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to reduce carbon emissions with the appropriate annual

investment up to 2030 [6].

A relevant scientific and technical problem is to work out
solutions aimed at economically and ecologically justified

energy supply development. This issue has received consider-

2. Literature review and problem statement

able attention both from the state and business [1].

Given the problems in the economics of gas supply, ma-
neuvering capacities on the basis of large electric plants have
become very expensive [2]. In addition, Directive 2001,/80/
EC prescribes to significantly reduce emission of carbon
dioxide [3].

One of the directions for energy generation development,
mitigating the problem, is the use of mini-CHP (cogene-
ration power plant) as a source of energy supply and as a
nucleus of the developed solutions [4].

Economic appeal of the solutions should comprise both
relatively small investment required to start the opera-
tion and proximity to the consumer, which substantially
reduces operating costs and losses in the energy delivery
networks.

Ecological appeal of the solutions is linked to the consid-
erable reduction in the emissions of carbon dioxide into the
atmosphere when employing the new process for its catalytic
processing into methanol [5].

Economic resource for the implementation of the solu-
tions that are being developed could be provided by an ener-
gy strategy, which imply modernisation of energy generation

The use of mini-CHP has become one of the most prom-
ising solutions to the problem of effective heat supply and
energy supply for industrial enterprises and housing and
communal services in the world, as noted in article [7]. Such
plants are also referred to as the two-cogeneration (or simply
the cogeneration) ones, that is, those that generate two prod-
ucts — electricity and thermal energy. This conclusion is based
on an analysis of technical and experimental data on the func-
tioning of 11 mini-CHP, as well as the obtained actual energy
and economic results of their work. Along with the mentioned
results, in paper [8], it was pointed out that the advantages of
mini-CHP were their relatively low cost, quick launch of their
operation, proximity to customers, and combined generation
of electricity and heat. It was noted that the use of mini-CHP
ruled out the construction of fundamental buildings, laying
and maintenance of long heat and electricity supply networks.
Full computer automation of the plants and their high reliabil-
ity enables autonomous operation of the plants, with less or
no staff at all, as is stated in article [9]. However, the environ-
mental problem in the functioning of mini-CHP has not been
examined in the above papers.




One of the solutions to reduce carbon emissions, pro-
posed both in article [10] and by the manufacturers of mini-
CHP, is a combination of mini-CHP with a greenhouse,
which is both a consumer of heat and a consumer of carbon
dioxide, received by smoke purification. This approach,
however, dramatically narrows the scope of mini-CHP ap-
plication.

A fundamental study of the environmental problems as-
sociated with carbon emissions is the work [11]. It is pointed
out that the world industry emits 30 billion tons of carbon
dioxide, which is responsible for the greenhouse effect. It is
emphasized that the capabilities for natural carbon dioxide
disposal have been virtually exhausted. It is stated that one
of the promising techniques for recycling the industrial-
ly-produced gas is its conversion into methanol.

Paper [12] described the technology of designing an
automated installation for the catalytic production of meth-
anol from carbon dioxide. It is noted that the key product in
the process of methanol production is hydrogen. Methanol,
produced from carbon dioxide, as noted in article [13], is ad-
visable to use as an analogue of gasoline for fueling automo-
biles, which is especially convenient when using mini-CHP
in small settlements. In addition, in paper [14], it was point-
ed out that the wholesale consumer of methanol is chemical
and pharmaceutical industry. The wholesale consumption of
methanol by perfume industry is described in article [15].

A review of technologies for the industrial production of
hydrogen is given in paper [16]. It was noted in the review
that the electrolysis of water is one of the most acceptable
technologies for hydrogen production on a small scale. It
was pointed out in article [17] that the most advanced
technologies of hydrogen production by electrolysis pro-
vide a production of 1 nm? of hydrogen at a consumption of
3.75 kWh of electricity.

Thus, an analysis of the scientific literature shows that
there are developed key processes, however, no single solu-
tion has been worked out, that is, a system that would gen-
erate electricity and heat, and process carbon dioxide from
smoke. Additional products of the system would be methanol
and oxygen. A significant amount of electricity required
for the electrolysis is provided by a mini-CHP itself, which
greatly simplifies implementation of the solution.

