for the electricity prices should have the same resolution.
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Since the input data should have the next format:

Process ID Hourly consumption, coma separated in kWh  Number of working hours

Example data: 2 123, 123, 123, 123 4

Some data mining needs to be done in order to calculate working hours of the process,
but this is not a complicated matter, since we first have to do data cleaning for the “noise”
consumption, and then it’s the simple sum up of all the values you get after this process.

Data read and Optimization a Data
preparation script preparation and

«SQL query to read *Optimization export
data algorytm eScript for data
eCode to format data eModel of formating

production line *SQL write query

Figure 14 lllustrated schematics of the optimization scripts

Figure 14 shows the proposed modular solution for script architecture. This modular
approach allows for easier maintenance and code upgrades. This is very important, taking into
account that actual data structure might be different than one proposed in Figure 13, in cases
where companies already have energy monitoring data and/or solutions already implemented.

Consumption @ptﬁmﬁzatﬂ@n script Optimized

data schedule data

R script
\_ N

Figure 15 Optimization script schematics
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It is important to state that actual optimization script in Figure 14 is consisted of two
separate parts, like in Figure 15. First and main part is the optimization script, using AMPL
solver designed as library for R. This solver is then calling the model which is separated in
“mod" file, where all the descriptive data about production line is given, as explained in
previous chapter.

5.4. Cloud integration

As discussed in the chapter describing Azure cloud services, proposed schematics of
data flow from Figure 7, can be adjusted, to better represent actual steps in the process.

Azure SQL Database - Figure 13

{master)
- — Locstion_idfirt] 1 Aacs

Sonwor_idim] |

| attuda ) (Roat] T
t | Ui (e ]
h =
|| =
[
‘Start time [thma]
.

End e [time]

OUTpu_fimit max{fost]

==  Power Bl

Outputopters oat]

Maioe o] [+

Time loaeTne] |

preparation script preparation and

*SQl query toread sOptimization export
data algorytm Script for data
sCode to format data *Model of formating
production line 50 write query

: o | | "
| ottty | Ingut ostimatifiat]
y = 2
Data read and Optimization Data

Optimization script - Figure 15

Figure 16 Actual schematics of Azure cloud platform

As seen when comparing Figure 7 and Figure 16, Azure machine learning service is
substituted by optimization script, which is real-case scenario. This is done because Azure
provides support for R scripts, through Azure ML service.
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Optimization script is loaded to Azure ML through three types of building blocks:

1. Import data
2. Execute R script
3. Export data

Naturally, Import data block has native connection with azure SQL storage, therefore
connection can be made simply. Similar thing is with the Export data block, which requires
parameters like, DB name, Table name, etc.

Execute R script block, has slightly more complicated structure, due to modularity of
proposed optimization script. Before transferring code into this block, we have to reformat i,
since this block is designed to have two input and one output dataset. Also all external files,
like our model file, have to be packed into zip file, and then loaded through initial R script, as
the third input into the block. This things are very well explained and documented, so that
transition step from development environment, like R Studio is made as simple as possible.

‘R code that runs in other tools, such as R Studio, might need small
changes to run it in Studio. For example, input data that you provide in
CSV format must be explicitly converted to a dataset before you can use it
in your code.” [20]

Implementation of optimization script is the most demanding step in setting up the cloud
based solution. Other settings of the Azure cloud, are user dependent and straight forward,
and therefore there is no need to explain them in more details.

5.5. Dashboard

As already mentioned, for the end user, visualisation of data is the most important feature
of proposed solution. Most of the potential clients already have personal in charge of energy
efficiency, although in usually on very low level, meaning that there are no proper analysis of
consumption, but rather analysis of aggregated data.

In this part, our main tool will be Microsoft Power Bl reporting tool. Advantages of this
tool have already been discussed in previous chapter, but it is important to stress one more
time that this is Microsoft's tool for data visualisation, and as such has native support and
connections with Azure platform.

Main feature of this tool is its interactivity, which provides client with much better user
experience. Example of this is auto timescale aggregation, where based on the user
preferences levels of aggregation can be created and manipulated, especially with data in time
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series. This is important especially for the aggregated consumption data.

Based on feedback got from other experienced developers of supply-chain platforms,
decision has been made to divide whole dashboard into several reports, representing different
steps in analytics of energy usage.

Main idea behind this was to follow the next steps:

Overwiev of eInvestigate overall
the

production KPls
eGet important

prod UCtion notifications

|nveStigati0n eCheck and
of individual [eHteba

processes within

processes production line

1+1 eQOptimization
Oppertunltles posibilities
for *Output of
proposed

improvement [emsaen

Figure 17 Dashboard though flow

In order to build this, we had to answer three crucial questions”, from the point of view of
our client:

1. “What am | producing?”
2. “How am I performing?”
3. “Are there possibilities for improvement?”

After we have done this, we can proceed to dashboard building, following the main
guidelines, given in the Figure 17.

For our case, of beer production company, we have divided dashboard in seven reports
in total, shown in appendix section 10.1 Energy analytics dashboard:
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My plant
Processes
Production control
Cost of operation
Optimization
Optimal process
Price forecasting

No ok owd=

Idea behind My Plant report is to give general overview of the whole factory or production
line, together with aggregated data about not only energy consumption in one production line,
but in multiple if they exist.

Sep 142592 Apride2i oy SENSOR. TYPE @ Cresure @ Temperature @ Volume

Oct 14,5691 Ausg (3 6E3F
= - 200K
)i Dec
bt - £.0727
&
4 &

VW R Ay
@ dom P 13 e
. jue sah
@ lun
mig u
THar
-
mar
= ~rina A a7
Average Lo Imp 1 [K Nl 0% FOur

5 1 15

Figure 18 Some main KPIs from "My plant" report

As seen on the Figure 18, we can investigate consumption of electrical energy,
aggregated by different time periods, which gives us information, similar to the one we would
get in our electricity bills. Next to consumption, we have sensor readings for different things,
which are important for the platform user, so that he can follow the continuity of normal
operations. This values usually trigger alarms, when outside predefined borders.
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In Processes tab of dashboard, we can see the process description, together with
outputs and inputs, paired with consumption and price of electricity.

