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Abstract: The paper considers the integration and joint operation of a methane steam reforming
unit (MSRU) and a heat pump unit (HPU) at a thermal power plant (TPP) as one of the possible
ways to follow the global decarbonization policy. Research methods are simulation modeling of
a thermal power plant in the program “United Cycle” and analysis of thermodynamic cycles of
heat pumps. The Petrozavodskaya combined heat and power plant (CHPP) was selected as the
object of the research. During the research, technological schemes for hydrogen production at the
Petrozavodskaya CHPP were developed: with steam extraction to MSRU from a live steam collector
and with the use of production steam. A scheme for HPU integration is proposed to reduce the cost
of hydrogen and to reduce waste heat. A heat pump is used to preheat natural gas before going
to MSRU. A method for determining fuel costs for hydrogen production in the trigeneration cycle
of a thermal power plant was developed. The minimum specific fuel consumption for hydrogen
production—7.854 t ref.f./t H2—is achieved in the mode with steam extraction to MSRU from the
turbine PT-60-130/13 (industrial extraction with a flow rate of 30 t/h). At this mode, the coefficient of
fuel heat utilization is the highest among all modes with hydrogen production—66.18%.

Keywords: hydrogen production; hydrogen energy; methane steam reforming; heat pump unit;
thermal power plant; combined heat and power plant

1. Introduction

Over the past two decades, there has been an active development and implementation
of the global decarbonization policy. The direction of this policy was set by the United
Nations (UN), which in 1992 held a conference on environment and development in Rio de
Janeiro [1]. In order to implement the concept of decarbonization and control the progress
of countries on the path of such a policy, conferences on environmental protection and
decarbonization began to be held periodically [2–4].

The countries of the European Union (EU) are the most active participants in the
campaign to reduce the carbon footprint. In 2020, the EU countries announced the program
“A European Green Deal” to achieve decarbonization [5].

As part of the EU strategy on energy system integration [6], in which, in addition
to forming links between the EU sectors in various energy carriers (electricity, heat, fuel,
cold), it is planned to include hydrogen in the list of the above energy carriers. In 2020,
simultaneously with the EU hydrogen strategy, the European Clean Hydrogen Alliance [7]
was created as part of a new industrial strategy for Europe.

In Australia, in 2019, the government presented its Australia’s National Hydrogen
Strategy, together with the authorities of individual states. Its goal is to position its industry
as a major global player in the hydrogen industry by 2030 [8].
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In the Russian Federation, in order to reduce the harmful impact of the production
and energy sectors on the environment, the Federal Law “About Limiting Greenhouse Gas
Emissions” was issued [9]. Such a policy of Russia stimulates research in the field of using
secondary energy resources [10–14], in particular, heat pump units (HPU) [12–14].

By 2020, fossil resources accounted for 96% of the main sources of hydrogen, of which
steam reforming of natural gas is about 48% [15]. With the implementation of Net Zero
Emissions Scenario—the pathway for the global energy sector to achieve net zero CO2
emissions by 2050 [16]—by the International Energy Agency, as hydrogen production in-
creases, the share of hydrogen produced by electrolysis will increase significantly (Figure 1).
However, with the widespread introduction of carbon capture, utilization, and storage
(CCUS) technologies into production, the share of hydrogen obtained from fossil fuels with
CCUS will also increase.
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Figure 1. Sources of hydrogen production in Net Zero Emissions Scenario, 2020–2050 from IEA
Global Hydrogen Review 2021 [16].

One of the possible directions for the implementation of the above is “n-generation”.
This idea of simultaneous production of several different types of products at the facilities
of the energy sector has been actively developed over the past two decades by both
foreign [17–19] and Russian theoretical studies [20,21].

In addition to electricity and heat, hydrogen is most often offered as an additional
product [20,21], and low-grade heat is considered as an energy carrier [12–14]. It is assumed
that during off-peak times, electricity and heat consumption can be used to produce
additional technological products.

In connection with the above, under the influence of global trends in the transition to
a low-carbon economy, hydrogen production should become one of the most dynamically
developing areas of energy resource processing [22]. The Russian hydrogen policy is
supported by federal strategic documents: the economic security strategy [23], the energy
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strategy [24], the environmental security strategy [25], and the concept for the development
of hydrogen energy in the Russian Federation [22].

More than half of the hydrogen produced industrially in the world is produced by the
conversion of natural gas. An analysis of the scientific literature indicates the possibility
of a transition to low-carbon energy by obtaining hydrogen from synthesis gas [26,27]
generated in methane steam reforming units [28,29].

Methane steam reforming (MSR) is widely used to produce hydrogen in oil refineries
and petrochemical complexes. Some studies began to appear aimed at integrating MSRU
into technological schemes of thermal power plants [28,29].

