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Stirling engine, it was found that increasing the regenerator efficiency from 0.5
to 0.8 raises the thermal efficiency from 16.32—16.33% to 28.41-28.54%, and
the electrical power output — from 116 kW to 202.72 kW. Under these conditions,
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Introduction

Modern energy development is characterized by a transition toward decentralized energy supply sys-
tems, the integration of renewable energy sources, and increasingly stringent requirements for the energy
efficiency and environmental sustainability of power generation equipment. In this context, identifying effec-
tive distributed generation technologies capable of utilizing diverse heat sources to provide stable electricity
and heat production with minimal pollutant emissions has become particularly important.

The use of Stirling engines — a class of external-combustion heat engines — is considered promising
in this field. A significant advantage of these engines is their ability to operate using a wide range of energy
sources, including solar energy, biomass, geothermal heat, thermal storage systems, exhaust gases, and other
low-grade or renewable heat sources. This makes the Stirling engine an effective component for small- and
medium-scale energy systems, such as those used in microgrids, autonomous energy complexes, mobile
power plants, and cogeneration systems.

Research into Stirling engines is gaining particular relevance as efforts continue to identify new de-
sign configurations for integrated energy systems that combine various heat sources, energy storage, and
thermal transformation technologies. Implementing such configurations allows for improved waste heat re-
covery, reduced energy losses, and more efficient operation of distributed energy hubs.

This work is licensed under a Creative Commons Attribution 4.0 International License.
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Furthermore, the use of Stirling engines in combination with thermal energy storage systems (such
as solid-state or molten-salt thermal storage), solar collectors, hydrogen technologies, or cogeneration plants
opens up possibilities for creating a new generation of autonomous energy systems characterized by high
energy efficiency and low environmental impact.

Consequently, exploring the potential for utilizing Stirling engines within new configurations for dis-
tributed energy systems represents a relevant scientific and technical challenge, aimed at enhancing the effi-
ciency of energy resource utilization, integrating renewable energy sources, and advancing the development
of autonomous and hybrid energy systems.

Literature review on Stirling engine configurations when used in energy systems

The Stirling engine is a promising type of external-combustion heat engine that has garnered signifi-
cant research interest, particularly in the context of the development of distributed energy systems, cogenera-
tion, and the utilization of renewable energy sources. A key advantage of the Stirling engine is its ability to
operate using a wide range of heat sources including solar energy, biomass, geothermal resources, industrial
waste gases, and various types of fuels. This versatility makes it a promising component for small- and me-
dium-scale energy systems designed for autonomous or decentralized power supply [1].

A substantial body of research focuses on the application of Stirling engines in small-scale cogenera-
tion plants [1]. In such systems, the engine is used to simultaneously generate electricity and heat, which signif-
icantly increases the overall fuel utilization efficiency. An analysis of recent research indicates that micro-
cogeneration plants based on Stirling engines can provide efficient energy supply for residential buildings,
small enterprises, and local energy systems, thereby enhancing energy efficiency and reducing harmful emis-
sions [2]. This paper presents an economic and environmental assessment of this technology with the aim to its
implementation within Brazil's energy sector.

A distinct area of development involves the creation of combined cooling, heating and power (CCHP)
systems, in which Stirling engine serves as the primary source of mechanical energy for electricity generation,
while the rejected heat is utilized for providing heat supply or cooling generation via absorption or adsorption
chillers. Paper [3] examines the assessment of energy efficiency and economic viability for a small-scale CCHP
system designed for combined cooling, heating, and power generation with a Stirling engine. Research indicates
that such systems significantly enhance the efficiency of primary energy utilization and allow for more flexible
management of thermal flows within the energy supply systems of buildings and industrial facilities [3].

Another significant area is the application of Stirling engines in systems powered by renewable en-
ergy sources, most notably solar-powered Stirling engines. In these systems, thermal energy from concen-
trated solar radiation is directed to the engine’s heater using a parabolic dish concentrator. Studies show that
such plants offer high efficiency in converting solar energy into mechanical and electrical power, making
them suitable for use in remote or off-grid energy systems [4, 5].

The use of Stirling engines in biomass-based cogeneration systems also holds considerable promise.
In these plants, the heat generated from the combustion of biomass or the products of its gasification is used
to heat the engine's working fluid. Research indicates that combining bioenergy technologies with Stirling
engines can enable the creation of efficient, low-capacity power systems for rural areas, local energy hubs,
and autonomous energy supply systems [6, 7].

Another important area of application involves using the Stirling engine to recover secondary energy
resources. In such configurations, the engine can utilize heat from the exhaust gases of industrial processes
or internal combustion engines, thereby increasing the overall energy efficiency of technological plants and
reducing heat emissions into the environment [8].

Current research also focuses on developing new integrated energy system configurations that com-
bine the Stirling engine with Organic Rankine Cycles (ORC), heat storage systems, chillers, and other power
equipment. Such combined systems enable more efficient utilization of heat flows at various temperature
levels and enhance the overall efficiency of energy complexes [9].

Studies [10—11] have explored ways to improve the efficiency of Stirling engines by refining their
design characteristics.

Thus, an analysis of contemporary scientific literature indicates that the Stirling engine is a promis-
ing component for distributed energy systems particularly within cogeneration, CCHP, and hybrid power
plants. Future progress in this field will depend on improving the design of the engine’s heat-exchange com-
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ponents, optimizing the configuration of energy systems, and integrating Stirling engines with renewable
energy sources and energy storage systems.