Processes

é pe———— ® Average of CUTPUT_PACKS [®

—]

1Yl I I 1 3 ‘_I' ~ Bottling”

- Fermentation

2 i
'Y Wort_Boilin
= G e - -Bolling

Figure 19 Main KPIs from "Processes" report

In Figure 19 process is visualised, and consumption division is given, while other KPIs
can be seen in Appendix section, and they include comparison of hourly consumption and
price for both individual processes and their aggregated values.

Figure 20 shows main KPIs from Production control report, which has the main idea, to
show how inputs and outputs of this process behave, but as well, to show the brief description
of processes electricity consumption. Thing to note here is that filtration is in the “select only
one” mode, which means that only individual processes can be followed, since outputs and

inputs of different processes can scaled differently or use different units, and therefore cannot
be summarised.

Also on Figure 20 we can see different aggregation levels in graphs, which are
automatically done by Power Bl software, since it can recognize data fields representing dates,

9O
ETSEIB



Load-shifting inside production lines Page 35

times, timestamps and etc. Aggregation is then done by different levels:

e Year

e Season
¢ Month
e Day

Clutput Packs respect to Energy used by seasen
WOUTPUT_PACKS [N Packs]  COMNSUMPTION [Kw/Hora]

IO

g.1TH

Ll EFEELD n.0aM

com

@ Sum of Average Price @CONSUMPTION [Kwy'Hora]

L

B0

P
[=1

Figure 20 Main KPIs from "Production control" report

Second graph on the given figure (Figure 20), is showing consumption for the process
of wort boiling, which lasts for 2 hours, and it is scheduled to start at 7am and finish at 9am.
Also, we can notice that output of this process is directly correlated with consumption, as
shown on the first graph.

Cost operation screen is showing electricity consumption in terms of cost, aggregated
based on different parameters.

Here, on Figure 21, it can be clearly seen how consumption per hours is distributed
between processes, scaled to 100%. Next to it, there is comparison of consumption per season
with average price per season, as well as comparison of consumption and price per hour in a
given day.
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Consumption [Kwh] and Cost [Euros] by Season

KwyHara] by HOUR and P

PROCESS @Bottiing @Fermentation @Wort Boiling

Bottling

Figure 21 Main KPIs of "Cost of operation” report

Interactivity here gives great possibilities for data exploration, since, filtering is done by
clicking on any of the visual elements. Some filters can be limited to only specific graphs, but

by default, they are applied to whole report.

Other important thing when it comes to filtering, is to define aggregation function
properly. For example, when dealing with consumption, this function should be sum, while in

visualisation of prices and cost, avg (average) should be used.

Optimization report page has the purpose to show current (non-optimised) solution,

together with recommendations for optimal scheduling.

COMSUMPTION [Kw,/Hora] by HOUR and PROCESS BEFORE OFTIMIZATION

PROCESS @Eoctdling @Fermentation @ Wort_Boiling

COMNSUMPTIOMN [Kw/Horal by HOUR and PROCESS AFTER OPTIMIZATION

50K

@ CONSUMPTICHN_WORTEOILMNG @CONSUMPTION_FERMEMTATION @ COMNSUMPTION_BOILING

20

o 5 0 15 20

n

n

Figure 22 Main KPIs of "Optimization" report
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Example from the Figure 22, shows substantial savings, of around 44%, which is not
realistic number.

12.39 — 6.92

1239 =04

This is due to “what-if’ testing, in which constrains, from the chapter 5.1, are simplified,
meaning that “working hours” of the plant were not taken into account, which can be seen on
the graph of optimized consumption in the Figure 22, where the first process starts at 1 o’clock
in the morning.

Discrepancy between two graphs (slightly different shape of consumption curve), can be
explained by the fact, that for optimization, predefined period of aggregation of average
consumption per hour for optimization, is different than the one for visualization of hourly
consumption. In pure visualization complete historical data is taken into account, while in the
process of passing data to optimization scripts, much smaller period has taken into account,
usually only last 24 hours of data, if it's completely available.

Thing to be noted here is that this numbers represent only aggregation of daily spot
market prices, while taxes, fees for contracted power, etc. are not taken into account, since
they are fully dependable on the contract that producer has with the electricity provider. Also
from the optimization point of view, this fact doesn’t change the algorithm, since the cost
function is independent part of it.

Logical next step is to see the actual effect on individual processes, which has been
visualised in the Optimal process screen. Here (Figure 23), individual processes were shown,
in their ideal scheduled working hours.

Figure 23 "Optimal process" process consumptions
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Comparison of total consumption, scale to 100% per hour, is also shown in this report,
like in Figure 24, where something similar to second graph on Figure 22 is shown, just scaled.
This visualisation is very important, because it gives the clear understanding of the share in
consumption between different processes, but also from it you can clearly distinguish working
hours of each process.

@ CONSUMBTION_ BOILNG CONSUMPTICN_FERMENTATION @CONSUMETION_ WORTBOILING

L

20% A% B0% B0 100%

Figure 24 "Optimal process" hourly consumption division

Apart from this, Optimal process report contains, comparison between maximum power
capacity required as well as the distribution of the costs between all the processes.

The last report within the dashboard, is Price forecasting and it is intended for future

developments of the platform, in which the service of price forecasting will be available, as an
extra tool.
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6. Results and discussion

In previous chapter, model of the production line, consisting of three processes has been
given, and based on this model, and data available, preliminary calculations of savings have
been done. In order to diversify the results, different techniques have been applied to the given
data.

e Data has been cleaned and resampled, in order to create more compact
development environment

e Added random noise to the consumption data, to model real-world conditions, in
a smaller data set

e 3 scenarios have been developed for original schedules and production line
constrains

Based on previously mentioned 2 scenarios, economic analysis will be done, taking into
account several economic factors, and savings in cost of total kilowatt/hours.

All scenarios outcomes have been calculated using linear programming approach,
without utilizing other proposed algorithms. This has been done as the first step, since this
approach gives the best possible result with absolute correctness, and therefore it's perfect for
later comparison, with other approaches, which have stochastic type of results. Also, main
concern of the first version of solution was not the computational performance, but economic
feasibility.

