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Abstract

Theoretical and practical issues of improving the quality of operational management of 
production processes through the implementation of MES (Manufacturing Execution 
Systems) are considered. To assess the risk of introduction of systems of this class, a 
basic set of seven influencing factors is defined. The qualitative approach to risk assess-
ment proposes using two ordinal scales, on the basis of which the matrix for estimating 
the probability of occurrence of risk factors and the degree of their negative impact 
is built. The quantitative approach to risk assessment proposes using the formula for 
calculating the integral risk factor. The choice of the matrix organizational structure of 
management is justified in the realization of projects for implementation of MES at the 
enterprises with the innovative nature of production. Typical functional subsystems of 
MES implemented on the SIMATIC IT platform are identified and analyzed. Original 
express methods for evaluating the economic efficiency of investment projects for the 
introduction of MES are proposed. Practical testing of methodology is carried out 
through the example of evaluating the economic efficiency of the project for imple-
mentation of a MES at the enterprise with an innovative nature of production. As the 
results, relevant for the theory of building MES, the generalized algorithms of their 
functioning are proposed: the algorithm of operational planning of production pro-
cesses with the use of a MES and the algorithm of the interaction of model functional 
modules in MES. The advantages of MES of new generation, i.e. management systems 
of combined production, are analyzed. 
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INTRODUCTION

One of the main factors of competitive advantage and investment at-
tractiveness of the enterprise is the used methodology of the manage-
ment of business processes. One of these methodologies, which origi-
nated at industrial enterprises in the late 19th century, is a methodology 
for operational management of production. By the mid-20th century, 
the functional structure was formed, typical of many modern enter-
prises, in which the system of operational management of production 
started acting as the primary receiver and the source of information 
for all the major services of the enterprise.

Currently, the system of operational management of production is en-
trusted with the task of accelerating the introduction of new products 
to the market, increasing production flexibility, reducing the amount 
of waste and inventory, decreasing downtime, and ensuring optimal 
quality and production efficiency across all divisions.
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The performance of all these tasks requires integrated information infrastructure that helps coordinate 
production globally, including in real time. Such coordination affects the specifications, equipment, 
technological processes, organizational procedures, quality tests, and production staff. At modern en-
terprises, for solving the problems of coordination, productivity and flexibility of production, starting 
from the shop level, information systems are introduced, which obtained the name of systems of opera-
tive control of production processes.

1. LITERATURE REVIEW

A large number of works are dedicated to the 
problems of operational management of produc-
tion and discussing various aspects of this type of 
management.

The works by Alekhina, Voronov, and Udalov 
(2013), Averous and Thierry (2015), Groover (2015), 
Adegbite et al. (2018), Prause and Atari (2017), 
Orekhova and Kuzmin (2017), etc. cover a wide 
range of issues on the general problems of improv-
ing the efficiency of production management both 
in operational and in strategic terms. In these works, 
the emphasis is made on the assessment of the in-
formation and time nature of the control and com-
parative analysis of operational and strategic man-
agement of production processes at industrial enter-
prises. One more complex and important scientific 
problem, which, to date, has not been systematically 
and comprehensively solved, is the development of 
theoretical and methodological issues of operation-
al management of production. Various approaches 
to the study of this problem are considered in Halevi 
(2014), Chiarini (2015), Nahmias and Lennon (2015), 
Douglas and Wykowski (2017), Heizer, Render, and 
Munson (2017) and other works. Some aspects of 
operational management in relation to risks and 
uncertainty are discussed in Abbas (2018), Kuzmin 
(2015), etc. The features of operational management 
based on industry-specific production are disclosed 
in Yegorova (2016), Gillespie (2017), etc. It should 
be noted that in recent years, special attention 
has been paid to the issues of innovative produc-
tion management (Huws, 2014; Buchmann, 2015; 
Carayannis, Samara, & Bakouros, 2015; Ivanilova, 
2018; Benešová et al., 2018).

The works by Rao (2010), Wiendahl, Reichardt, 
and Nyhuis (2015), Backström, Fundin, and 
Johansson (2017) are devoted to the use of eco-
nomic-mathematical methods and models in the 
operational management of production processes. 