The authors of [28] considered the possibility and expediency of integrating a methane
steam reforming unit into the technological scheme of a combined cycle power plant. The
authors proposed to mix the synthesis gas generated by the unit with the natural gas
supplied to the gas turbine, or to install an additional gas turbine that runs entirely on the
resulting synthesis gas. The second option turned out to be technically the most efficient
due to the increase in the total power generation of a plant.

The paper [29] also considers the possibility of integrating MSRU with an additional
CO2 trap into the circuit of a thermal power plant, which includes a combined cycle
plant. The results showed a greater efficiency of their circuit design in comparison with
a conventional autothermal reformer due to the greater simplicity and low cost of the
proposed circuit.

The use of heat pump units for the utilization of a secondary energy resource—waste
heat—can provide an increase in the energy efficiency of production, especially in con-
ditions of energy-intensive products. The involvement of consumers of low-grade heat,
not suitable for direct use, in the technological process of energy facilities, opens up great
prospects in terms of energy saving and rationalization of environmental management
both at the level of a particular enterprise and at the general economic level [12].

Due to the presence of a sufficiently large number of low-grade heat sources at plants
with combined heat and power generation, many researchers are considering the possibility
of increasing the efficiency of work and improving the output characteristics of thermal
power plants of various types and with a different composition of equipment.

The article [30] presented a new heat supply strategy for the CO2 capture process for
a 600 MW coal-fired power plant based on the heat recovery from turbine exhaust steam
using a two-stage heat pump. Due to more latent heat recovery from the exhaust steam,
the fuel utilization coefficient was significantly enhanced.

In [31], researchers propose a new cogeneration system based on organic Rankine
cycle and an absorption heat pump to achieve the dual effects of improving power output
and heating capacity in a 135 MW coal-fired power plant. The increases in the power
output and heating capacity were respectively increased by 1.47 MW and 32.1 MW.

Authors of [32] analyzed the use of absorption heat pump units integrated in coal-
fired combined heat and power plants. In the paper, the authors created the mathematical
models of a combined heat and power system with an absorption heat pump recovering
waste heat of exhausted steam from a steam turbine of a coal-fired direct air-cooling unit.
Authors suggested a partial replacing of a heat exchanger of a heating network. Use of heat
pumps can lead to the total increase of the plant’s thermal efficiency up to 2% and, thus,
reduction in the coal consumption. Thus, a possible and interesting way is the use of HPUs
for heating the return network water.

Researchers studied the possibility of integrating heat pumps in order to recover
low-grade heat emissions at enterprises in [33]. Integration of heat pump units in thermal
schemes of manufactures leads to boosting heat generating capacities while not increasing
consumption of primary fuel. Moreover, the same authors suggested some designs of the
inclusion of absorption heat pumps to such an enterprise [34].

The above research on optimizing the schemes of traditional thermal power plants
with combined generation of thermal energy and electricity was carried out to reduce
the rather large heat losses of the cycle itself. The limited amount of fuel sources and the
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constantly increasing needs in electricity stimulated the development of production of
electrical and heat energy by means of combined-cycle gas turbine combined heat and
power plants [12]. In parallel with the active commissioning of combined cycle plants,
research is underway to integrate heat pumps into the thermal circuits of such plants in
order to improve the output characteristics of the combined cycle.

In [35], researchers created the model of integrating a heat pump into the circuit of a
gas–steam combined cycle power plant for heating the return network water. The exhaust
steam played the role of a low-potential heat source for a heat pump. The increase of the
energy efficiency amounted to 2%.

The [36] research work shows that the integration of heat pumps into a combined
cycle gas turbine for heating network water can enhance its performances. The authors
used the flue gas as a source of a low-potential heat. The integration of heat pumps totally
increases seasonal global efficiency up to 5%.

Heat pump units perform well in the conditions of their use for heating low-temperature
fluids, in particular for heating gas turbines intake air at thermal power plants operating in
zones of low temperatures and high humidity [12]. In [37,38], possibility of regulating the
intake air temperature in summertime using absorption heat pumps and, as a result, the
increase of a combined cycle gas turbine electricity generation was highlighted.

Since, at the moment, the direction associated with the integration of hydrogen-
generating units into schemes of thermal power plants has not been sufficiently studied,
and there are no works to optimize such a cycle with the use of heat pumps, this field of
knowledge seems to be promising.

When integrating the solutions proposed in the course of this research work into exist-
ing thermal power plants, it is possible to achieve a comprehensive solution to the existing
scientific problem. Along with increasing the energy efficiency of the main production at
TPPs, the issue of reducing the specific energy intensity of hydrogen production through
the use of low-potential heat sources (LPHS) is being addressed. Applying this approach,
power plants can become system producers of science-intensive products with a lower cost
due to the use of secondary energy resources.