3. Research goal and objectives

The goal of present research is to develop a cogeneration
plant, which, in addition to electric and thermal energy,
would produce methanol and oxygen, with methanol in this
case produced as a result of recycling the smoke from a mini-
CHP.

To accomplish the goal, the following tasks have been set:

—to devise and examine the models of sections of the
System;

— to design control loops for the automation of sections
of the system.

4. Research materials and methods

The development and study of the automated system of a
mini-CHP with the recycling of flue-gas into methanol were
carried out using the modern universal software for techno-
logical simulation ASPEN HYSYS [18]. When entering and

calculating an input model of the technological process, the
software automatically employs physical-chemical ratios em-
bedded in its libraries while the solvers automatically define
feasibility of the technology, compiling material-energy bal-
ances. A key element of the model is a modern technological
process of catalytic recycling of carbon dioxide, which was
previously explored in papers [5, 12].

5. Results of development of the automated system of a
mini-CHP with recycling flue gases into methanol

5. 1. Development and study of the models of sections
of the system

Structural diagram of the system for the generation of
heat and electricity with the recycling of flue-gas emissions
into production of methanol and oxygen is shown in Fig. 1.
The system consumes water, natural gas or biogas as fuel,
generates electricity, warm water for heating for the con-
sumer, as well as methanol and oxygen. The gases released
to a smolestack contain mostly neutral nitrogen. Although
the system can be calculated for any capacity of CHP, boil-
ers, and boiler rooms, in order to obtain specific results, we
selected as a basis a mini-CHP producing electricity with a
capacity of eight megawatts.

In general, the installation works in the following way.
Natural gas is supplied to the mini-CHP, which generates
electric and thermal energy. The flue gases enter a purifi-
cation unit for carbon dioxide. Electrolyser selects part of
electricity from CHP for the production of hydrogen and ox-
ygen. Oxygen is then stored in the gasholder for subsequent
sale. Through the compressor and mixer, the mixture of CO,
and Hj enters the section for methanol synthesis. Next, the
flow mixes with a recycle, it is heated and fed to the reactor.
After the reactor, a mixture of CO», Hy, H,O and CH30H is
cooled with methanol and water separated in the separator,
which then enter the section of rectification while the gases
are fed to recycling. Upon the rectification, we receive pure
methanol and water. Methanol is delivered to the warehouse.

We shall simulate the operation of the system to determine
the mode parameters of all installations, to verify material and
energy balances, catalytic chemical reactions. Modeling will
be conducted for the basic settings of the system, coordinating
the input and output flows. Such auxiliary installations as a
gasholder, warehouse for methanol, a cooling tower will not
be simulated since their modeling is rather obvious while the
operation of these installations has virtually no effect on the
technological processes that are of interest to us.

A model of the mini-CHP is shown in Fig. 2. The model
is designed in accordance with the recommendations on
modelling a cogeneration unit, outlined in article [19]. A
mini-CHP includes an engine running on natural gas, an
electricity generator, a heat exchanger for recycling the heat
of flue gases into water heating.

As aresult of simulation, we obtained the following basic
flow parameters:

—natural gas (consumption 749.5 kg/h, temperature
20 °C);

— air (consumption 15,760 kg/h; temperature 20 °C);

— water to consumer (consumption 47,000 kg/h; tem-
perature 90 °C, 3 MW);

— electricity from generator (§ MW);

— flue gases (consumption 16,510 kg/h; temperature
40 °C).
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Fig. 1. Structural diagram of the automated system for
generating heat and electricity with the recycling of flue gas
emissions
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Fig. 2. Simulation diagram of mini-CHP

A model of the gas purification unit is shown in Fig. 3. The
model is designed in accordance with the recommendations on
modelling an absorption installation, outlined in paper [20].

The unit works in the following way. Carbon dioxide is re-
leased from the flue gases via absorption by aqueous solution
of monoethanolamine (MEA) in the absorber with the subse-
quent regeneration of absorbent in the desorber. The purified
carbon dioxide is sent for further recycling. The off-gases are
released into a smokestack. Given that part of the MEA is car-
ried away, there is an additional supply of the MEA solution.