Hybrid energy systems that combine a Stirling engine with solid oxide fuel cells (SOFC) are of par-
ticular scientific interest. The relevance of such configurations stems from the fact that SOFC operate at high
temperatures, generating a significant thermal potential in the exhaust gases; this potential can be further uti-
lized in a bottoming cycle based on a Stirling engine to produce mechanical and electrical energy. A recent
review on SOFC hybridization indicates that integrating fuel cells with additional energy-conversion mod-
ules is a key strategy for enhancing the overall efficiency of stationary distributed generation systems. How-
ever, most existing research focuses on combinations involving gas turbines or internal combustion engines,
while SOFC-Stirling configurations remain less explored [12].

Paper [12] provides a comprehensive overview of current trends in the hybridization of solid oxide
fuel cell-based systems. Nevertheless, the emphasis is placed on combining SOFC with gas turbine plants,
internal combustion engines, and other power cycles. In contrast, the integration of SOFC with a Stirling en-
gine is addressed only tangentially, lacking a detailed analysis of system configurations, thermal interaction
conditions, and the potential for effectively utilizing the heat from the fuel cell exhaust gases.

Study [13] presents a thermodynamic analysis of a hybrid SOFC—Stirling power plant utilizing alter-
native fuels. However, this paper focuses primarily on the overall energy efficiency of the system, whereas
the optimization of the plant configuration, the parameters of heat exchange processes between the SOFC
and the Stirling engine, and the impact of fuel cell exhaust gas characteristics on the engine's operating
modes have been investigated to a limited extent.

In [14], a power plant configuration that combines biomass gasification, SOFC, and a Stirling engine,
is proposed. The authors performed a thermodynamic and thermoeconomic analysis of the system; however,
the study focuses primarily on evaluating the overall efficiency of the energy complex. The issue of optimally
matching temperature levels between system components is not sufficiently addressed, nor is the potential for
enhancing Stirling engine efficiency through the rational utilization of heat from the SOFC exhaust gases.

In [15], methods for improving the efficiency of a hybrid SOFC—Stirling system are investigated us-
ing finite-time thermodynamics. The analysis centers on the impact of thermodynamic losses on system effi-
ciency. However, this paper does not explore practical design configurations for integrating a Stirling engine
into distributed power generation systems, nor does it discuss the application of such plants within cogenera-
tion or CCHP systems.

In [16], the use of a free-piston Stirling engine (FPSE) coupled with a linear electric generator is
proposed as a bottoming cycle to recover high-grade heat from a solid oxide fuel cell with internal reform-
ing. The residual heat downstream of the Stirling engine is further utilized in a double-effect absorption
chiller and a heat exchanger to produce cooling and hot water. Simulation results indicate that integration of
a Stirling engine increased the system's electrical efficiency by 14.1%, with the overall efficiency of the
CCHP plant reaching approximately 64%. Thus, this paper confirms the viability of cascading the high-
temperature heat from a solid-oxide fuel cell (SOFC) using a Stirling engine.

In paper [17], a thermodynamic analysis and multi-objective optimization were performed for a hy-
brid system combining SOFC, Stirling engine, and reverse osmosis plant. The heat output from the SOFC
serves as a high-temperature heat source for the Stirling engine, enabling two sequential stages of electrical
power generation within the system. The optimization was based on parameters such as SOFC power output,
exergy efficiency, exergy destruction density, and the productivity of the desalination plant. The results
demonstrate the potential of combining SOFC with Stirling engine to improve the efficiency of utilizing the
high-temperature heat generated by the fuel cell.

Consequently, an analysis of papers [12—17] suggests that integrating a Stirling engine with solid-
oxide fuel cells is a promising approach for enhancing the efficiency of fuel energy utilization. At the same
time, further study is required for system configurations aimed at the cascaded utilization of the energy po-
tential of SOFC exhaust streams, specifically, the recovery of residual combustible components from the an-
ode stream, the adjustment of gas temperatures to the level required for heat input to a Stirling engine, and
the subsequent utilization of the remaining thermal potential. This underscores the rationale for developing
and conducting an energy analysis of a corresponding SOFC—Stirling engine hybrid power plant.
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Aim and objectives of the study

The aim of the study is to improve the efficiency of fuel energy utilization in a SOFC-Stirling engine
hybrid power plant by developing a system configuration that employs a cascaded approach to utilizing the
energy potential of the SOFC exhaust streams, involving sequential heat recovery via Stirling engines operat-

ing at different temperature levels.

To achieve this objective, the following tasks must be addressed:

1. Development of a schematic diagram for a SOFC-Stirling engine hybrid power plant that utilizes the
thermal potential of the exhaust gas streams in a cascaded manner for additional electrical power generation.

2. Proposal of a mathematical model of a hybrid plant, accounting for regeneration efficiency, the
dead volumes of the Stirling engine, and the temperature differences between the heat transfer fluid and the

engine’s working fluid.

3. Determination of the influence of regenerator efficiency and temperature differentials in Stirling
engines on their power output and the energy efficiency of the hybrid plant, and justification of the feasibility

of cascaded waste heat recovery.