Price/hour (in €/kWh)

40

Price In €W
il

time by hours

Figure 25 Price of kWh during one day in DK

All the prices were taken from NordPool spot Market, for DK (Denmark) region, and on
daily basis, they are represented by daily curve given in the Figure 25.
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6.1. Scenario 1

In first scenario scheduling of the processes was based on next time parameters:

Process Schedule
1 6am to 1pm
2 10am to 2pm
3 3pm to 4pm

Table 2 Scenario 1 original schedule

Also, here we are taking into account working hours of the factory, which are from 6 am
to 12pm. With this parameters, our load looks like this:

Consumption per machine and hour (in kW)

250
I

= Machine 1
== Machine 2

=== Machine 3
| Cost (E/kWh)

200

150

100

Consumption in KW per machine

Time in hours

Figure 26 Consumption per process per hour in Scenario 1

As seen from the Figure 26, machines representing processes operate mostly during
hours in which price of electricity is high.

By putting constrains as described in section Constrains5.1, taking into account
operation hours of the plant, our algorithm gives us the next schedule:
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Process Schedule

1 11am to 6pm
2 1pm to 5pm
3 9pm to 10pm

Table 3 Optimal schedule for scenario 1

This is directly transferred into consumption curves of processes, based on the optimal
schedule from the Table 3.

Consumption per machine and hour (in kW)

250
|

= Machine 1
@ = Machine 2
c “== Machine 3
A= oae | Cost (€/kWh)
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Figure 27 Consumption per process per hour in optimal version of Scenario 1

Based on the given prices of kilowatt/hour, total prices and savings are:
Cost Cost after optimization Savings per day

22.096 € 19.116 € 2979 € 13.5%

Table 4 Cost and savings in scenario 1

6.2. Scenario 2

In second scenario, assumption has been used that factory doesn’t have limited working
ours, meaning it operates 24 hours a day. This scenario gives more flexibility for optimization
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algorithm, and therefore it is expected to give results leading to more savings.

Constrains in this case are only that process 3 must wait for processes 1 and 2 to finish.
According to the original schedule these processes have given working hours:

Process Schedule

1 6am to 1pm
2 10am to 2pm
3 3pm to 4pm

Table 5 Scenario 2 original schedule

Since there are no “working hours” in this scenario, only constrains here are:

finsih start
t < t3

finsih start
& = 13

And with these limitations, model is built, and on that model, linear programing algorithm
has been applied, in order to get the optimal schedule for production. This optimization then

gives the next schedule:
Process Schedule

1 Oam to 7am
2 1am to 5pm
3 3pm to 4pm

Table 6 Optimal schedule for scenario 2

This scheduling gives us the consumptions per process (machine) that is represented
on the next figure (Figure 28):

g =N
Sy
Yo
ETSEIB



Load-shifting inside production lines Page 43

Consumption per machine and hour (in kW)

250
|

=== Machine 1
== Machine 2 :
Machine 3 :
Caost (€/kWh) | :
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|

150

100
|

» |
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Figure 28 Consumption per process per hour in optimal version of scenario 2

By doing optimization under given conditions, we can reduces costs of used electricity
more than in scenario 1, as it has been expected, since lowest electricity prices are during
lowest load in the early morning hours.

Cost after optimization Savings per day

22.096 € 15.802 € 6.293 € 28.5%

Table 7 Cost and savings in scenario 2

From the Table 7, we can see the savings of more than 28%, which is quite big result,
taking into account that for it to be realised, we would have to have complete flexibility, when
it comes to working hours. This can be achieved only in the production lines are fully
automatized and where the produced good does not require special storage conditions.

6.3. Economic analysis

In order to give the evaluation of economical feasibility of the project, Net Present Value
(NPV) has to be calculated. Net present Value represents difference between present cash
inflow values and present cash outflows.

First stem in analysis through NPV is to construct P&L (Profit & Loss) sheet, for projected
time period within which we want to see the feasibility of project.
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Key economic parameters

Inflation rate 2.00 %

Increase in electricity prices 972 %
Length of projected period 5 years
Cloud price decrease rate 3.7%

Table 8 Key parameters for economic analysis

Cloud price decrease rate is calculated based on the prediction of price decrease of 14%
by year 2020 [21].

Increase in electricity price is calculated based on historical data of prices in Spain from
1980 to 2012, as shown in Figure 29, based on data from Eurostat.
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Figure 29 Trend of price increase in Spain

Net Present value is calculated using the next formula for required t number of time periods
(years).

NPV—Z Ce C
- - d+nrnt 7

Where Ctrepresents net cash flow in year ¢, r represents discount per year, in our case
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we don’t have it, since it is pre-calculated within the price decrease of the cloud services. And
finally Co represents the initial investment cost, which is in our case cost of platform
development.

(=2]

3.1. Expenditures and initial investment cost

In the investment cost we include the cost of labour for development of the platform, taking
into account that measurement equipment is already present on client’s side, like shown in
Table 9.

Initial investments
Number of working hours [hours] 900
Cost of working hour [€] 8.00
Cost of development licence [€] 250.00

Various development costs [€] 550.00

TOTAL [€] 8000.00

Table 9 Initial investment cost

Expenditures include costs of platform maintenance, meaning the yearly cost of the
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Table 10 First year monthly expenditures
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Expenditures per year

TOTAL [€] 1612.80

Table 11 First year expenditures

6.3.2. Revenues

Revenues have been calculated on the basis of savings, calculated for scenarios
previously shown. In this cases we will use expenditures for used electricity only, calculated
based on spot market prices for DK region, and apply savings on them.