A special place among them is taken by the meth-
ods and models of operational scheduling (Eiselt & 
Sandblom, 2013; Cai, 2014; Fazlollahtabar & Saidi-
Mehrabad, 2015). The questions of production 
processes automation are investigated in Kongoli 
(2012), Lamb (2013), Panteleev and Proshin (2015), 
Jash and Saha (2016), Pavlov (2017), and other works. 
Among them, there are notable works, in which 
the focus is shifted to the systems of operational 
control of production processes – MES (Andreev, 
I. Kutsevich, & N. Kutsevich, 2015; World Outlook 
for Manufacturing Execution Systems, 2017). 
Some of them (see, for example, Boje, 2015) exam-
ine the impact of the introduction of information 
systems on the organizational structure of enter-
prise management. The architecture and function-
ality of particular MES are discussed in Koryagin, 
Sukhorukov, and Medvedev (2015), V.  Chernov 
and I. Chernov (2016), and other works.

Despite the relatively large number of studies on 
the subject, it should be noted that the task of im-
proving operational management of innovative 
manufacturing processes through the implemen-
tation of MES has not arrived at the necessary 
solutions and requires further research.

2. MATERIALS  

AND METHODS

2.1. Risk assessment implementation 

of a MES

First, prior to making the decision on introduc-
ing MES, the identification and assessment of 
risks were carried out. For this, one can use var-
ious methods recommended in GOST R ISO/IEC 
31010-2011 (2011).

To assess the risk of introduction of MES, it is ex-
pedient to apply methods used in situations where 
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there is no possibility to accurately determine the 
probability of occurrence of undesirable devia-
tions or quantify the severity of the consequences. 
These methods include the following: structured 
or semi-structured interviews, scenario analysis, 
the analysis of impact on business, and the anal-
ysis of the event tree in Anderson (2013), Hardy 
(2014), Batkovskiy et al. (2017).

To assess the risk of implementing a MES, it is pro-
posed to use the following basic set of influencing 
factors, which can be adjusted depending on the 
characteristics of the project:

1. Fuzzy understanding of the expected out-
comes from the implementation of the system.

2. Fuzzy understanding and definition of system 
requirements.

3. Lack of understanding of the functioning of 
the system of algorithms.

4. The complexity and redundancy of the system 
interfaces.

5. Insufficient time for implementation of the 
system in current production.

6. Integration of heterogeneous technological 
equipment, significant improvement of the 
existing production lines.

7. Changes in the requirements and specifi-
cations in the process of integration of the 
system.

For the selected factors, the expert working group 
compiles a matrix of estimates of the probabili-
ty of their occurrence and the degree of negative 
impact.

The qualitative assessment of the factors proposes 
using the following ordinal scale: the probability 
of occurrence of factors: low, medium, high, very 
high; the negative affect of factors: minor, moder-
ate, substantial, critical.

Figure 1 shows the matrix built by an expert work-
ing group when assessing the risks of implemen-
tation of a MES at Russian innovative companies.

In Figure 1, the squares below the main diagonal 
of the matrix correspond to the low risk area, the 
squares of the main diagonal – to the area of medi-
um risk, the squares above the main diagonal – to 
the high risk area. The matrix presented in Figure 
1 shows that the risk of introducing a MES at the 
enterprise under review is mostly moderate.

In that case, if you want to obtain a quantitative 
integrated assessment of the risk factor, it is pro-
posed to use the following formula:

,
i i i i i

FR P I P I= + − ⋅  (1)

where 
i

FR  – integral evaluation of the i-th factor 

[ ]0;1 ,
i

FR ∈  
i
P  – the probability of occurrence 

of the i-th factor [ ]0;1 ,
i
P ∈  

i
I  – the degree of 

influence of the i-th factor [ ]0;1 .
i
I ∈

For the integral assessment of the risk fac-
tor ,

i
FR  it is proposed to set the following ap-

Figure 1. The risk assessment matrix of implementation of a MES
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proximate boundaries: [ ]0;0.3
i

FR ∈  – low-
risk area, [ ]0.3;0.7

i
FR ∈  – medium-risk area, 

[ ]0.7;1
i

FR ∈  – high-risk area.

These boundaries can be adjusted with a set of sta-
tistics for the ongoing projects implementation of 
MES systems.