As aresult of simulation, we obtained the following basic
flow parameters:

— flue gases (consumption 16,510 kg/h; temperature
40 °C);

— CO4 (consumption 880 kg/h, temperature 40 °C, pres-
sure 4 MPa);

~ MEA (5.1 kg/h);

— water (10.75 kg/h);

— off-gases into a smokestack (5,535 kg/h);

— energy consumption for cooling (661 kW);

— energy consumption for electricity (0.84 kW).

An integrated model of the reaction plant, methanol
regeneration unit and the electrolysis unit is shown in Fig. 4.
The model of the reaction plant and the methanol regener-
ation unit are designed in accordance with the results ob-
tained in article [5]. The electrolysis unit’s model is designed
in accordance with the recommendations on modeling out-
lined in paper [21].
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Fig. 3. Simulation diagram of the gas purification unit

A scheme of the catalytic chemical reaction of metha-
nol synthesis is CO»+3H,=CH3OH+H,O. In the reactor,
the catalyst takes up the entire cross-section of the appa-
ratus and it is arranged in layers on horizontal grids. The
reactor design allows the use of selective and copper-zinc
catalysts employed in the synthesis. From the reactor, gas
enters the refrigerator where it is cooled to 40 °C, and
then the separator, where methanol is separated from the
unreacted gases. The gases are directed to the booster
compressor, and the process starts over again. After the
synthesis and cooling, the water-methanol solution enters
regeneration unit. The heat required for the regeneration
is supplied from the reboiler. Methanol vapors are con-
densed in the cooler at the top of the column. Irrigation
is provided by the pump. Regenerated methanol is cooled
in a heat exchanger and is sent for storage. In order to
obtain hydrogen, we selected the electrolyser with the fol-
lowing characteristics: working excess pressure 0.01 MPa,
current 7800-8200 A, voltage 380 V, specific power con-
sumption 5.2 kWh/m?, hydrogen purity 99.5 %, oxygen



purity 98.5 %. The process requires 120 kg/h or 1.333 m®/h
of hydrogen, which needs 7.094 kW of electric power from

the mini-CHP.
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Fig. 4. Simulation diagram of the reaction plant, methanol
regeneration unit and electrolysis unit

As a result of computer simulation of the system, Fig. 4,
we obtained the following flow parameters:

— COg (pressure — 4 MPa, temperature 40 °C, mass flow
rate 880 kg/h);

— water (1,080 kg/h);

— energy for electrolysis (7,094 kW);

— residual water (344.3 kg/h);

— Oy to gasholder (960 kg/h);

— methanol to warehouse (625.5 kg/h).

Thus, computer simulation of the system that we per-
formed allowed us to obtain parameters of the basic flows
and to confirm feasibility of the utilized technological pro-
cesses.

5. 2. Development of automation systems of sections
of the complex

Operation of the complex is impossible without main-
taining basic mode parameters of the installations by the
automation systems since computer simulation reveals a
dependence of the complex performance on the deviations of
these parameters.

The developed automation systems imply the use of
centralized computer control under a real-time operating
system, applied software for the implementation of control
system and control over a SCADA-system, which matches
contemporary trends in the field of production automation
[12]. The choice of automation means is not considered, but
it is recommended to select reliable and accurate means of
automation with the industrial network interface RS-485.
This makes it possible to employ a minimum number of el-

ements in a computer automation system and improves its
performance reliability.

An automation system of a mini-CHP (Fig. 5) implies
stabilization of the following parameters:

— temperature of the flue gases to the purification unit
(40 °C);

— current frequency from a generator (50 Hz);

— temperature of heated water to the consumer (90 °C).

The quantity and the temperature of hot water supplied
to the consumer, as well as the amount of generated electric-
ity are to be taken into consideration.
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Fig. 5. Automation system of the mini-CHPP:
C-101 - air-blower; C-102 — turbine; E-101 — heat exchanger;
H-101 — combustion chamber

An automation system of a flue gas purification unit
(Fig. 6) implies stabilization of the following parameters:

— pressure at the top of the absorber (115 kPa);

— desorber’s temperature (130 °C);

— temperature at the inlet to the absorber (40 °C);

— CO, temperature at the outlet of the unit (40 °C).

The amount of CO, supplied to the reaction installation
is to be taken into consideration.

Automation system of the reactor for methanol synthesis
(Fig. 7) implies stabilization of the temperature of the start-
ing mixture and the temperature of the aqueous solution of
methanol at the outlet of the reactor (40 °C).