Expenditures per month for electricity

Number of working days in month 30.5
Electricity consumption [kWh/month] 30 000
Pure electricity cost per day [€] 22.10

Pure electricity cost per month [€] 674.05

Table 12 Expenditures for electricity in first year

Scenario 1 revenues per month

Savings [%]

TOTAL [€/month] (savings)

Scenario 1 revenues per year

TOTAL [€] 1091.96

Table 13 Scenario 1 - Revenues for first year

From the Table 13 we can see that revenues, produced by savings in electricity price
are lower than expenditures per year from Table 11, which means that profitability of this
scenario will be dependent of increase of electricity prices, compared to decrease in prices of
cloud services.
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Scenario 2 revenues per month

Savings [%] 28.5

TOTAL [€/month] (savings) 192.23

Scenario 2 revenues per year

TOTAL [€] 2306.79
Table 14 Scenario 2 - Revenues for first year
6.3.3. NPV for Scenario 1

Taking into account parameters calculated in previous chapters, together with Economic
parameters from Table 8, we can calculate NPV for Scenario 1.

With the increase of price of electricity for more than 9%, and decrease of cloud services
for almost 4% per year, we can see positive difference between incomes and outcomes only
after third year of utilization. Which leaves us with no funds to cover the initial costs.

NPV = —856.69 € (for the period of 5 years, without investment costs)

NPV analysis of scenario 1

Year 0 1 2 3 4
LU 8088 8874,154 9736,721 10683,13 11721,53
electricit
Expenses for 1612,8 1553,126 1495,661 1440,321 1387,029
Cloud
Revenues 1091,88 1198,011 1314,457 1442,223 1582,407
Net income 520,92 348,013 -174,028 1,789545 180,2098

Table 15 Scenario 1 - NPV Analysis

With this values it is obviously not profitable to buy and implement the whole solution,
only for the sake of optimization of the schedule, since in 5 year period you will not have
profitability.

6.3.4. NPV for Scenario 2

Using exactly the same assumptions, but taking into account savings of 28.5%, that were
calculated for Scenario 2, we can get positive net cash inflow from the year one, if we consider
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initial investment cost to be 0.

NPV analysis of scenario 2

Year 0 1 2 3 4
Cost of

o 8088 8874,154 9736,721 10683,13 11721,53
electricit
Expenses for 1612,8 1553,126 1495,661 1440,321 1387,029
Cloud
Revenues 2305,08 252913 2774,96 3044,69 3340,64
Net income 692,28 956,49 1228,64 1510,02 1801,95

Table 16 Scenario 2 - NPV Analysis

From Table 16, we can calculate NPV value, for zero initial investment costs:
NPV = 4942,48 € (for period of 5 years, without initial costs)

With investment costs, we have to make the parallel, since this solution is a software
solution, therefore licences can be sold, which decrease cost of initial investments per client.

For this purpose, comparison between, NPV and number of sold licences has been
created:

Num of

. 2 3 5 10 15 30 50 100
licenses

Co, per

8000 4000 2666,6 1600 800 533,33 266,66 160 80

user

NPV

(5 year) 3057,5 942,47  2275,8 3342,4 4142,4 4409,14 4675,81 4782,47 4862,47

NPV
(2 year)

6438,1 2438,1 1104,8 38,1862 761,81 1028,48 1295,14 1401,81 148181

Table 17 Scenario 2 - Num of licences and NPV dependency

Looking at this data, it would be great to determine the break-even point for number of
licences, and period of calculated NPV, which should also give us the idea for Return of
Investment scenario for client.

In this analysis also has to be stated that added value of monitoring platform has not
been calculated, although it has been developed and therefore included into initial investment
costs. Also important thing is that model on which analysis is based, indicates, that every client
utilizes separate cloud components, while in real case, this resources can be shared, and
platform could be sold as service, an d not as an “end to end” solution. Different business
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models can be discussed for this project, but this way of analysis has been taken into account
in order to keep the focus on optimization solution only, as the topic of this thesis suggest.

NPV dependable on number of licences

6000

4000

2000
@ 0
E 1 2 5 10 15 30 50 100
= -2000

-4000

-6000

-8000

Number of licences
NPV (5 year period) === NPV (2 year period)

Table 18 Comparison of dependencies between NPV and number of licenced users

6.4. Environmental impact

This project does not have direct impact to the environment, but due to its nature,
indirectly it can create consequences for the environment.

Based on the algorithm, load is usually shifted to hours of lower electricity demand,
since this corresponds to lower price of electricity in most cases. When this is not the case, we
might be facing high penetration of renewables, which are usually green sources [22].

In the countries where base demand is satisfied from sources like nuclear or hydro
plants, trend of shifting to off-peak hours, leads to greener impact. | other countries, where
grey sources like coal plants, are satisfying the base demand, this project can indirectly lead
to negative environmental impact, since peak hours are then satisfied by cleaner, but more
expensive power plants.

But this can be avoided, since flexibility of the algorithm allows for cost function changes.
In this case, we could calculate the “environmental cost”, based on energy mix per hour, which
would then be added to the real cost, allowing the user to choose greener hours for its
operations.
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7. Conclusion

Through this thesis work, reader has been given an overview of the project that had the
goal to investigate possibilities for optimization of schedules of production, therefore achieving
savings in cost of electricity, by shifting loads of individual processes within production line.

Secondary goal of the thesis was to investigate technical and economic feasibility, as
well as to give the ideas of possible uses of the developed algorithms.

Through main part of thesis, different approaches and technologies were described and
compared, in order to give reader an overview of all the possible options for development, but
in the chapters 4 and 5, author demonstrated which of these proposed options have
implemented and for which reason.

Working in the real-word company environment represented a specific challenge when
it comes to fully new development, in the fields that are not in the main comfort zone for the
most of the people around. Tasks included, were not always straight-forward, and focus was
not always fully on the development. This of course represents the real side of project
development, which has to be managed in different ways.

7.1. Algorithm

Chosen solution for optimization of schedule, in this part of the project, was linear
programing. This was mostly because of the fact that other proposed solutions, although they
might show better performance in terms of computational requirements, will give the perfect
solution every time, as in contrast to heuristic approach. With this in mind, it is a great starting
point, so that future development of heuristic algorithms can rely on comparison when it comes
to the accuracy of solution.

Tested on multiple models, algorithm written in R, whit parts of it in AMPL language
performed well and without oscillations in its performance both on the local platform and in the
cloud. Testing has been done both with simple three process models and with ten process
ones, and in all the cases linear programming approach gave good results within satisfactory
time.