2.2. The choice of organizational 

structure of enterprise 

management

The implementation of projects for the implementa-
tion of MES showed that these systems impact not 
only the processes of operational management, but 
also the principles of management of the whole en-
terprise (MESA International, 2009). 

In most of the projects for the implementation of 
MES at the enterprises with the innovative nature 
of production and significant amount of research 
and development (R&D), the matrix approach to the 
organizational structure of enterprise management 
proved to be the most effective. This circumstance, 
apparently, can be explained by the fact that the ma-
trix structure combines the principles of both func-
tional and process management systems that can be 

flexibly implemented in MES. Thus, the performers 
of business processes are under the operational con-
trol of the owner (manager) of the process and under 
the administrative authority of the head of the func-
tional division. Such organization of business pro-
cesses management is considered the most appropri-
ate in the development of new complex products and 
the introduction of technological innovations.

One of the effects of implementing the matrix man-
agement model in the implementation of MES was 
the increase in the transparency of all business pro-
cesses of the enterprise, which lies at the basis of the 
principle of appointing a manager responsible for 
each project or process, endowed with certain pow-
ers and a member of the working group of the di-
rector of the company. This model is implemented 
as pilot projects at a number of modern Russian en-
terprises with innovative nature of production. This 
made it possible to accurately describe business pro-
cesses, thus facilitating the process of implementa-
tion of a MES, which became a some kind of a regu-
lator and indicator of the enterprise’s efficiency.

Another very important aspect of the symbiosis be-
tween the matrix management structure and the 
MES is the possibility of creating a single informa-

Figure 2. Information flows between the service of operating production management  
and other enterprise services 
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tion space, even for units that are not subject to the 
coverage of a MES (see Figure 2) (Kurochkin, 2000).

The information given in Figure 2 proves the possi-
bility of initiating a single information support for 
material and technical supply, technical and eco-
nomic planning and technical preparation of pro-
duction during the planning of production processes 
using a MES.

2.3. The definition of the functional 

subsystems of the implemented 

MES

The Manufacturing Enterprise Solutions 
Association (MESA) has identified eleven typical 
functions of MES (Muller, 2015):

• resource allocation and status (RAS);
• operational/detailed scheduling (ODS);
• dispatching production units (DPU);
• document control (DOC);

• data collection/acquisition (DCA);
• labor management (LM);
• quality management (QM);
• process management (PM);
• maintenance management (MM);
• product tracking and genealogy (PTG);
• performance analysis (PA).

These functions determine the overall appearance 
of MES, but depending on the chosen software 
platform and specialization of the implemented 
MES for their practical implementation, they can 
have significant characteristics.

Let us look at the functional subsystems, which were 
implemented in most of the projects for implemen-
tation of MES at Russian enterprises in the phar-
maceutical industry. In most projects, as a software 
platform for building MES, the platform SIMATIC 
IT was used. Given the functionality of the platform 
and the specifics of automated business processes, 
functional subsystems were implemented (Table 1).

Table 1. Functional subsystems of the embedded MES based on the SIMATIC IT platform

No The name of the subsystem Brief description of the subsystem

1 The subsystem of operational 
production planning

Subsystem functions are implemented in the Product Definition Manager module. 
This module presents detailed mathematical description of all processes associated 
with the release of each released or planned for release drug

2
The subsystem of control of storage 
of raw materials and components 
needed for production

Subsystem functions are implemented in the software and hardware complex of 
address storage and modification codes of the materials provider with assignment 
of an unique farm code, the same for the entire life cycle of each component within 
the enterprise

3

Subsystem of control of material 
flows, starting from the raw 
materials warehouse to the finished 
goods warehouse

Subsystem functions are implemented in the module of material management 
Material Manager, which allows to obtain data from each plot (up to 35 points of 
hardware control) at the stages of moving the raw materials with the help of pharma 
code scanners or RFID tags readers

4
The subsystem of production plans 
processing for maximum loading of 
process equipment

The formulation of plans is based on the interaction of the module Production 
Modeler with the modules Product Definition Manager, Personnel Manager, 
Production Order Manager and Material Manager 

5

Subsystem of status monitoring of 
the process equipment, cleaning 
technology management and 
preparing equipment for production