Development of a schematic diagram for a SOFC-Stirling engine hybrid power plant

Fuel cells are electrochemical de-
vices that facilitate the direct conversion
of the chemical energy of a fuel into elec-
trical energy. Solid oxide fuel cells belong
to the class of high-temperature fuel cells.
They incorporate a solid oxide electrolyte
typically made of ceramic materials such
as yttria-stabilized zirconia, which enables
the conduction of oxide ions within a
temperature range of 600—1000 °C. Under
these conditions, molecular oxygen is re-
duced on the porous surface of the cath-
ode to form oxide ions, which are then
transported through the electrolyte toward
the anode region. Within the porous an-
ode, these ions react with hydrogen or
hydrogen-containing gases, releasing elec-
trons that enter an external electrical cir-
cuit. Consequently, SOFC can operate
using either pure hydrogen or hydrocar-
bon-based fuel mixtures (following a re-
forming process) [18].

To enhance the efficiency of fuel
energy utilization, a schematic diagram
for a SOFC-Stirling engine hybrid power
plant has been proposed. In this configura-
tion, the SOFC serves as the primary gen-
erator of electrical energy, while the Stir-
ling engine functions as a bottoming re-
covery cycle, converting heat from the
high-temperature gas stream into addi-
tional mechanical and electrical energy.
This approach enables the cascaded re-
covery of both the fuel energy and the
thermal potential inherent in the exhaust
gases of the SOFC.
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Fig. 1. Schematic diagram of a SOFC-Stirling engine hybrid power
plant (a) and the Stirling engine cycle in p—v coordinates (b)
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Natural gas is supplied to the fuel system of the SOFC (Fig. 1, a). Within the framework of the
adopted model, fuel mixture preparation and internal steam reforming are considered as integrated processes
of the SOFC system; therefore, the corresponding auxiliary components are not shown separately on the
schematic diagram. The reforming process yields a hydrogen-containing fuel mixture, the components of
which participate in electrochemical reactions at the SOFC anode.

Air required for the electrochemical processes at the SOFC cathode is drawn from the environment
(state 5) and delivered to the plant’s air system by a fan. Downstream of the fan, air (at state 6) is directed to the
cold end of the Stirling engine, where it extracts heat from the engine's working fluid and is heated to state 7.
Subsequently, this heated air stream (state 7) enters a recuperative heat exchanger, where it is further heated by
the gas stream (state 12) exiting the Stirling engine heater; it is then delivered (at state 8) to the SOFC cathode.
This configuration of the air system allows for the beneficial use of heat extracted from the cold end of the Stir-
ling engine to preheat the cathode air.

Within the SOFC, a portion of the fuel's chemical energy is converted directly into electrical energy.
Since the fuel utilization factor Uy is less than unity, the anode exhaust stream contains residual combustible
components, the chemical energy of which can be utilized in a subsequent stage of energy conversion.

The anode and cathode exhaust streams, exiting the SOFC, are directed to a catalytic combustor,
where residual combustible components in the anode stream are oxidized by the oxygen present in the cath-
ode exhaust. This process generates a high-temperature gas stream at a temperature 77;, which is required for
the efficient transfer of heat to the Stirling engine. The feasibility of using a catalytic combustor to recover
energy from residual combustible components in the anode stream is supported by experimental results from
the "Direct FuelCell/Turbine" hybrid plant developed by FuelCell Energy [19]. This system utilized a high-
temperature carbonate fuel cell with internal natural gas reforming. Unreacted components of the anode gas
were directed to a high-temperature catalytic combustor, producing a heated gas stream for subsequent use in
a bottoming energy cycle. Experimental testing demonstrated that injecting additional natural gas into the
low-calorific anode stream raises the gas temperature downstream of the oxidizer from 550 °C to approximately
700 °C, thereby providing the necessary thermal potential for further heat conversion.

In the proposed scheme (Fig. 1), a similar principle
is applied to generate a high-temperature stream upstream
of the Stirling engine heater. Unlike the plant in [19],
where the heat from oxidation products is utilized in a gas-
turbine cycle, in the proposed system, it is transferred to the
working fluid of the Stirling engine via an external heater.

The parameters of the SOFC—Stirling engine hy-

Table 1. Key parameters of the 500 kW SOFC model

Parameter Value
Net power plant capacity, Nsorc | 500 kW
Temperature at the SOFC inlet | 800 °C
Temperature at the SOFC outlet | 1000 °C
Pressure losses in components 1-3%

. . ; Heat losses in components 1-2%
brid power plant are determined for a 500 kW SOFC with Atmospheric prezsure 1 atmo.
internal reforming and a fuel utilization factor of U=0.55. Ambient temperature 25 °C
The key parameters of the 500 kW SOFC model are pre- Fuel utilization factor, Uy 0.55

sented in Table 1 [18].

Within the framework of the adopted simplified energy model, electrochemical and chemical trans-
formations in the SOFC are not detailed individually, as their mechanisms and the corresponding reactions
are described extensively in papers [ 18—20]. The fraction of the fuel's chemical energy converted into electri-
cal energy is determined by the fuel utilization factor, U. Consequently, not all the fuel entering the SOFC
participates in the electrochemical conversion process. A portion of the combustible components remains in
the anode exhaust stream, allowing for the subsequent utilization of their chemical potential within a catalyt-
ic combustor. Together with the sensible heat of the high-temperature SOFC exhaust streams, this creates a
thermal potential that enables further cascaded energy utilization in a Stirling engine.

Material and heat balances of hybrid power plant components

To determine the flow parameters at key points within the schematic diagram of the SOFC—Stirling
engine hybrid power plant (Fig. 1), material and heat balances for its main components have been formulat-
ed. The calculations are performed for a steady-state operating mode. Changes in the kinetic and potential
energy of the flows are neglected, while heat losses from individual components are accounted for using ap-
propriate coefficients or as terms within the heat balance equations.
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A material balance equation is established for each component of the power plant

zmin = zmout .