Modularity of the solution also leaves place for upgrades in a format of “plug ‘n’ play”,
which is good, since this solution offers very basic cost optimization, without taking into account
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cost of intermediate storage of goods between processes, contracted power cost, etc.
7.2. Technical feasibility

Developed algorithm was tested on data set, that was modified and randomized multiple
times, and by nature of the approach viable solution has been always available. Due to
proposed modularity of the algorithm, changes and upgrades to it are simple to make.

All the scripts developed in R, were, when tested, performing satisfactory in terms of
speed and stability. Also, R has proven to be a great tool for data processing, with its wide
application and great online community support.

Infrastructure behind the platform, consisting of Azure cloud services, has proven to be
a good choice for this kind of projects, where you have to focus your resources on software
and data, while not putting too much effort into infrastructure maintenance. Second great thing
about using cloud solution is its price flexibility and scalability, meaning that user can easily
upgrade or degrade solution’s performance, in order to adjust it to his current needs.

Key part of the Azure services was Power Bl, great visualisation tool developed by
Microsoft, which gave this project the edge in part of data representation, due to its agility. This
tool has been proven to be unreplaceable when it comes to utilization of created reports,
especially because of its native connections to other Microsoft’s products and services.

Overall experience with the cloud solution was good, although during project, learning
curve for Azure was not always optimal, and some seemingly simple things have proven to be
not as easy as advertised.

7.3. Economic feasibility

In order to compare different cases, two scenarios have been developed. One is
representing standard factory, while the other one fully automatized production, independent
of working hours.

Net present value has been chosen as the main measure of economic feasibility of the
solution, with some assumptions. Main assumption here was that only added value of this
project was developed schedule optimization, which means, that only revenue measured was
the saving produced by the algorithm.

There are any energy monitoring platform on the market, and they are making profits,
without optimizations, or with only some basic ones. For developed solution, described in this

B

m 5%
o Feqel

-
(2}
m



Page 52 M. Viktorovi¢

thesis, monitoring of energy is available, but it has been regarded as a secondary thing, and it
was not been calculated as the part that “brings money”. To compensate for this, NPV analysis
was first done assuming that there are no Initial investment cost. By doing this, we could
immediately discard scenario one as economically feasible stand-alone solution, based on
results from chapter 6.3.3.

From the other hand, chapter 6.3.4 has investigated feasibility of Scenario 2, and shown
that even as a stand-alone solution, this optimization can be profitable. Here investigation has
been done on the licence share model, and some discussion has been given how business
model can be developed, so that it can bring more profit.

7.4. Future developments

As a primarily thing to be developed next is the better model of cost function, including
different parameters, not only cost of spent electricity. Current solutions has capability for this
upgrade, therefore it should be priority, since it would represent one of a kind solution on the
market.

After this step, experimentation with different optimization techniques can be done, in
order to compare and find the best solution in terms of cost-benefit.

Rethinking of the usage of algorithms should be done, in order to implement them in
simple sequential process that we see in everyday use, like washing and drying, where user
could set the time constrains, and get the optimal schedule for utilization of the machines.

Platform should follow independently user's needs, in order to keep track with other
market solutions, and with this success is guaranteed.
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Notes



Page 54 M. Viktorovi¢

8. References

[1] “Production line,” From Wikipedia, the free encyclopedia, 16 June 2016. [Online].
Available: https://en.wikipedia.org/wiki/Production_line. [Accessed 10 August 2016].

[2] “Cross-correlation,” Wikipedia, the free encyclopedia, 15 March 2016. [Online]. Available:
https://en.wikipedia.org/wiki/Cross-correlation. [Accessed 10 August 2016].

[3] D. K. Riemer, “Beergame,” The University of Sydney & The University of Minster,
[Online]. Available: http://www.beergame.org/the-game. [Accessed 10 August 2016].

[4] S. D. R. N. R. J. Enrico Costanza, “Understanding Domestic Energy Consumption
through Interactive Visualisation: a Field Study,” School of Electronics and Computer
Science University of Southampton, Southampton, 2011.

[5] “Metaheuristic,” Wikipedia, the free encyclopedia, 2 August 2016. [Online]. Available:
https://en.wikipedia.org/wiki/Metaheuristic. [Accessed 10 August 2016].

[6] R. Carr, “Simulated Annealing,” Wolfram Research, Inc., [Online]. Available:
http://mathworld.wolfram.com/SimulatedAnnealing.html. [Accessed 10 August 2016].

[7] R.Ferguson, LINEAR PROGRAMMING, McGraw-Hill, 1958.

[8] “Linear Programming,” Wikipedia, the free encyclopedia, 7 August 2016. [Online].
Available: https://en.wikipedia.org/wiki/Linear_programming. [Accessed 10 August
2016].

[9] Trefis Team, “Microsoft's Azure Cloud Platform Explained,” Forbes, 19 December 2014.
[Online]. Available:
http://www.forbes.com/sites/greatspeculations/2014/12/19/microsofts-azure-cloud-
platform-explained-part-1/#5dd3074b916a. [Accessed 15 August 2016].

[10] “Cloud computing,” Wikipedia, the free encyclopedia, 14 August 2016. [Online].
Available: https://en.wikipedia.org/wiki/Cloud_computing. [Accessed 15 August 2016].

[11] “What is azure,” Microsoft, 2016. [Online]. Available: https://azure.microsoft.com/en-

B

o
o Feqel

b |
(2}
m



Load-shifting inside production lines Page 55

us/overview/what-is-azure/. [Accessed 15 August 2016].

[12] “Microsoft Azure,” Wikipedia, the free encyclopedia, 8 August 2016. [Online]. Available:
https://en.wikipedia.org/wiki/Microsoft_Azure. [Accessed 15 August 2016].

[13] “Stream Analytics,” Microsot, 2016. [Online]. Available: https://azure.microsoft.com/en-
us/services/stream-analytics/. [Accessed 15 August 2016].

[14] T. Amirtha, “Why The R Programming Language Is Good For Business,” Fastcompany,
5 May 2014. [Online]. Available: http://www.fastcompany.com/3030063/why-the-r-
programming-language-is-good-for-business. [Accessed 15 August 2016].