Subsystem functions are implemented in the modules of self-diagnostic, internal 
parameters control and communicate with external systems. They allow a high 
degree of accuracy to predict the failure of equipment to build and repair schedules 
to minimize the stock of components and spare parts

6

Monitoring subsystem of production 
environments and forming an 
electronic dossier for every series of 
manufactured products

Subsystem functions are implemented within the Historian module. It is hardware 
and software system that receives all information directly from the hardware 
monitoring of the quality of production environments – air, water, gases required 
for the technologies, as well as data from the production equipment and systems of 
man-machine interface in case of data entry by authorized personnel in a manual 
way

7
The subsystem of personnel 
management, making it possible to 
perform the technological processes

Subsystem functions are implemented within the Personnel Manager. Account 
database is fully synchronized with the MES and, if in the process of preparing for 
the production of product, it turns out that the selected staff was not be trained, 
production can be blocked

8

The control subsystem of laboratory 
tests necessary for the resolution of 
production warehouse quarantine 
storage for the storage of finished 
products and subsequent sale

Subsystem functions are implemented within the Unilab. The information that 
comes into the database module is processed according to certain algorithms and 
presented to the decision maker in the form convenient for the analysis of related 
trends and charts. In some cases, the system itself may decide the fate of the 
series of drugs, based on the totality of the eligibility criteria and the accumulated 
historical information

9 The subsystem of energy resources 
spent for production

Functions of the subsystem allows for efficient implementation of different power 
saving modes: “production”, “night mode”, “sanitation of areas”, “conservation of 
zone”, etc.
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The functional subsystems presented in Table 1 
contain a standard configurable set of functions 
for discrete and continuous production with the 
ability to adapt to the specific requirements of the 
enterprise. A standard set of functions encompass-
es mechanisms for interacting with both business 
systems and automation control systems, which 
allows to take into account the situations associat-
ed with the adjustment of equipment for the tran-
sition to the manufacture of a new product, and 
multiple restrictions on resources for an individu-
al operation, as well as splitting the order into sev-
eral parts depending on the decisions taken in the 
sphere of planning. The functional subsystems are 
an example of specific embodiment of the typical 
functions of MES defined by the Manufacturing 
Enterprise Solutions Association.

2.4. The methodology of economic 

evaluation of projects for 

implementation of MES

Projects implementing MES in their economic es-
sence are investment projects, so the known indi-
cators of estimation of economic efficiency of in-
vestment projects are fully applicable in this case: 
net income NV; net present value NPV; internal 
rate of return IRR; payback period PP; profitabil-
ity index PI. On the basis of the analysis of indi-
cators and assessment methods of efficiency and 
risks of investment projects, NPV was considered 
as the most common in the practice of investment 
planning. This indicator is calculated according to 
the economic relations and is based on the assess-
ment of cash flows from operating, investing and 
financing activities of the enterprise.

The NPV  indicator is calculated by the basic 
formula:

0 ,NPV PV I= −  (2)

where PV  – present value cash flow; 
0I  – invest-

ment amount.

The value of PV  is determined by the following 
formula:

( )

( ) ( )

1 2

2

1

...
1 1

,
1 1

n

n t

n t

t

CF CF
PV

r r

CF CF

r r=

= + +
+ +

+ =
+ +

∑
 (3)

where r  – rate of return, n  – number of periods 
of project implementation, 

t
CF  – net cash flows in 

time period .t

If the investment expenditures are incurred over a 
number of years, the formula (2) will be as follows:

( )

( ) ( ) ( )

1 2

2

1 1

...
1 1

.
1 1 1

n n

n t t

n t t

t t

CF CF
NPV

r r

CF CF I

r r r= =

= + +
+ +

+ = −
+ + +

∑ ∑

 (4)

In the implementation of a MES, at first glance, it is 
not difficult to estimate the investment costs 

0I  as-
sociated with the acquisition of hardware and soft-
ware. To do this, it is enough to submit a request for 
a technical and commercial proposal to potential in-
tegrators. As a rule, a technical and commercial pro-
posal contains very accurate information about the 
cost of design, procurement and installation of the 
system. Similarly, the cost of technical support of the 
system can be calculated. Nevertheless, these costs 
are only part of the overall cost incurred in imple-
menting a MES.