Atmospheric air (state 5) is supplied by a fan into the plant’s air system. The pressure rise across the
fan is determined by the need to overcome the aerodynamic resistance of the Stirling engine's cold section,
the recuperator, the SOFC cathode system, and the connecting gas ducts. In the absence of leaks, the mass
flow rate of the air remains constant

Fan

s = Mg = My, .
The power required to drive the fan can be defined as
My - Aps
Pair *M fan ’
where Aps is the total aerodynamic resistance of the air system; pir is the air density; s is the fan efficiency.

Nfan =

Recuperator

For the cold stream of the recuperator, it can be written

fi’l7 = mS = mair H
and for the hot stream —
My, =my; .
Neglecting heat losses, the heat balance of the recuperator is written as
My (hg —h, ) = mlz(hlz - h13) .

Thus, part of the residual thermal potential of the gases after the Stirling engine returns to the cycle

and is used to preheat the air entering the SOFC cathode.

Solid oxide fuel cell
Heated air with a flow rate of mg enters the SOFC cathode, while natural gas enters the anode system

with a flow rate of g, .
Within the framework of the adopted simplified flow model, the overall material balance of the
SOFC is expressed as
g + Ty = Mg + 10y . 0]
The fuel utilization factor Uy (Table 1) characterizes the fraction of the fuel stream that participates
in the electrochemical conversion. Accordingly, the consumption rate of the utilized portion of the fuel is

. used .
fool = Uf Mgy -
Within the framework of the adopted simplified model, the flow rate of stream 9 is considered as the
unconsumed fuel component leaving the anode system and is determined by the relation

m9=(1_Uf)'mﬁlel' (2)

This approach makes it possible, within a simplified model, to characterize the redistribution of the
initial fuel stream between the electrochemically utilized component represented by hydrogen H, generated
via natural gas reforming and participating in the electrochemical reaction at the SOFC anode, and the unu-
tilized fuel component. In the actual anode exhaust stream, the latter may contain unreacted H,, carbon mon-
oxide CO, and residual hydrocarbon species; these retain chemical potential and can subsequently be oxi-
dized in a catalytic combustor.

The electrical power output of the SOFC is determined by taking into account the lower heating val-
ue of the natural gas

. NG

Nsore =U £ Migger Orny » 3
where 71, is the mass flow rate of natural gas; Q)% is the lower heating value of natural gas; Uyis the fuel
utilization factor.
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The total energy flow entering the SOFC is determined by its electrical power

. N
Etotal = S0FC ’
SOFC
where Nsorc is the electrical power of the SOFC; nsorc is the SOFC efficiency, which is determined by the

relation

NG
_ NSOFC _ Uf 'mfuel XLHV U
Nsorc = E = NG
total mfuel 9914

Thus, in the simplified computational model, the energy efficiency of the SOFC is assumed to be
equal to the fuel utilization factor.

A portion of the total energy flow entering the SOFC is converted into electrical energy, while the
remainder determines the thermal potential of the anode and cathode exhaust streams

Osorc = Eioa = Nsorc -
Therefore, the heat balance can be written as

Osorc = MoC o (Ty = Tg) + myC 10 (Tg — T3 ) »

where c¢,9 and ¢,10 mean isobaric heat capacities of the anode and cathode gas streams, respectively; Ty and Tio are
temperatures of the anode and cathode streams at the SOFC outlet; 75 is the air temperature at the SOFC inlet.

In the proposed scheme, the thermal and chemical potentials of the unreacted anode gases and cathode
air are subsequently utilized in a catalytic combustor. The chemical energy of the residual combustible compo-
nents is converted into heat, creating a high-temperature stream used to supply heat to the Stirling engine.

Catalytic combustor

The cathode and anode exhaust streams from the SOFC are directed to a catalytic combustor. The
anode stream 9 contains unreacted combustible components that retain a portion of the chemical potential of
the original fuel, while the cathode stream 10 contains residual oxygen not consumed in the SOFC electro-
chemical reactions. In the catalytic combustor, the residual combustible components of the anode stream un-
dergo oxidation, resulting in the formation of a high-temperature gas stream 11.

The material balance for the catalytic combustor is expressed as follows

My + 1y = 1y . “4)
Taking into account (1) and (2), equation (4) can be written as
Mg + Mgy = 1y .
The energy balance of the catalytic combustor in the absence of additional fuel supply is written as
. . . . NG
iy hyy = mighy + 1y hy + g Opyyy 5
at the same time
E\y =myhy s hy=h(T).
As a result of catalytic oxidation, a gas stream 11 is formed with a mass flow rate of m,, and a tem-
perature of 711, which enters the Stirling engine heater.
Stirling engine
The gas stream at state 11 enters the hot section of the Stirling engine, where it transfers heat to the
engine's working fluid without direct mixing of the streams. For the gas system

iy =y, .
Thermal power transferred to the Stirling engine
QH zmncias(Tn_le)a (5)
where 5 is the mean specific heat capacity of the gas stream of the catalytic combustor.