The novelty of this work lies in:

1. Development and research of schemes for transferring real thermal power plants to a
trigeneration cycle with the production of a new product—hydrogen—by the method
of methane steam reforming;

2. Increasing the efficiency of trigeneration plants by integrating a heat pump that uses
waste heat from the power plant;

3. Development of a methodology for determining the cost of fuel for the production of
hydrogen in the trigeneration cycle of a thermal power plant.

The purpose of the work is to study the possibility of using heat pumps in the hydrogen
production cycle at thermal power plants.

Tasks:

1. To develop a technological scheme for the production of hydrogen at TPPs;
2. To propose a scheme for including HPUs in TPPs schemes to reduce the cost of

hydrogen and reduce waste heat;
3. To develop a methodology for determining fuel costs for hydrogen production in the

cogeneration cycle of a thermal power plant.

2. Materials and Methods

The algorithm for conducting this study is shown in Figure 2 in the form of a flowchart.
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Figure 2. Methodology for conducting a study on the integration of a hydrogen generation plant into
the technological scheme of a CHPP.

2.1. Substantiation of the Choice of Hydrogen Generation Method

In connection with what was said in the introduction and the fact that in large cities of
the Russian Federation the main fuel at TPPs is natural gas, a unit for the production of
hydrogen by steam reforming is of interest for integration into the TPP scheme. Methane
acts as the natural gas used in the unit, so the process of methane steam reforming is
considered in this research.

Methane steam reforming is an endothermic catalytic reaction in which methane and
steam react at high temperature in a coiled furnace. The study considers the introduction
of MSRU with a capacity of 75 thousand m3/h (6.74 t/h). For the needs of such a unit, (30
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÷ 90) t/h of steam is required [39]. It makes sense to carry out the reaction at a pressure
not lower than 1.0 MPa (Figure 3) and a temperature not lower than 750 ◦C [40]. A furnace
is used to heat the mixture of steam with natural gas to the required reaction temperature.
In order to compensate for pressure losses along the coil of MSRU furnace, it was decided
to supply steam with a pressure of 12.5 kgf/cm2 to MSRU. The steam from the live steam
collector or industrial steam can be used for hydrogen production.
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Figure 3. Modes of the methane steam reforming process, providing it is under conditions of
thermodynamic equilibrium, for obtaining (a) 95% H2 and (b) 98% H2 [40].

In this paper, we consider four options for supplying steam to the MSR unit:

- Use of industrial extraction steam with a flow rate of 30 t/h;
- Use of industrial extraction steam with a flow rate of 90 t/h;
- Use of steam from the live steam collector with a flow rate of 30 t/h;
- Use of steam from the live steam collector with a flow rate of 90 t/h.

At a stage of selecting steam extraction sites for the steam reforming of methane, it
is possible to predict the results in advance, using the power underproduction factor of
steam. The extraction of part of the steam from the turbine leads to underproduction of
electric power in the turbine by this flow. The power underproduction factor of the steam
extraction shows what proportion of the enthalpy drop was not completed by the extracted
steam in the turbine in relation to the total enthalpy drop of the steam flow.

The product of the underproduction factor and the steam consumption in the extrac-
tion is nothing more than some additional amount of fresh steam that must be sent to the
turbine head to compensate for the part of the steam extracted from the steam turbine.

The underproduction coefficient is calculated by the equation:

yext =
hext − hcond
ho − hcond

, (1)

where hext—enthalpy of the extracted steam, kJ/kg; hcond—enthalpy of steam going to the
turbine condenser, kJ/kg; ho—steam enthalpy in the turbine head, kJ/kg.

Based on the above equation, it can be seen that in order to compensate for steam
extracted from the boiler header (yext = 1), it will be necessary to increase the steam
production by boilers by the same amount that is planned to be extracted to the MSRU.

2.2. Schematic Solution for Integration of a Heat Pump

The temperature of the gas entering MSRU coincides with the outside air temperature,
so the steam–gas mixture should be heated using a gas-fired MSRU furnace. It is proposed
to use a vapor compression heat pump (VCHP) of a simple scheme for the purpose of
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gas heating before mixing with steam. Such a solution will allow not only to utilize the
waste heat, but also to reduce the fuel consumption for heating the mixture to the required
temperature of the steam reforming reaction (minimum 750 ◦C [40]).

Figure 4 shows a variant of a heat pump integration for heating natural gas be-
fore MSRU.
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Figure 4. Scheme for integrating HPU into the scheme of a thermal power plant. CT—cooling
tower of the circulating water supply system; Ev—HPU evaporator; C—steam turbine condenser;
Cm—HPU compressor; HC—HPU condenser; CWP—cooling water pump; NG—natural gas.

The water of the circulating cooling system can act as a LPHS. This source has a
constant temperature throughout the whole year and is also closer than the others to the
possible location of MSRU—directly near a turbine. Such a place for MSRU is needed to
reduce losses in steam pipelines.