It is much harder to assess the costs associated with 
the development of the software under the required 
tasks of the enterprise. It should be noted that the 
system can be subsequently upgraded to cover new 
tasks, and by focusing on the decision, which is at 
first glance optimal at this point in time, it is possible 
to overestimate the potential and, in the short run, 
to understand that for future expansion and devel-
opment of the system, it is necessary to change the 
whole thing, which is a very big risk. Therefore, to 
create an effective MES, investments in appropri-
ate equipment are needed, with the expectation of 
future expansion, bearing in mind the plans of the 
company for at least five years or more (Ouardighi & 
Kogan, 2013).

The greatest difficulty in assessing the economic ef-
ficiency of investment projects is the calculation of 
the net payment flow .

t
CF  To simplify this calcu-

lation, it is proposed not to build a complete model 
of the cash flows of the enterprise, but to limit the 
calculation of savings from the implementation of a 
MES. For this purpose, in the first approximation, it 
is possible to use such an objectively measurable in-
dicator of the production process as a reduction in 
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cycle time of production. In this case, to calculate the 
annual monetary savings from the implementation 
of a MES, the following formula is applied:

1 ,
t

TS St N Ph= ⋅ ⋅  (5)

where 
t

TS  – the total savings from the implemen-
tation of a MES per year, conventional monetary 
units, 

1St  – time saved on the production of a se-
ries (batch) of products, hours, N  – number of se-
ries (batches) of products per year, Ph  – the price 
of an hour of production, conventional monetary 
units.

An example of using the proposed method is dis-
cussed later in subsection 4.3 of the article.

3. RESULTS

3.1. Generalized algorithms  

of MES functioning

Based on the analysis of MES functioning and 
standard functions defined by MESA, general-
ized algorithms of these systems are proposed. In 

Figure A1 (Appendix A), the generalized algo-
rithm of operational planning of production pro-
cesses with the use of a MES is presented.

MESs include typical functional modules. The al-
gorithm of their interaction is shown in Figure 3. 
It characterizes the sequence of basic management 
procedures’ implementation and the solution of 
planning and economic tasks.

A generic algorithm shows, in enlarged view, the 
interaction of typical MES modules-systems with 
reference to the main stages of operational man-
agement of production processes.

3.2. The methodology of economic 

evaluation of projects  

for implementation of MESs

Let us consider the example of evaluating the eco-
nomic efficiency of the project for implementation 
of a MES at one of the Russian innovative compa-
nies in the pharmaceutical industry.

The source data for the calculation of the initial 
investment are shown in Table 2.

Figure 3. The algorithm of the interaction model functional modules in MES
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Table 2. Start-up costs for the project  
on implementation of a MES

Name of the indicator Value, thousand 
rub.

The cost of the description of business 
processes 8,550

Acquisition costs (upgrade) for the 
hardware part 11,250

The costs for the software 36,000

The costs for staff training 6,750

Total 62,550

Thus, the initial investment 
0I  will be 62,550 

thousand rubles.

The source data for the calculation of the annual 
savings from the implementation of a MES is giv-
en in Table 3.

Table 3. Data for calculation of 
t

TS

Name of the indicator Value

Time saved on the production of a series 
of (batch) production (St1) 4.76 hours

The number of series (batches) of 
production per year (N) 2,700

The price of an hour of production (Ph) 2.16  
thousand rubles

Using the formula (5), 27,756.9
t

TS =  thousand 
rubles.

Table 4 lists the raw data to calculate the NPV of 
the project on introduction of a MES.

Table 4. Initial data for calculation of NPV  of 

the project 

Name of the indicator Value

Initial investments (I0) 62,550  
thousand rubles

Annual savings from the implementation 
of a MES (TSt)

27,756.9  
thousand rubles

Annual maintenance costs for system 
maintenance (It)

2,250  
thousand rubles

Rate of return (r) 10%

The planning horizon (n) 7 years

The calculation of NPV of the project is given in 
Table 5.

Table 5. Calculation of NPV  of the project 

Year
Savings/year, 
thousand rub.

CFt, 
thousand 

rub.

,
(1 )

t

n

CF

r+  
thousand 

rub.

NPV, 
thousand 

rub.