[15] “Why use the R language,” Burn Statistic, [Online]. Available: http:/www.burns-
stat.com/documents/tutorials/why-use-the-r-language/. [Accessed 15 August 2016].

[16] G. Piatetsky, “Four main languages for Analytics, Data Mining, Data Science,”
KDnuggets, 18 August 2014. [Online]. Available:
http://www.kdnuggets.com/2014/08/four-main-languages-analytics-data-mining-data-
science.html. [Accessed 15 August 2016].

[17] MRAN, “Microsoft R Open: The Enhanced R Distribution,” Microsoft, [Online]. Available:
https://mran.revolutionanalytics.com/open/. [Accessed 15 August 2016].

[18] “AMPL,” Wikipedia, the free encyclopedia, 26 July 2016. [Online]. Available:
https://en.wikipedia.org/wiki/AMPL. [Accessed 15 August 2016].

[19] S. Tacoronte, “5 Reasons why Power Bl is taking over Tableau as the best Bl Tool,” 17
May 2016. [Online]. Available: https://www.linkedin.com/pulse/5-reasons-why-power-bi-
taking-over-tableau-best-tool-tacoronte. [Accessed 15 August 2016].

[20] “Execute R Script,” Microsotft, [Online]. Available:
https://msdn.microsoft.com/library/azure/30806023-392b-42e0-94d6-6b775a6e0fd>5.
[Accessed 15 August 2016].

[21] TCL, “The TCL Pricing the Cloud 2 — 2016 to 2020,” Tariff Consulting, 2016.

[22] B. W. Jeff Erickson, “Peak Demand Reduction vs. Emission Savings: WWhen Does It Pay
to Chase Emissions?,” Wisconsin Department of Administration Division of Energy |,
2008.

B

m 5%
o Feqel

-
(2}
m



Page 56 M. Viktorovi¢

9. Table of figures

Figure 1 Example of 3 processes in production liNe .............ceeoeiiieeeiiieiee e 8
Figure 2 NordPool Spot hourly market prices in Denmark...........ccccoeeiiciiiieiee e, 9
Figure 3 Beer game supply chain simulation............c..ccccooviiii e, 10
Figure 4 Cross-correlation (r) of two signals (X and y) .......cccoeieeeiiiieinieeee e 12
Figure 5 Simulated annealing pseudo COAE [B] ........ueviiiiuiiieeiiiiieeeeeie e 14
Figure 6 Process constraints explaingd............cccuveiiiiiiiiii i 16
Figure 7 Proposed Azure arChiteCture............ccuiii i 19
Figure 8 Representation of relations in optimization script ............cccoeeviviiiiie i, 21
Figure 9 Language used for data analysis/mining ...........ccccooiiiee i, 22
Figure 10 AMPL lifeCyCle oW ... e 23
Figure 11 Comparison between data visualization tools [14].........ccccecccveeiiiiiee i, 24
Figure 12 Example process hi€rarChy ............cccccuueiiiiieeiii e 26
Figure 13 Proposed data MOdEl .............cooiiiiiiiiiiiiiee e 28
Figure 14 lllustrated schematics of the optimization scripts.......ccccccooeviciiiieiii e, 29
Figure 15 Optimization script schematiCs...........ccvveeiiieiiiii e, 29
Figure 16 Actual schematics of Azure cloud platform............c.ccociiiiiiicee, 30
Figure 17 Dashboard though flOW .............ceoiiiii e 32
Figure 18 Some main KPIs from "My plant” report............cccoiiiee i, 33
Figure 19 Main KPIs from "Processes"” repOrt ...........ccceiiiiiiiiieiiiee e 34
Figure 20 Main KPlIs from "Production control" report .............cccoreeiiiieniiee e 35
Figure 21 Main KPIs of "Cost of operation” report............ccccvieiieeiii i, 36
Figure 22 Main KPIs of "Optimization” report ...........ccoooiiiiiiiiiiiieee e 36
Figure 23 "Optimal process" process CONSUMPLIONS ..........eeveeiiiiiieriiiieeeeeiiieeeesieeee e 37
i’d‘x'bb

ETSEIB



Load-shifting inside production lines Page 57

Figure 24 "Optimal process" hourly consumption divisSion ...........c.ccceeciiiieiiiiee e 38
Figure 25 Price of kWh during one day in DK.............oooiiiiiiiiiiee e 39
Figure 26 Consumption per process per hour in Scenario 1 ........ccccecevveiciiiieee e, 40
Figure 27 Consumption per process per hour in optimal version of Scenario 1 ................. 41
Figure 28 Consumption per process per hour in optimal version of scenario 2 .................... 43
Figure 29 "My Plant” FEPOI.........ooi e a e 59
Figure 30 "ProCeSSES" FEPOIT.......cciuieiieiiiite ettt e e e e e e s 60
Figure 31 "Production CONTrol" rEPOMt..........ccoiiiiiiiiiiiii e 60
Figure 32 "Cost of operation” report ..........cooio i 61
Figure 33 "Optimization" rePOI...........ooi e 61
Figure 34 "Optimal proCeSS" FEPOM........cc.uuiiii et e e e e ennae e e e naee s 62
Figure 35 "Price forecasting” report...........oov i 62
Table 1 Differences between Free ver. and Power Bl Pro..........c.cccoieiiiiiineccneec e 25
Table 2 Scenario 1 original SChedUle..............ccccviiiiiiiic e 40
Table 3 Optimal schedule for SCENArIo 1 ........cocuiiiiiiiie e 41
Table 4 Cost and savings iN SCENAMO T.........coocuiiiiiiiie e 41
Table 5 Scenario 2 original Schedule.............ocoi i 42
Table 6 Optimal schedule for SCENAMIO 2 ...........ooiiiiiiiiiiie e 42
Table 7 Cost and savings iN SCENAMO 2..........ccccuvviiiiiieee et e e aeea s 43
Table 8 Key parameters for economic analySis.............ccoouiiiiiiiiiieeeeeiccccieeeee e 44
Table 9 Initial INVESTMENT COSL .........oiiiiie e 45
Table 10 First year eXpenditUres ...........cooeiiiiiiiiiiiiiie e 46
Table 11 Expenditures for electricity in first year ..o, 46
Table 12 Scenario 1 - Revenues for first year ............ccco i 46
Table 13 Scenario 2 - Revenues for first year ... 47
Table 14 Scenario 1 - NPV ANAIYSIS......cccoiiiiiiiiiiiie et 47
\'la‘x'bb