In addition to calculating the indicators of a heat pump, the “CoolPack” (Denmark)
software product is used to analyze thermodynamic cycles of HPUs and their working
fluids properties. Ozone-friendly R134a is considered as the working fluid for the integrated
HPU [14].

2.3. TPP Selection and Model Creation

When choosing an energy facility for MSRU integration, it is important to fulfill the
following conditions: availability of steam extraction with necessary parameters; availabil-
ity of free space for MSRU construction; high coefficient of utilization of installed capacity;
low degree of development of the park resource.

The combined heat and power plant of TGC-1—the Petrozavodskaya CHPP (PCHPP)—was
chosen as the object of study. This object meets the above criteria:

- CHPP has a live steam collector and production steam extraction;
- The CHPP is located on the outskirts of Petrozavodsk, and, as a result, has the

opportunity to expand the territory for new constructions;
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- The coefficient of utilization of installed capacity of the Petrozavodskaya CHPP in
2020 was 44.2%, in 2019—51.0%.

Installed electric power—280 MW; installed thermal power—801.3 MW (689 Gcal/h).
The CHPP consists of 3 boilers BKZ-420-140NGM, 1 turbine unit PT-60-130/13 st. No 1
(ST1), 2 turbines T-110/120-130 st. No 2, st. No 3.

Simulation modeling methods are used to assess the mutual influence of the operating
modes of CHPP equipment on the efficiency of the HPU and MSRU and their influence
on the characteristics of the Petrozavodskaya CHPP. Analysis of the impact of the MSRU
integration into the technological scheme of the CHPP on the operating modes is carried
out using simulation methods in “United Cycle” (UC).

The “United Cycle” program was created by the company “M Systems” (Russia). The
program allows to simulate almost all types of thermal power plants and systems—steam
power cycle, combined cycle, boilers, industrial power systems. UC is used to develop
technical documentation at various design stages: feasibility study; development of project
documentation; development of working documentation.

Assessment of the thermal efficiency of new plants or ways to modernize existing
power units, obtaining real operating characteristics of thermal mechanical equipment,
processing thermal test data, can be and are solved within the framework of a unified
approach based on balance equations. The latter are nothing but the equations of the laws
of conservation of mass, energy (in thermodynamic form), and momentum [41].

“United Cycle” is designed to solve the problems of determining the best structure
and composition of the equipment of a heat and power plant and calculating stationary
operating modes. This package is based on an algorithm in which the solution of a system
of nonlinear equations is sought in a single iterative process without splitting the original
graph into subgraphs. The algorithm allows for determining the characteristics of power
plants with technological schemes of any complexity for various stationary operating
modes, using the parameters of the base case [41].

The package “United Cycle” is notable for the following features [42]:

1. Level of detailing for a heat-flow diagram of a simulated object is high;
2. Models of equipment elements have been debugged and adjusted during many years

of operation;
3. Calculation accuracy of material and heat balance is high (10−6);
4. There are several stages of testing at each step of model construction, calculation, and

the analysis of calculation results;
5. Graphical environment of the software is well developed; the results are visual.

The disadvantage of creating a model in the program “United Cycle” is the complexity
of determining the necessary “completeness of modeling” when creating a thermal circuit.
The created simulation model, on the one hand, should be easy to work with, on the other
hand, it should provide the ability to simulate any stationary operating conditions at plants
(taking into account possible shutdowns of the main and auxiliary equipment/groups of
equipment, etc.; taking into account partial or complete bypass of equipment).

The process of creating a mathematical model can be represented as follows:

1. Creation of a mathematical model of an object, or design of a scheme;
2. Parameterization of the mathematical model of the object, i.e., setting the parameters

of the environment and the characteristics of the equipment for calculating the base
case;

3. Setting the operating mode of the object by entering the mode parameters.

For operating plants, the parameterization stage consists of two parts: parameteri-
zation according to the factory characteristics of the equipment and adjustment of these
characteristics, taking into account the actual state of the equipment of a plant.

An important condition for creating a mathematical model is to provide the possibility
of simulating the same variety of operational regime states that a real plant has.
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Figure 5 shows a part of the simulation model of the Petrozavodskaya CHPP—a
diagram of the integration of a hydrogen generation unit when the boilers take live steam
from a collector next to the PT-60-130/13 turbine.
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Figure 5. Simulation model of PT-60/130/13 st. No 1. D—deaerator; PB—power boiler; HPH—high-
pressure heater; LPH—low-pressure heater; PWH—peaking water heater; MB—main boiler;
RNW—return network water; NH—network heater; DPRS—desuperheating and pressure reducing
system; ST—steam turbine unit; HPC—high-pressure turbine cylinder; LPC—low-pressure turbine
cylinder; EG—electric generator.