0 0 –62,550 –62,550 –62,550

1 27,757 25,507 23,188 –41,470

2 27,757 25,507 21,080 –20,390

3 27,757 25,507 19,164 690

4 27,757 25,507 17,422 21,770

5 27,757 25,507 15,838 42,850

6 27,757 25,507 14,398 63,931

7 27,757 25,507 13,089 85,011

The calculations show that the project pays for it-
self in three years. The average value of the effect 
of the introduction of 11,230.3 thousand rubles per 
year. The magnitude of this effect (planned results) 
indicates the high economic efficiency of the con-
sidered project for the implementation of the MES.

4. DISCUSSION

The issues of implementation of MES, discussed 
in the article, are mainly related to the operational 
management of production processes. However, it is 
worth noting that in recent years, the trend has been 
the market introduction of the next generation of 
MES, which obtained the name of systems of com-
bined production (collaborative MES or c-MES). 
The emergence of such systems reflects the signifi-
cant progress in the management of production due 
to the following factors (Orekhova & Kuzmin, 2017):

• formed common standards and methodolo-
gies for the creation of MES;

• the role of MES changes, focusing on the in-
teractive processes of the entire enterprise;

• software is increasingly configured and less 
refined due to the fact that the solutions usu-
ally contain an extensive library of different 
production situations with custom compo-
nents and templates;

• software requires significantly less effort to 
implement specific interfaces in case it is pro-
vided with the delivered custom interfaces 
and circuits;
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• implementation of c-MES requires profession-
alism in business along with knowledge in the 
field of information technology;

• return on investment in c-MES is significantly 
accelerated due to the increasing functionality 
and reducing cost;

• return on investment and the cost of all stages 
of the life cycle became more predictable due 
to the increase in the functionality of individ-
ual components and a reduction in the cost of 
programming.

The traditional MES model focuses on the provi-
sion of user information from among the opera-
tional staff (managers, dispatchers, and operators). 
For sharing information with other systems, the 
c-MES model is much more efficient. This gener-
ates an opportunity to get a much better picture of 
what is happening, what is particularly relevant for 
companies operating in innovative markets, char-
acterized by frequent releases of new products and 

the short duration of the product life cycle. Such 
markets are primarily the markets of electronic 
equipment, semiconductor components, and bio-
logical products.

The errors in the management of joint production 
can not only lead to the reduction of sales and de-
liveries, missed opportunities, but also are reflect-
ed in such indicators as return on assets, operating 
margin, percent of late deliveries.

The increasing global competition, the develop-
ment of the network economy and the increas-
ing complexity of products (using new technolo-
gies, reducing the duration of the life cycle, etc.) 
create prerequisites for further expansion of the 
application of c-MES to support the concept of 
joint production. In addition to the traditional 
tasks of MES regarding production optimiza-
tion, the basis of the c-MES model is the task of 
sharing accurate, detailed and timely data, sys-
tems and personnel throughout the chain of val-
ue creation.

CONCLUSION

Currently, the implementation of MES at the enterprises is widely observed. This trend is due to the fact 
that it becomes increasingly difficult for these enterprises to compete with companies from develop-
ing countries whose main advantage is the low cost of production. The implementation of MESs at the 
enterprises in developed countries allows them to increase productivity, improve product quality and 
reduce downtime. The implementation of MESs is usually associated with such initiatives on improving 
production as total quality management (TQM), “lean production”, “six sigma”, etc. A MES enables the 
user to better see what is happening at the level of departments and individual production lines, there-
by facilitating the identification of the true causes of the violations and reduce the rate of production. 
Operative correction of violations allows to achieve productivity gains and improving product quality.

A generic algorithm shows, in enlarged view, the interaction of typical MES modules-systems with ref-
erence to the main stages of operational management of production processes. In most of the projects, 
for the implementation of MES at the enterprises with the innovative nature of production and signif-
icant amount of research and development (R&D), the matrix approach to organizational structure of 
enterprise management proved to be the most effective. One of the effects of implementing a matrix 
management model in the implementation of MES was the increase in the transparency of all business 
processes of the enterprise, which is premised on the principle of appointing a responsible manager for 
each project or process.
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APPENDIX A

Market research
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Figure A1. Algorithm of operational planning of production processes using a MES
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