Page 58 M. Viktorovi¢

Table 15 Scenario 2 - NPV ANAIYSIS .........ooiiiiiiiie e e 48
Table 16 Scenario 2 - Num of licences and NPV dependency..........cccccvveeeeiiiciiiieeeeeceeceens 48
Table 17 Comparison of dependencies between NPV and number of licenced users ......... 49
Table 18 AMazon Web ServiCes VS AZUIE .........c.eoiiiiiiiiieiiiie et 63

B

m&$le
o Fecel

-4
(2}
m



Load-shifting inside production lines

Page 59

10. Appendix

10.1.Energy analytics dashboard

Beer Process Overview
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Cost Of Operation
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10.2.Azure — AWS comparison

Table 19 Amazon Web Services vs Azure

Virtual servers

Auto scale

Virtual server disk
infrastructure

Container
management

Backend process
logic

Job-based
applications

Microservice-
based applications

Web applications

API-based
application
runtime
Disaster recovery

Predefined

templates

Marketplace

Object storage

Shared file
storage

Archiving and
backup

EC2

Auto Scaling VM Scale Sets

App Service
AutoScaling

Elastic Block Store
(EBS)

Page Blobs

Premium Storage

EC2 Container Container Service

Service
Lambda Functions
Web Jobs
Logic Apps
Batch

Service Fabric

Elastic Beanstalk Web Apps

Cloud Services

API Apps

Site Recovery

AWS Quick Start Azure Quickstart

templates

AWS Marketplace Azure Marketplace

Virtual Machines

Virtual servers allow users deploy, manage, and maintain OS and
server software. Instance types provide combinations of CPU/RAM.
Users pay for what they use with the flexibility to change sizes.
Lets you automatically change the number of instances providing a
particular compute workload. You set defined metric and thresholds
that determine if the platform adds or removes instances.

Provides persistent, durable storage volumes for use with virtual
machines, and offers the option to select different underlying physical
storage types and performance characteristics.

A container management service that supports Docker containers and
allows users to run applications on managed instance clusters. It
eliminates the need to operate cluster management software or

design fault-tolerant cluster architectures.

Used to integrate systems and run backend processes in response to
events or schedules without provisioning or managing servers.

Orchestration of the tasks and interactions between compute
resources that are needed when you require processing across
hundreds or thousands of compute nodes.

A compute service that orchestrates and manages the execution,
lifetime, and resilience of complex, inter-related code components that
can be either stateless or stateful.

A fully managed web infrastructure that provides the underlying web
server instances and surrounding security, management, resilience,
and shared storage capabilities.

Build, manage, and host APIs enabling a variety of languages and
SDKs with built-in authentication and analytics.

Automates protection and replication of virtual machines. Offers
health monitoring, recovery plans, and recovery plan testing.

Community-led templates for creating and deploying virtual machine-
based solutions.

Easy-to-deploy and automatically configured third-party applications,
including single virtual machine or multiple virtual machine solutions.

Storage and content delivery

S3 Blob Storage

Elastic File System File Storage
(Preview)
N/A (software) Backup (software

Object storage service, for use cases including cloud applications,
content distribution, backup, archiving, disaster recovery, and big data
analytics.

Provides a simple interface to create and configure file systems
quickly, and share common files. It's shared file storage without the
need for a supporting virtual machine, and can be used with
traditional protocols that access files over a network.

Backup and archival solutions allow files and folders to be backed up
and recovered from the cloud, and provides off-site protection against
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Hybrid storage

Data transport

Content delivery

Networking

Networking

Domain name
system (DNS)

Dedicated
network

Load balancing

Database
SUBCATEGORY

Relational
database

NoSQL database

Data warehouse

Table storage

Caching

Database
migration

Big data
processing

Data
orchestration

Glacier and S3
(storage)

Storage Gateway
Import/Export
Snowball

CloudFront

Virtual Private
Cloud

Route 53

Direct Connect

Elastic Load
Balancing

AWS SERVICE

RDS

DynamoDB

Redshift

DynamoDB

SimpleDB

ElastiCache

Database

Migration Service

Elastic MapReduce

(EMR)

Data Pipeline

Blob Storage
storage

StorSimple

Import/Export

Content Delivery

Network

Virtual Network

DNS (Preview!
Traffic Manager
ExpressRoute

Load Balancer

Application
Gateway

AZURE SERVICE

SQL Database

DocumentDB

SQL Data

Warehouse

Preview

Table Storage

Azure Redis Cache

SQL Database
Migration Wizard

data loss. There are two components of backup—the software service
that orchestrates backup/retrieval and the underlying backup storage

infrastructure.
Integrates on-premises IT environments with cloud storage.
Automates data management and storage, plus supports in disaster
recovery.

A data transport solution that uses secure disks and appliances to
transfer large amounts of data. Also offers data protection during
transit.

A global content delivery network that delivers audio, video,
applications, images, and other files.

Provides an isolated, private environment in the cloud. Users have
control over their virtual networking environment, including selection
of their own IP address range, creation of subnets, and configuration

of route tables and network gateways.
A service that hosts domain names, plus routes users to Internet
applications, connects user requests to datacenters, manages traffic to
apps, and improves app availability with automatic failover.

Establishes a dedicated, private network connection from a location to
the cloud provider (not over the Internet).

Automatically distributes incoming application traffic to add scale,
handle failover, and route to a collection of resources.

DESCRIPTION

Relational database-as-a-service (DBaaS) where the database
resilience, scale, and maintenance are primarily handled by the
platform.

A NoSQL document database service that automatically indexes JSON
data for applications that require rich query and multi-document
transactions.

A fully managed data warehouse that analyzes data using business
intelligence tools. It can transact SQL queries across relational and
non-relational data.