During the simulation, a constant level of heat supply (359.4 MW) to consumers
and electricity generation at the generator terminals of steam turbines (252.0 MW) are
maintained.

2.4. Model Adequacy

The adequacy of a mathematical model is the correspondence of the results of a
computational experiment to the behavior of a real object. This relevance should be
assessed in terms of the objectives of the study. Therefore, various approaches to assessing
the adequacy of different models are possible.

The verification of the adequacy of a created mathematical model in relation to the
real CHPP was carried out by the method of step-by-step analysis of the calculated modes
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parameters using the «United Cycle» CAD system and control parameters of the power
equipment operation.

As control parameters, we used the actual parameters of the characteristic operating
mode of the turbine units for 14 January 2021, obtained using hourly archives of the
readings of standard instruments of the automated process control system (APCS). Table 1
shows the APCS data for PT-60-130/13 st. No 1 for its operating mode and their comparison
with the results of simulation using UC. The average deviation is 1.52%, which indicates
the adequacy and applicability of the created model.

Table 1. Model data and control parameters of the Petrozavodskaya CHPP ST1.

Parameter APCS UC Note

Power, MW 51.0 51.0 Data are identical

Live steam consumption, t/h 264.0 255.9 The difference is 3.0%

Live steam temperature, ◦C 544.0 545.9 The difference is 0.3%

Live steam pressure, kgf/cm2 122.0 122.0 Data are identical

Steam pressure in the industrial
extraction chamber, kgf/cm2 12.6 12.6 Data are identical

Pressure in the condenser, kgf/cm2 0.103 0.103 Data are identical

Feed water temperature behind HPH-5, ◦C 189.0 185.0 The difference is 2.1%

Feed water temperature behind HPH-6, ◦C 215.0 210.7 The difference is 2.0%

Feed water temperature behind HPH-7, ◦C 243.0 236.4

The difference is 2.7%
According to the documentation, the temperature of the

feed water at the steam flow to the turbine is about 239 ◦C.
Thus, the temperature at the outlet of the heaters of the

HPH group is 2.3% higher than the calculated value.

Feed water consumption, t/h 260.0 260.0 Data are identical

Condensate temperature in the condenser, ◦C 50.0 46.0 The saturation temperature at the pressure in the
condenser corresponds to a temperature of 46 ◦C.

Condensate temperature behind LPH-4, ◦C 117.0 117.0 Data are identical

2.5. Accounting for Hydrogen Production When Calculating Technical and Economic Indicators

The technical and economic indicators include specific fuel consumption for the
production of energy products and coefficient of fuel heat utilization (CFHU).

In the course of this work, a “physical” method, also called balance, was used to
distribute fuel consumption for the generation and release of trigeneration products at
the thermal power plant. This method has been official for the Russian Federation since
2013 [43].

The method is based on the distribution of fuel costs in proportion to the amount of
fuel consumed for each type of energy based on the heat balance. At the same time, it is
assumed that the same amount of fuel is spent on obtaining thermal energy from turbine
extractions as when heat is supplied directly from boiler units.

Total heat output of steam boilers, MW:

Q0 = QN + Qind + Qh, (2)

where QN—steam energy for electricity generation, MW; Qind—steam energy for industrial
steam extraction, MW; Qh—steam energy for heat generation, MW.

The first step in the balance method is to allocate the total fuel consumption to the
products of a thermal power plant.
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Reference fuel consumption for electricity generation, t ref.f./h:

BN =
QN
Qo

· BΣ
ref.f., (3)

where BΣ
ref.f.—fuel consumption at a CCHP, t ref.f./h.

Reference fuel consumption for industrial steam generation, t ref.f./h:

Bind =
Qind
Qo

· BΣ
ref.f. (4)

Reference fuel consumption for heat generation, t ref.f./h:

Bh =
Qh
Qo

· BΣ
ref.f. (5)

The second step in the balance method is the calculation of the specific fuel consumption.
Specific reference fuel consumption for electricity supply, t ref.f./(MW·h):

bN =
BN

N − NON , (6)

where N—electricity generation, MW; NON—the electricity for own needs, MW.
Specific reference fuel consumption for industrial steam supply, t ref.f./(MW·h):

bind =
Bind

Qind − QON
ind

, (7)

where QON
ind —own needs for industrial steam, MW.

Specific reference fuel consumption for heat supply, t ref.f./(MW·h):

bh =
Bh

Qh − QON
h

, (8)

where QON
h —own heating needs, MW.

Since the disadvantage of this method is the equalization of high-potential and low-
potential heat, this method cannot be called “fair”. Therefore, the next stage of the study
will use other methods for distributing fuel costs when integrating MSRU into the CHPP
scheme. Of particular interest is the consideration of the exergy method, since in addition to
quantitative indicators, it also takes into account the qualitative indicators of the products
produced.