The thermal power removed from the cold section of the Stirling engine is
Oc =iy, (h; —he) .
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Analysis of the Stirling Cycle

The efficiency of a Stirling engine is determined based on a thermodynamic analysis of its operating
cycle. An ideal Stirling cycle consists of two isothermal and two isochoric processes. Under the condition of
ideal regeneration, the heat rejected from the working fluid during isochoric cooling is entirely stored in the
regenerator and utilized during the subsequent isochoric heating. In this case, external heat input occurs only
during isothermal expansion, and the theoretical efficiency of the ideal Stirling cycle is defined as

4
T]ld 1 T3 > (6)
where T3 is the temperature of the working fluid in the hot cavity of the engine, K; T is the temperature of the
working fluid in the cold cavity, K.

In a real Stirling engine, efficiency is reduced due to irreversible processes, specifically, incomplete
heat regeneration, imperfect heat exchange within the heater and cooler, hydraulic losses as the working fluid
moves through heat-exchange components, mechanical losses, and heat losses through structure components.

This study focuses primarily on accounting for the impact of imperfect regeneration and the engine's
dead volumes on the characteristics of its thermodynamic cycle.

Based on the theoretical derivations presented in [21], the useful work of a Stirling engine with im-
perfect regeneration and dead volumes is defined as

V, +V, +KT, V,+V,+KT,
W, =mR{T,In| 2—2 2 | _TIn| 2 —2_—L|L (7)
V, +KT, v, +KT,

where m is the total mass of the working fluid contained in the engine, kg; R is the gas constant of the working
fluid, J/(kg-K); Vp and V, are correspondingly, the displacement volume of the displacer and the working vol-
ume of the power piston, m>.

Dead volume can be expressed in terms of the total working volume

Vs =ksVy =k Vs +Vp +V),),

where V) is the total volume in the state 1, m?; ksr is the ratio of the total dead volume Vs to the total volume

in state 1 77;
K= kﬁ_f_zki_F& V.
T, T+, T, )"

where kg, = ?—H is the relative dead volume of the hot cavity; kg, = % is the relative dead volume of the
N N

regenerator; k. = % is the relative dead volume of the cold cavity ; Vsu, Vsr, Vsc are dead volumes of the
S
hot cavity, the regenerator, and the cold cavity, respectively, m3.
The coefficient K accounts for the influence of all dead volumes in the engine.
The thermal efficiency of a Stirling engine is defined as
/4

net

o
Taking into account the previously derived expressions for the net work of the cycle, Whe, and the
total heat input, O, the thermal efficiency is determined by the expression

Vy,+V +KT, Vo +V + KT,
T, ln{w} ~T; h{Dpl}

n, =

V, + KT, V, + KT, ®)
n =
ra] 2t et KT (=T
V, + KT, k-1
where £ is the adiabatic index; e is the efficiency of an imperfect regenerator, which is determined by the formula
L-1
e=——10H-.
L-1,
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At the same time e=1 corresponds to an efficiency of 100%, i.e. perfect regeneration, and e=0 — to a
complete absence of regeneration.

The temperature of the working fluid at the regenerator outlet can be expressed in terms of its effectiveness

L=T+e(l;-T)).

As can be seen from equation (8), the thermal efficiency of a Stirling engine depends on both the re-
generator effectiveness, e, and the dead volume.

With ideal regeneration — that is, when e=1, representing the best-case scenario for Stirling cycle ef-
ficiency — and in the absence of dead volume, equation (8) is reduced to equation (6), which defines the
thermal efficiency of an ideal Stirling cycle.

Thus, a Stirling engine can theoretically serve as a highly efficient device for converting heat into
mechanical work, provided there is a significant temperature difference. With ideal regeneration and no dead
volume, the efficiency of the Stirling cycle equals that of the Carnot cycle, which possesses the highest effi-
ciency among all ideal thermodynamic cycles. At the same time, unlike the Carnot cycle, an engine operating
on the Stirling cycle is a practically realizable heat engine that can be used to produce net work.

The work per cycle (7) is related to the engine power by the following relation

W= 60- N,

net — ’
n- ngen
where 7 is the rotational speed, rpm; 1gen is the efficiency of an electric generator.

To determine the optimal operating mode for a SOFC-Stirling engine hybrid power plant, a parametric
optimization problem has been formulated. The energy efficiency of the hybrid power plant is adopted as the
objective function

Moy = NSOF'C +NStN;Nfan s max.
fuel LHV
The varied parameters are the temperature difference on the hot side of the Stirling engine,

AT, =T,, - Ty, and the efficiency of its regenerator, e.

The power output of the Stirling engine, N, is determined based on the thermodynamic analysis of
its cycle, accounting for the regenerator efficiency for the various scenarios considered.

As a result, the combination of AT}, and e values is identified. That combination yields the maximum
energy efficiency, Ny, for the hybrid power plant among the investigated operating modes.

To establish the input data for the computational model, the SOFC characteristics presented in [18]
were used as a basis, specifically, a single module with a nominal electrical power output of 500 kW (Table 1).

In the first stage of the study, the electrical power consumption for the fan drive was not taken into
account. This assumption allows for an assessment of the thermodynamic potential of the proposed configu-
ration and helps determine how the temperature difference in the Stirling engine heater and the regenerator
efficiency influence the energy efficiency of the hybrid power plant. Aerodynamic losses within the air sys-
tem and the corresponding fan power requirements will be accounted for in a subsequent stage, during the
detailed design of the heat exchangers. Table 2 presents the input data for the analysis of the SOFC-Stirling
engine hybrid power plant.

Based on the assumption adopted at the first stage (that air heating within the fan is neglected)
Te=Ts=298.15 K.