A non-relational data store for semi-structured data. Developers store
and query data items via web services requests.

An in-memory based, distributed caching service that provides a high-
performance store typically used to offload non-transactional work
from a database.

Typically is focused on the migration of database schema and data
from one database format to a specific database technology in the
cloud.

Analytics and big data

HDInsight

Data Factory

Supports technologies that break up large data processing tasks into
multiple jobs, and then combine the results together to enable
massive parallelism.

Processes and moves data between different compute and storage
services, as well as on-premises data sources at specified intervals.
Users can create, schedule, orchestrate, and manage data pipelines.
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Analytics Kinesis Analytics

(Preview)

Stream Analytics
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Storage and analysis platforms that creates insights from large
quantities of data, or data that originates from many sources.

Data Lake Analytics

Preview

Data Lake Store
Preview

Visualization QuickSight

(Preview)

Power Bl

Machine learning Machine Learning Machine Learning

Search Elasticsearch

Service

Search

Data discovery Data Catalog

Preview

Business intelligence tools that build visualizations, perform ad-hoc
analysis, and develop business insights from data.

Produces an end-to-end workflow to create, process, refine, and
publish predictive models that can be used to understand what might
happen from complex data sets.

Delivers full-text search and related search analytics and capabilities.

Provides the ability to better register, enrich, discover, understand, and
consume data sources.

Internet of Things

Streaming data

Kinesis Firehose Event Hubs
Kinesis Streams
Internet of Things loT (Preview) loT Hub

Services that allow the mass ingestion of small data inputs, typically
from devices and sensors, to process and route the data.

Lets connected devices to interact with cloud applications and other
devices to captures and analyze real-time data.

Mobile services

Backend mobile services for rapid development of mobile solutions,
plus provide identity management, data synchronization, and storage
and notifications across devices.

Model-driven application development for business applications with
Saas$ integration.

Provides real-time analytics from mobile apps data, highlights app
users' behavior, measures app usage, and tracks key trends.

A push notification service that delivers messages instantly to
applications or users. Messages can be sent to individual devices or
can be broadcasted.

Application services

Pro app Mobile Hub (Beta) Mobile Apps
development
Cognito
High-level app PowerApps
development
Analytics Mobile Analytics Mobile
Engagement
Notification Simple Notification Notification Hubs
Service
Email Simple Email
Service
Messaging Simple Queue Queue Storage
Service
Service Bus queues
Service Bus topics
Service Bus relay
Workflow Simple Workflow Logic Apps
Service
App testing Device Farm (Front = Xamarin Test Cloud
End) (Front End)
Azure DevTest Labs
Back End
APl management API| Gateway APl Management

Lets users send transactional email, marketing messages, or any other
type of content to customers.

Stores large numbers of messages that can be accessed from
anywhere through authenticated calls using HTTP or HTTPS. A queue
can contain millions of messages, up to the total capacity limit of a
storage account, and may also support more complex topologies such
as publish/subscribe.

A state tracker and task coordinator service that allows developers to
build, run, and scale background activities using a visual processes
flow creation.

A range of services geared toward the orchestration of dev/test
backend server and service application infrastructure, as well as front
end client device and software testing and simulation.

Allows developers to create, publish, maintain, monitor, and secure
APIs. Handles processing concurrent API calls, including traffic
management, authorization, access control, monitoring, and API
version management.
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Application
streaming

Search

Media
transcoding

Streaming

Others

Deployment
orchestration

Management and
monitoring

Optimization

Job scheduling

Catalog service

Administration

Programmatic
access

Authentication
and authorization

Encryption

AppStream

CloudSearch

Elastic Transcoder

OpsWorks

CloudFormation

CloudWatch

CloudTrail

Trusted Advisor

Service Catalog

Config

Command Line
Interface

Identity and Access
Management

Multi-Factor
Authentication

Key Management
Service

CloudHSM

RemoteApp

Search

Encoding

Live and on-
demand streaming

Media Player

Media Indexer

Content Protection

Streams and delivers existing applications from the cloud to reach
more users on more devices—without any code modifications.

Sets up, manages, and scales a search solution for websites and
applications.

A media transcoding service in the cloud that transcodes media files
from their source format into versions that will playback on devices
such as smartphones, tablets, and PCs.

Delivers content to virtually any device. Offers scalable streaming.

Additional services related to the playing, protection, and analysis of
the content within the media service.

Management and monitoring

Resource Manager

Automation

VM extensions

Log Analytics

Azure portal

Application Insights

Scheduler

Azure portal (audit
logs

Azure Command

Line Interface (CLI

Azure PowerShell

Configures and operates applications of all shapes and sizes, and
provides templates to create and manage a collection of resources.

Management and monitoring services for cloud resources and

applications to collect, track, store, analyze, and deliver metrics and log

files.

Provides analysis of cloud resource configuration and security so
subscribers can ensure they're making use of best practices and
optimum configurations.

Runs jobs on simple or complex recurring schedules—now, later, or
recurring.

Creates and manages catalogs of approved IT services so users can
quickly find and deploy them.

Provides resource inventory, configuration history, and configuration
change notifications for security and governance.

Built on top of the native REST API across all cloud services, various
programming language-specific wrappers provide easier ways to
create solutions.

Security and identity

Azure AD/Role-
based access
control
Multi-Factor
Authentication

Key Vault

Lets users securely control access to services and resources while
offering data security and protection. Create and manage users and
groups, and use permissions to allow and deny access to resources.

Creates, controls, and protects the encryption keys used to encrypt
data. HSM provides hardware-based key storage.
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Firewall Web Application A firewall that protects web applications from common web exploits.
Firewall Users can define customizable web security rules.
Security Inspector (Preview) Security Center An automated security assessment service that improves the security
(Preview) and compliance of applications. Automatically assess applications for
vulnerabilities or deviations from best practices.
Directory Directory Service Azure Active Typically provides user/group properties that can be queried and used
Directory in applications. Also can provide capabilities to integrate to on-

premises Active Directory services for single sign-on scenarios and

Azure Active
SaaS management.

Directory B2C

Azure Active

Directory Domain
Services