Since hydrogen is a completely new product produced at thermal power plants, it is
necessary to revise the existing methodology for distributing fuel consumption in the com-
bined production of several products at thermal power plants. The specific consumption of
reference fuel for hydrogen production will be determined, first of all, by the consumption
of fuel supplied to the MSR unit (for the implementation of the MSR reaction and for the
furnace of MSRU), as well as the fuel consumption spent to generate steam, which goes to
the methane steam reforming unit.

In the mode when industrial extraction steam is used for the needs of MSRU, the
consumption of reference fuel for hydrogen production, t ref.f./h:

BΣH2 =
α · QST1

ind · BST1
ref.f.

QST1
o

+ BMSRU
ref.f. + B f urn

ref.f. , (9)

where α—fraction of industrial steam extraction used for hydrogen production (α = 0 . . . 1);
QST1

ind —heat load of industrial steam extraction of ST1, MW; BST1
ref.f.—reference fuel consump-

tion for industrial steam extraction, t ref.f./h; QST1
o —thermal power of the ST1 turbine
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unit, MW; BMSRU
ref.f —reference fuel consumption for the reaction implementation, t ref.f./h;

B f urn
ref.f —reference fuel consumption for the MSRU furnace, t ref.f./h.

Reference fuel consumption for hydrogen production in the mode with steam extrac-
tion from the collector behind the boilers for the MSRU needs, t ref.f./h:

BΣH2 =
QH2 · BΣ

ref.f.
QΣ

o
+ BMSRU

ref.f + B f urn
ref.f , (10)

where QH2—thermal power of steam extracted for the MSRU needs, MW.
Specific reference fuel consumption for steam supply at MSRU, t ref.f./t:

bH2 =
BΣH2

GH2

, (11)

where GH2—amount of produced hydrogen, t/h.
CFHU is the ratio of useful energy from a CHPP to the available heat of the burned

fuel:

CFHU =

(
∑ QNH + ∑ QBB + Qind + GH2 · 1.163 · Qn

cv.H2

)
+

(
∑ N − ∑ NON)

∑ Bref.f. · 1.163 · Qn
cv.ref.f.

, (12)

where ∑ QNH—thermal load of network heaters, MW; ∑ QBB—thermal load of built-in con-
denser bundle, MW; Qn

cv.H2
= 33.8 Gcal/t—net calorific value of hydrogen; 1.163—the coef-

ficient for converting Gcal/h to MW: 1.163 MW = 1 Gcal/h; Qn
cv.ref.f. = 7 Gcal/t ref.f.—net

calorific value of reference fuel.

3. Results and Discussions

The extracted steam parameters and characteristics of HPU are presented in Table 2.

Table 2. The extracted steam parameters and characteristics of HPU.

Parameter Value

Operating Mode Industrial Steam
Extraction

Steam Extraction
from the Collector

Steam extraction to MSRU, t/h 30 90 30 90

Extracted steam temperature, ◦C 285.6 275.6 494.3 494.2

Power underproduction factor, — 0.61 0.58 1 1

Reduced fuel consumption due to higher
temperature of extracted steam, thousand m3/h 0.21 0.56 0.61 1.83

Temperature of LPHS before HPU, ◦C 27.0 24.5 27.9 27.0

Temperature of LPHS after HPU, ◦C 18.0

Methane consumption, t/h 28.79

Temperature of methane before HPU, ◦C 15

Temperature of methane after HPU, ◦C 95

HPU power, MW 1.47

Energy conversion factor of HPU, — 1.53

HPU compressor power usage, MW 1.32

LPHS consumption, t/h 49.02 67.03 44.38 48.96

Reduced fuel consumption due to HPU,
thousand m3/h 0.16
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To ensure the performance of MSRU—75 thousand m3/h (6.74 t/h)—the supply of
28.79 t/h of methane is required. A heat pump is used for methane preheating in order
to reduce fuel consumption in the furnace of the unit. The steam taken for the MSRU is
superheated steam, i.e., has a temperature above the saturation temperature (at a pressure
of 12.5 kgf/cm2, the temperature of saturated steam is 188.9 ◦C). Therefore, fuel costs for
heating the mixture of steam with methane are further reduced.

As follows from Table 3, under given conditions—maintaining constant levels of
electricity generation and heat supply—integration of the methane steam reforming unit
and the heat pump leads to a significant increase in fuel consumption of about 50%. The
increase in fuel consumption is associated with the use of natural gas as a feedstock for
the steam reforming process. Gas is also needed to heat the furnace of the methane steam
reformer.

Table 3. Research results.