For given values of T, T3, the regenerator effectiveness e, and the geometric characteristics of the
engine, the heat gi» supplied to the cycle expressed per unit mass of the working fluid is determined accord-
ing to the model in [21]

qin = & :
m

Provided that the heat required for the implementation of the Stirling cycle is matched with the heat
flux actually transferred from the combustion products and calculated by formula (5), the mass of helium is
determined as

L _60-0,
n'qin
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Table 2. Input data for the calculation of the SOFC-Stirling engine hybrid power plant [18, 21]

Parameter |  Notation | Value
SOFC parameters
SOFC electrical power (3) Nsorc 500 kW
Fuel utilization factor Ur 0.55
SOFC efficiency Nsorc 0.55
Lower heating value of natural gas N, 50 MJ/kg
Air temperature at the power plant inlet Ts 298.15 K
Air temperature at the SOFC cathode inlet Ts 1073.15 K (800 °C)
Anode stream temperature at the SOFC outlet To 1273.15 K (1000 °C)
Cathode stream temperature at the SOFC outlet Tio 1273.15 K (1000 °C)
Mean isobaric heat capacity of the anode stream Cpo 1.17 kJ/(kg-K)
Mean isobaric heat capacity of the cathode stream Cpl0 1.005 kJ/(kg'K)
Stirling engine parameters
Working volume of the power piston Vs 0.050 m?
Working volume of the displacer Vb 0.075 m?
Relative dead volume of the hot space ksu 0.20
Relative dead volume of the regenerator ksr 0.60
Relative dead volume of the cold space ksc 0.20
Working fluid of the Stirling engine — helium
Specific gas constant of helium Rue 2.0771 kl/(kg-K)
Adiabatic index of helium ke 1.667
Specific heat capacity of helium at constant volume Cy 3.116 kl/(kg'K)
Engine rotational speed n 500 rpm
Efficiency of the electric generator Negen 0.97
SOFC- Stirling engine integrating parameters

Temperature head in the Stirling engine heater AT=T1-T3 20; 40; 60 K
Temperature head in the Stirling engine cooler AT=T1—Ts 50K
Temperature of the working fluid in the cold space T=Ts+AT. 348.15K
Temperature of the gas flow downstream of the catalytic combustor T calculated
Efficiency of the Stirling engine regenerator e 0.5;0.7; 0.8
Mean isobaric heat capacity of air e, 1.05 kJ/(kg-K)
Mean isobaric heat capacity of the high-temperature gas flow e 1.20 kJ/(kg'K)

Thus, the amount of helium in the working circuit is determined based on the thermal power availa-
ble for recovery during a specific operating mode of the hybrid system.

Furthermore, the computational model assumes that the temperature of the high-temperature gas
flow decreases by 300 K within the Stirling engine heater. Therefore, the gas temperature downstream of the
heater (in K) is defined as

T, =T,,-300.

This assumption makes it possible to uniquely determine the thermal power transferred to the Stir-

ling engine and the corresponding mass of the working fluid.

Results of the calculation for a hybrid power plant without additional fuel

An algorithm developed for the calculation and parametric analysis of a SOFC-Stirling engine hybrid
power plant has been implemented using the Python programming language.

The gas stream temperature downstream of the catalytic combustor was determined to be

T1:=1405,02 K, and the thermal power delivered to the Stirling engine was found to be QSt =503.25 kW, giv-

en a fixed SOFC electrical power output of Nsorc=500 kW. Additional results are presented in Table 3 for
varying parameters of e and AT}.

The analysis of the results shows that the determining parameter of the efficiency of the Stirling engine
is the efficiency of the regenerator e. With its increase from 0.5 to 0.8, the thermal efficiency of the engine in-
creases from approximately 16.32% to 28.54%, and the electrical power — from 115.94 kW to 202.72 kW. As a
result, the electrical power of the hybrid power plant increases from 615.94 kW to 702.72 kW, and its energy
efficiency — from 67.75% to 77.30% (Fig. 2).
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Table 3. Results of the hybrid power plant calculation

AT;,, K e T3, K 11, % MHe, kg NSt, kW Nhyb, kW Nhyb, %

20 0.5 1385.02 16.33 0.0388 116.01 616.01 67.76

20 0.7 1385.02 22.85 0.0542 162.29 662.29 72.85

20 0.8 1385.02 28.54 0.0678 202.72 702.72 77.30

40 0.5 1365.02 16.33 0.0394 115.98 615.98 67.76

40 0.7 1365.02 22.82 0.0551 162.08 662.08 72.83

40 0.8 1365.02 28.48 0.0688 202.28 702.28 77.25

60 0.5 1345.02 16.32 0.0401 115.94 615.94 67.75

60 0.7 1345.02 22.79 0.0560 161.86 661.86 72.80

60 0.8 1345.02 28.41 0.0698 201.81 701.81 77.20
Changing the temperature difference AT, from 20 K to 60 K, |7y 78
while keeping the thermal power delivered to the Stirling engine con- | ** 76
stant, has a significantly smaller effect. As AT}, increases, the temperature 74
of the working fluid 75 decreases from 1385.02 K to 1345.02 K; howev- 72
er, the mass of helium required to absorb the specified thermal power 0

68
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0.4 0.5 0.6 0.7 08 e

increases. Consequently, the electrical power output of the engine chang-
es only slightly. The highest value among the investigated operating

modes Nnyy=77,3% was obtained at e=0.8 and A7;=20 K.
Fig. 2. Dependence of quy» on e

Table 4 presents the key temperature parameters for the flow streams in the SOFC—Stirling engine
hybrid power plant, corresponding to the studied values of the temperature difference A7) and the regenera-
tor effectiveness e.