Automation system of the methanol regeneration unit
(Fig. 8) implies stabilization of the following parameters:
level in the condenser, level in the column cube, concentra-
tion of methanol in the upper product, methanol concen-
tration in the bottom product. The amount of the produced
commercial methanol is to be taken account of. Distillation
column is a complex multidimensional object. In article
[5], authors performed a research into two systems of the
automated control over the distillation column considered
using a nonlinear model. Simulation results show the ad-
vantage of employing a predictive modeling controller for
the examined case.
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Automation system of the electrolyser (Fig. 9) implies
stabilization of the electrolysis current. By using a manual
control, it is possible to blow storage tanks for oxygen and

hydrogen. The amount of the received water and electricity
is to be taken account of.
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Automation system of the gasholder (Fig. 10) implies gas
pressure measurement in the gasholder and in the pressur-
ized pipeline of the compressor. Oxygen cylinders filling is
carried out manually.

Automation system of the cooling tower (Fig. 11) implies
implementation of a combined control system. The system
stabilizes the outlet water temperature, taking into account
a measurement of the water flow rate at the outlet, tempera-
ture of incoming water, ambient temperature and humidity.
The principle of implementation of such a system is examined
in paper [22].
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Automation system of the methanol warehouse (Fig. 12)
implies measuring the pressure and level in the metha-
nol storage tank, pressure in the pressurized pipeline of
the pump. Filling of methanol in cylinders is carried out
manually.
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Fig. 12. Automation system of the methanol warehouse:
TK-801 — tank with methanol

In addition to the described control loops, the auto-
mation is to be applied to the operations of launching and
terminating the system, to the analysis of emergency situ-
ations. These operations are not considered in the present
study.

6. Discussion of results of development of the automated
system

1. The development of cogeneration plants of various
types is a relevant task, because it allows improvement in
efficiency and provides implementation of additional func-
tions. Typical solution is a combination of the mini-CHP
with greenhouses [10], but this solution largely restricts the
scope of application of the plants. More effective is to design
plants that would make it possible, along with electric and
thermal energy, to produce additional much-needed prod-
ucts. Such products in the installation whose we designed
are methanol and oxygen.

2. The developed cogeneration plant employs a catalytic
technological process for methanol production, which en-
ables recycling of the flue gas emissions from a mini-CHP.
Such an approach predetermines ecological compatibility of
the proposed solution.

3. Hydrogen and oxygen in the proposed structure are
produced by the electrolysis of water. Electricity for the elec-
trolysis is provided by a mini-CHP. Hydrogen is used in the
catalytic synthesis of methanol while oxygen is the product
popular among consumers.

4. Design and study of the sections of a cogeneration
plant were conducted using modern universal software for
technological simulation. When modeling sections of the
plant, we applied results and recommendations from the
studies on technology and modeling of mini-CHP [19],
absorption unit [20], reaction plant with methanol regener-
ation [5, 12], and electrolyser [21]. The computer simulation
of the system that we performed allowed us to obtain all
parameters of the basic flows of the plant’s sections, which
confirm consistency of the calculations and the possibility of
technical implementation of the plant.

5. Results of the computer simulation show the depen-
dence of the system’s performance on the deviation of mode
parameters. Stabilization of mode parameters is achieved
using the devised automation systems. Automation systems
could form the basis for design documentation of the auto-
mation system of a cogeneration plant. The automation sys-
tem’s structure that we developed is designed for computer
control and requires minimal maintenance personnel, which
is in line with contemporary trends in the automation of
cogeneration plants.

7. Conclusions

1. We developed a four-cogeneration plant, which, in ad-
dition to electric and thermal energy, produces methanol and
oxygen; in this case, methanol is produced as a result of the
recycling of smoke from a mini-CHP. The simulation models
are devised for all sections of the cogeneration unit. The val-
ues of parameters for basic flows of the plant are given, which
were obtained during simulation. Simulation results confirm
the possibility of employing the developed plant.



2. We designed automation systems of all sections of the  plantand quality of the output products at a deviation of the val-
cogeneration unit. Based on the results of computer simulation,  ue of mode parameters. Furthermore, the control loops imply ac-
the parameters are selected that maintain productivity of the  counting of the resources consumed and produced by the plant.
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