Parameter Value

Operating Mode Initial Industrial Steam
Extraction

Steam Extraction
from the Collector

Steam extraction to MSRU, t/h - 30 90 30 90

Electricity supply, MW 231.84 224.45

Total fuel consumption, t ref.f. 106.20 157.55 161.12 158.68 163.58

Change in total fuel consumption, % - 48.36 51.72 49.42 54.03

Fuel consumption
for heat supply, t ref.f. 46.94 46.97 47.03 47.01 47.03

Specific fuel consumption
for heat supply, kg ref.f./MW 130.61 130.70 130.86 130.80 130.86

Change in specific fuel
consumption for heat supply, % - 0.07 0.19 0.14 0.19

Fuel consumption
for electricity supply, t ref.f. 59.26 57.62 55.04 58.68 57.40

Specific fuel consumption
for electricity supply, g ref.f./(kW h) 255.60 256.73 245.21 261.46 255.72

Change in specific fuel
consumption for electricity supply, % - 0.44 −4.06 2.29 0.05

Fuel consumption
for hydrogen supply, t ref.f. - 52.95 59.06 52.99 59.15

Specific fuel consumption
for hydrogen supply, t ref.f./t H2

- 7.854 8.759 7.858 8.773

CFHU, % 68.39 66.18 64.72 65.71 63.75

The use of a heat pump unit for the purpose of preheating natural gas before the
methane steam reformer can save some of the fuel used to heat the feedstock for methane
steam reforming in the MSRU furnace. Such a circuit solution can be relevant for generating
enterprises of any type, including thermal power plants, condensation electric power plants,
stations with a combined cycle, as well as boiler houses. This is due to the presence of
a large number of low-grade heat sources of both natural and artificial origin at energy
facilities. The use of this resource allows not only to reduce the cost of production of
technological products, but also to reduce the environmental burden.

As follows from the results, the use of a vapor compression heat pump unit of low
power (1.47 MW) saves only 0.16 thousand m3/h of natural gas. Since this paper considers
the use of HPU of a simple scheme, and refrigerant R134a is used as the working fluid
of the heat pump, it is proposed to heat methane to a temperature of 95 ◦C. This is due
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to the fact that the temperature of the critical point for R134a is 101.5 ◦C. In order to
improve the performance of a heat pump, further studies should consider a VCHP with
a regenerative heat exchanger and a subcooler, provided that refrigerants with a higher
critical temperature are used. In a further study, it also makes sense to consider the use
of two-stage heat pumps in order to increase the heating temperature of methane before
MSRU. It is also worth considering the scaling of the methane steam reformer and the use
of HPUs of higher capacity for MSRU.

The minimum specific fuel consumption for hydrogen generation is achieved in the
mode with industrial steam extraction with a capacity of 30 t/h to MSRU. This is due
to the fact that the steam going to MSRU has the lowest power underproduction factor
in comparison with other options under consideration. On the other hand, live steam
taken from the boiler collector has a higher temperature, which allows saving some fuel for
heating the mixture of natural gas and steam in the furnace of the methane steam reformer.
However, this steam is sharp, and, therefore, has the highest power underproduction factor
(yext = 1). To compensate for steam extraction from the boiler header, it is necessary to
increase the steam production by the boilers by the same amount that is extracted to MSRU.
The use of such a circuit solution leads to a significant decrease of CFHU (up to 5%) and,
as a result, is the least profitable among the considered options. When MSRU and HPU
are included in the PCHPP, a decrease in electricity supply from the plant is observed,
which is due to an increase in own needs: the consumption of electricity by MSRU and
HPU amounted to 7.39 MW. The decrease of CFHU in all considered modes is associated
with maintaining a constant level of electricity generation at a generator terminal. When
using Equation (12), where the numerator includes exactly the useful energy supplied
from a plant, for a more adequate assessment of the proposed circuit solutions during the
study, it was necessary to maintain a constant level of electricity supply to consumers. In
further studies, it is required to consider modes with an increase in electricity generation at
a generator terminal in order to compensate for the growing own needs.

The choice of circuit design depends on the parameters of the extracted steam. It is
preferable to use partially exhausted steam, in particular industrial steam extraction. Due
to the high prevalence at power plants with combined production of steam turbines with
industrial steam extraction, the circuit solution considered in the course of the study for the
MSRU integration can be used at a large number of enterprises. The proposed scheme can
be adapted for use at condensation thermal power plants and boiler houses, provided that
steam extraction lines are organized, as well as modeling and calculation of technical and
economic indicators to assess the feasibility of upgrading thermal schemes are held.

The proposed methodology for determining the cost of fuel in the case of “n-generation”
is based on the balance method of proportional distribution of fuel costs, which will be
understandable and convenient for introduction into use both at existing thermal power
plants under construction and modernized, regardless of the type of these plants. Further
development of research is expected in the direction of developing new methods for deter-
mining the fuel consumption for hydrogen production, taking into account the second law
of thermodynamics.