Table 4 also lists the temperatures of the gas stream downstream of the catalytic combustor 77;, the
working fluid in the hot cavity of the Stirling engine 73, the gas stream downstream of the heater 71, the air
downstream of the cold section of the engine 77, the air at the SOFC cathode inlet 73, and the gas stream
downstream of the recuperator 77s.

Table 4. Key flow temperatures in the SOFC-Stirling engine hybrid power plant

AT;,,K e T11, °C T3, °C T12, °C T7, °C Tg, °C T13, °C
20 0.5 1131.87 1111.87 831.87 447.73 800 527.59
20 0.7 1131.87 1111.87 831.87 414.79 800 499.13
20 0.8 1131.87 1111.87 831.87 386.00 800 474.26
40 0.5 1131.87 1091.87 831.87 447.75 800 527.60
40 0.7 1131.87 1091.87 831.87 414.94 800 499.26
40 0.8 1131.87 1091.87 831.87 386.32 800 474.54
60 0.5 1131.87 1071.87 831.87 447.78 800 527.63
60 0.7 1131.87 1071.87 831.87 415.10 800 499.39
60 0.8 1131.87 1071.87 831.87 386.66 800 474.83

The results indicate that, following successive heat extraction in the Stirling engine heater and the
recuperative heat exchanger, the temperature of flow 13 remains quite high, approximately 500 °C. This
demonstrates the existence of unutilized thermal potential in the exhaust gas stream, justifying the investiga-
tion of a further stage of heat recovery, specifically, by installing a second Stirling engine designed for a
lower heat-input temperature level.

Figures 3 and 4 illustrate the dependence of the new hybrid power plant’s efficiency on the tempera-
ture differentials at the hot end of the first and second Stirling engines.

It can be seen from the figures that the temperature head in the second engine has a significantly
greater influence on the efficiency.

66 ISSN 2709-2984. Journal of Mechanical Engineering — Problemy Mashynobuduvannia, 2026, vol. 29, no. 3



AEPOI'TAPOANHAMIKA TA TETIJIOMACOOBMIH

Nhyb,2> 89 3 Thyb,2: f8.2
4 % 892
° 892 s~— | AT,,=50K tf g9y
89.1 T e
89
5o AL, =70K 88.9 AT,, =20 K
e 88.8 ’
: 88.7
88.7
— | AT,, =90 K 88.6 ATy, =60 K
88.6 — ’
88.5 i %
- AT}, 2, K
0 20 40 60 ATy, K 0 o0 * K

Fig. 3. Dependence of yny, 2 on ATy, 1 under varied ATy, 2 Fig. 4. Dependence of iy, 2 on ATh, 2 under varied ATh, 1

Discussion of Results

The calculation results indicate that the efficiency of a SOFC-Stirling engine hybrid power plant is
largely determined by regeneration conditions and the temperature level at which heat is supplied to the engine.
For a configuration featuring a single Stirling engine, increasing the regenerator effectiveness from e=0.5 to 0.8
results in an increase in thermal efficiency from 16.32-16.33% to 28.41-28.54%, and an increase in electrical
power output from approximately 116 kW to 202 kW. Consequently, the energy efficiency of the hybrid power
plant rises to 77.30%. Among the analyzed operating modes, the highest values were obtained with ¢=0.8 and
AT, =20 K.

Furthermore, after the heat from the gas stream is utilized sequentially in the first Stirling engine and
the recuperator, its temperature remains in the range of 474528 °C. The existence of this temperature poten-
tial served as the basis for proposing a second stage of heat recovery, utilizing an additional Stirling engine
designed for a lower temperature range.

For a two-stage configuration with e;=e;=0.8, it was determined that the electrical power output of the
second Stirling engine ranges from 103.29 kW to 108.17 kW, depending on the assumed temperature differ-
ences. The total electrical power output of the system reaches 810.85 kW, with a calculated energy efficiency
of 89.19%. Among the investigated modes, the highest values correspond to ATj, =20 K and AT}, =50 K. As
the temperature head of the second engine increases from 50 to 90 K, its thermal efficiency and electrical pow-
er output decrease; this is attributed to a reduction in the working fluid temperature within the hot cavity.

The obtained results confirm the viability of a cascaded approach to utilizing heat from the SOFC exhaust
streams. Unlike single-stage heat recovery, the proposed configuration enables the sequential utilization of the
high-temperature and medium-temperature potential of the gas stream. Furthermore, the calculated efficiency val-
ues characterize the thermodynamic potential of the system under the adopted model assumptions. The current
calculation does not account for fan power consumption or acrodynamic losses within the air and gas systems;
these factors are intended to be incorporated during the subsequent, more detailed design phase of the system.

Conclusions

1. A schematic design for a hybrid power plant based on solid oxide fuel cells (SOFC) and Stirling en-
gines has been developed, enabling the cascaded utilization of the thermal potential of the exhaust gas stream. It
is shown that, following the first stage of waste heat recovery and the regenerative preheating of the cathode
air, the gas stream temperature reaches 474528 °C, creating the conditions for its further energy utilization.

2. It has been established that, for the first Stirling engine, the efficiency of the regenerator has the great-
est impact on overall efficiency. Increasing this value from 0.5 to 0.8 raises the engine's thermal efficiency from
16.32-16.33% to 28.41-28.54%, with the maximum electrical power output among the investigated operating
modes reaching 202.72 kW. The energy efficiency of the system utilizing a single Stirling engine reaches 77.30%.

3. The use of a second Stirling engine to recover the residual thermal potential of the gas stream pro-
vides an additional electrical power output of 103.29—108.17 kW. For the investigated operating modes, the total
electrical power output of the system ranges from 805.15 to 810.85 kW, with a calculated energy efficiency of
88.57-89.19%.

The obtained results demonstrate the potential of cascaded waste heat recovery in SOFC—Stirling
engine systems and indicate the advisability of further research, taking into account the design characteristics
of the heat exchangers, aerodynamic losses, and auxiliary power consumption.
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EHepreTuyHuii aHaji3 riOpuaHoi yCTAHOBKH «TBEPIA0OKCHIHUI MAJTUBHUIA eJ1eMeHT —
aBUryH CTipainra» 3 KacKagHoI0 YTHJIi3ali€l0 TeIIoTH

M. 1. I'pinuenko, B. O. TapacoBa

[HCcTUTYT eHepreTnunHux MamuH i cucteM iM. A. M. Iligropnoro HAH Ykpainu,
61099, Ykpaina, M. Xapkis, Bys1. KomynaneHukis, 2/10

3anpononosarno cxemue piuienns 2iOpudHoOi eHepeemuuHoi YCMaHo68KU HA OCHO8I MEEPOOOKCUOHO20 NATUBHO20
enemenma (TOIIE) i 0suzynie Cmipainea, wo neped6auae Kackaowy ymuiizayito meniogo2o NOMenyiamy eUXiOHux nomo-
ki TOIIE. Memoto 00cnioscenHst € nioguuer s eqheKmueHoCmi BUKOPUCIAHHSL eHepeil nanuea 6 2IOPUOHIN eHepeemuyHIil
yemarnosyi TOIE — 0sueyn Cmipninea wiiaxom 8iOHAUOEHHs. CXeMHO20 PIUEHHS 3 KACKAOHUM GUKOPUCTAHHAM eHep2emu-
YHO2O NOMEHYIATY BUXIOHUX NOMOKIE MEEPOOOKCUOHO20 NATUBHO20 eleMeHMA U NOCAIO0BHOIO YMULIZAYICI0 Meniomu 6
osueynax Cmipninea pizHozo memnepamypro2o pigns. Po3pobreno mamemamuyny mMooens YCmaHo8KU, Wo 6paxosye Ma-
mepianbHi Ul enepeemuyHi 6ANAHCU T OCHOBHUX elleMenmis, eqheKMUBHICmb peceHepamopa, Mepmesi 06’ emu 1 memnepa-
mypHi nanopu 6 osucynax Cmipninea. Ilposedeno napamempuunuil ananiz 6nausy egpekmusHocmi pecenepayii ma memne-
PamypHo20o HANoPy Midic 2a308UM HOMOKOM i pOOOYUM MINOM HA eHEPLeTNUYHI XAPAKMEPUCTUKU YCMAHO8KU. [ cxemu 3
00HUM OsucyHom CmipniHea 6CMAHOGIEHO, W0 30inbuenHs eghexmugHocmi peeenepamopa 6io 0,5 do 0,8 nidsuwye 11020
mepmiynuti KKJ[ i3 16,32—16,33% 0o 28,41-28,54%, a enexmpuuny nomyowcuicme — 3 116 0o 202,72 kBm. Ilpu yvomy
Haubinbue ceped OOCTIONCEHUX PedcUMis 3HauenHs: eHepeemuynozo KKJ] eibpuonoi yecmanosxku cmanosumse 77,30%. Ilo-
KA3aHO, W0 NiCJis NEPUO20 CIyNeHst ymunizayii menjiomu il peKynepamusHoeo nioiepi6anHs KamoOHO20 NOGIMps memne-
pamypa uUxioH020 2a3068020 NOMOKY 3anumaemscst Ha pieHi 474—528 °C. [ ukopucmants yb020 menyiogozo nomeHyi-
any 3anponoHO8AHO 6CMAHOBIEHHS Opyeoeo dsueyna Cmipainea, Wo npayioe 3a HUMCH020 MeMNepamypHo20 pieHs nioge-
OeHHst meniomu. 3a pe3yibmamamiu po3PaxyHKie 1oeo erekmpuina nomyxcruicmes cmarnosums 103,29-108,17 kBm, a cy-
MAapHa eleKmpuyHa ROMydicHicmo 2iopuonol’ yemanosku docseae 810,85 kBm. Haiibinvwe ceped 00CioxHceHux pexcumis
po3paxyHrose 3Hauenns enepeemuuno2o KKJ] 0socmynenesoi ycmanosku cmanosums 89,19% npu epexkmusrnocmi peze-
Hepamopis e;=e>=0,8 i memnepamyprux nanopax ATy =20 K i AT;>,=50 K. Ompumani pezyromamu niomeepoxicyroms
doyinbHicmyb KackadHoi ymunizayii mennogozo nomenyiany suxionux nomoxie TOIIE 6 dsucynax Cmipninea piznoeo mem-
nepamypHo2o pieHs 0151 000AMKOB020 SUPOOHUYMBA eeKMPULHOT eHepeli.

Knrouosi cnosa: meepoookcuonuii nanuguutl eremenm, ogueyn Cmipninea, 2ibpuona eHepeemuyna yCmaHoseKda,
KACKAOHA YMUnizayis meniomu, peeeHepayis meniomu, meMnepamypHull Hanip, eHepeemuyHa eqreKmueHicmb.
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