For the purpose of transition to low-carbon energy, it is advisable to consider trans-
ferring thermal power plants to the combustion of hydrogen and natural gas, with the
creation of a gas transmission system of hydrogen and natural gas, in shares of 20% and
80%, respectively [44]. The proposed new methodology will require further elaboration
during the modernization of thermal schemes for the use of the obtained hydrogen.

4. Conclusions

1. Using the example of a real thermal power plant, schemes have been developed
and studied that allow switching cogeneration plants to a trigeneration mode with
hydrogen production by integrating a methane steam reformer.

2. To optimize the hydrogen production cycle, it is proposed to use heat pumps for
preheating natural gas before the methane steam reformer.
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3. The use of a heat pump for the purpose of heating natural gas before MSRU does
not have a significant impact on the operating modes of the combined heat and
power plant due to its low power (1.47 MW). HPU efficiency indicator—the energy
conversion factor—is low due to the large temperature difference between the LPHS
(up to 27 ◦C) and the gas temperature at HPU outlet (95 ◦C). The use of a heat pump
of a simple scheme for heating natural gas from a temperature of 15 ◦C to 95 ◦C saves
only 0.16 thousand m3/h of natural gas. There is a need for additional research on the
optimization of cycles and the consideration of other circuit solutions for heat pumps
for joint operation with MSRU.

4. A new methodology was developed for the distribution of fuel consumption in the
production of a new product—hydrogen—at thermal power plants. This method can
be adapted for use at various types of power plants.

5. The minimum specific fuel consumption for hydrogen production—7.854 t ref.f./t
H2—is achieved in the mode with steam extraction to MSRU from the turbine PT-
60-130/13 (industrial extraction with a flow rate of 30 t/h). At this mode, the
coefficient of fuel heat utilization is the highest among all modes with hydrogen
production—66.18%, which is 2.3% lower than in the scheme without the use of
MSRU. This is explained by the increase in the cost of electricity for own needs to
ensure the operation of MSRU and HPU (7.39 MW).
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Nomenclature

Abbreviations
APCS automated process control system
C steam turbine condenser
CCUS carbon capture, utilization, and storage
CFHU coefficient of fuel heat utilization
CHPP combined heat and power plant
Cm HPU compressor
CT cooling tower of the circulating water supply system
CWP cooling water pump
D deaerator
DRPS desuperheating and pressure reducing system
EG electric generator
Ev evaporator
HC HPU condenser
HPC high-pressure turbine cylinder
HPH high-pressure heater
HPU heat pump unit
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LPC low-pressure turbine cylinder
LPH low-pressure heater
LPHS low-potential heat source
MB main boiler
MSR methane steam reforming
MSRU methane steam reforming unit
NG natural gas
NH network heater
PB power boiler
PCHPP the Petrozavodskaya CHPP
PWH peaking water heater
RNW return network water
ST steam turbine
ST1 turbine unit PT-60-130/13 st. №1
TPP thermal power plant
UC “United Cycle”
VCHP vapor compression heat pump
Variables and Coefficients
Q0

Σ total heat output of steam boilers, MW
QN steam energy for electricity generation, MW
Qind steam energy for industrial steam extraction, MW
Qh steam energy for heat generation, MW
BN reference fuel consumption for electricity generation t ref.f./h
Bref.f.

Σ reference fuel consumption at a CCHP, t ref.f./h
Bind reference fuel consumption for industrial steam generation t ref.f./h
Bh reference fuel consumption for heat generation t ref.f./h
ΣN power generation, MW
ΣNON electricity for own needs, MW
Qind

ON industrial steam extraction for own needs, MW
Qh

ON heat for own needs, MW
bN specific fuel consumption for electricity release, t ref.f./h
bind specific fuel consumption for industrial steam extraction

release, t ref.f./h
bh specific fuel consumption for heat release, t ref.f./h
BΣH2 consumption of reference fuel for hydrogen production, t ref.f./h
α fraction of industrial steam extraction used for hydrogen production
Qind

ST1 heat load of industrial steam extraction of ST1, MW
Bref.f.

ST1 reference fuel consumption for industrial extraction, t ref.f./h
Qo

ST1 thermal power of the ST1 turbine unit, MW
Bref.f.

MSRU reference fuel consumption for the reaction implementation, t ref.f./h
Bref.f.

furn reference fuel consumption for the MSRU furnace, t ref.f./h
QH2 thermal power of steam extracted for the MSRU needs, MW
bH2 specific reference fuel consumption for steam supply at MSRU, t ref.f./t
GH2 amount of produced hydrogen, t/h
ΣQNH thermal load of network heaters, MW
ΣQBB thermal load of built-in condenser bundle, MW
Qcv.H2

n = 33.8 Gcal/t net calorific value of hydrogen
1.163 the coefficient for converting Gcal/h to MW: 1.163 MW = 1 Gcal/h
Qcv.ref.f.

n = 7 Gcal/t ref.f. net calorific value of reference fuel
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