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The SOFC in the Hybrid Power Supply System of a Livestock
Enterprise

Abstract. The paper is devoted to selecting the optimal capacity of solid oxide fuel cells (SOFC) which operate on biogas. A hybrid power supply
system of a livestock enterprise has been considered. The livestock enterprise is supplied from the SOFC and the centralized electrical network. A
methodology for the SOFC'’s capacity optimization has been developed according to the criteria of economic and environmental efficiency of SOFC.
The effectiveness research of the SOFC use in a hybrid power supply system of a livestock enterprise has been carried out.

Streszczenie. Artykut po$wiecony jest doborowi optymalnej wydajnos$ci ogniw paliwowych ze statym tlenkiem (SOFC) pracujgcych na biogazie.
Rozwazano hybrydowy system zasilania przedsigbiorstwa hodowlanego. Przedsiebiorstwo hodowlane jest zasilane z SOFC i scentralizowanej sieci
elektrycznej. Opracowano metodologie optymalizacji wydajno$ci SOFC zgodnie z kryteriami efektywnos$ci ekonomicznej i $rodowiskowej SOFC.
Przeprowadzono badania efektywnosci wykorzystania SOFC w hybrydowym systemie zasilania przedsiebiorstwa hodowlanego. (SOFC w

hybrydowym systemie zasilania przedsigbiorstwa hodowlanego)
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Introduction

Decarbonization and decentralization of electricity
generation are the most important directions in the
development of the global energy industry [1]. Fuel cells are
considered as the most promising low carbon distributed
generation technologies.

Compared to other distributed generation (DG) sources,
the advantages of fuel cells are higher energy efficiency, no
polluting impact on the environment, no noise and reliability
[2]. Fuel cells are already widely used in the transport
industry and for power supply of stationary objects of
various capacities [3]. Power supply systems of agricultural
enterprises are a promising area of fuel cells application.

The comparative analysis of fuel cells showed that high-
temperature fuel cells, such as solid oxide fuel cells
(SOFC), are the most effective for integration into power
supply systems of agricultural enterprises [4]. Due to the
high operating temperature, the SOFC can use biogas
produced by processing agricultural waste as a fuel. The
use of the SOFC on biogas will improve the quality of
agricultural enterprises power supply and increase the
efficiency of agricultural waste disposal.

For the effective integration of a DG source into the
power supply system it is important to choose the optimal
source power for the given conditions. For many types of
DG sources, approaches to the selection of their capacity
have been developed and scientifically substantiated. They
are based on finding the extremum of the capacity function
according to one or several criteria. To optimize the
capacity of hybrid generation systems based on renewable
energy sources (RES), the following methods are used:

= linear programming [5],

= heuristic search algorithms [6],

= numerical optimization [7], etc.

There are very few studies devoted to the optimization
of a hybrid systems with SOFC. The combined operation of
the SOFC and the centralized electrical network is
considered in [8, 9]. The main tasks of research are related
to ensuring the stable system operation and high quality of
electricity. In [10] the results of modeling a hybrid system
based on the SOFC and a Gas MicroTurbine are presented,
but the sources parameters were set initially. The problem
of optimizing the parameters of the Solar PV-Fuel cell
system was solved in [11, 12]. the HOMER software was
used for techno economic optimization of hybrid generation

system. The optimal source parameters were selected
based on the optimized cost of electricity [COE] and the
global net present value cost (NPC), but hydrogen was
used to operate the fuel cells. Also, the possibility of issuing
surplus generation to the centralized electrical network was
not considered.

There are some conflicting criteria when the SOFC are
integrated into a power supply system with changing load
schedules. The SOFC have a high unit cost of 1 kW of
capacity, but the greater the SOFC’s capacity is, the more
electric energy the enterprise can get from its own eco-
friendly source. Therefore, the criterion of economic
efficiency when choosing the SOFC capacity is not enough.

The proposed approach to the SOFC capacity choice is
the development of the research [13] and is based on the
multi-criteria  optimization methods. The goal of our
research was to develop a methodology for optimization the
SOFC’s capacity in the hybrid power supply system of a
livestock enterprise, to implement the methodology in a
computer program and a database, and to investigate the
effectiveness of the SOFC use for the power supply of a
livestock enterprise.

The paper is organized as follows: Section 2 describes
the structure and principles operation of the hybrid power
supply system with the SOFC. Section 3 presents a
methodology for the SOFC capacity optimization. Section 4
shows the results of the research on the effectiveness of
the SOFC on biogas use in a livestock enterprise’s hybrid
power supply system.

Hybrid power supply system of a livestock enterprise

The object of the research is the power supply system of
a livestock enterprise. The sources of electrical energy are
the SOFC power plant operating on biogas from recycled
waste and the centralized electrical network (Fig. 1).

The converter of current distribution is a device that
connects sources and consumers with different parameters
[14]. The electric power balance equation can be as follows:

(1) Py (t) = Psopc (1) = AP(1) = P (1)

where: Py — is the power from the centralized electrical
network (kW); Psorc — is the power generated by the SOFC
(kW); AP — is the power loss in the distribution electrical
network of the enterprise (kW); P, — is the power of the
enterprise load (kW); ¢ — is the current moment of time.
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Fig.1. The block diagram of a livestock enterprise power supply
with SOFC on biogas

The SOFC is the main source of electrical energy. Psorc
can be defined as the average power that the SOFC can
generate over a long period of time based on biogas
production at a livestock enterprise:

Vaio (1)

2 P 1) =
2) sorc () 24 Fopre

where: Vg0 — is the volume of biogas daily production at the
enterprise ¢ (m3); Fsorc — is the average specific
consumption of the primary gaseous SOFC'’s fuel per the
generation of 1 kW-h (m*kW-h).

The V30 value must meet the condition:
(3) V1o <Vmax

NA XMA XKIXK2 XNB XR1><R2 XR3 X(IOO—MB)
10

B Vyax =

where: Vyax — is the maximum daily biogas production (m3);
N, —is number of cattle (units); M, — is the mass of the bio-
waste from each animal per day (kg); K, — is the coefficient
taking into account impurities in biomass (units);
K, — is the biomass utilization rate (units); Nz — is the
specific yield of biogas per kilogram of dry matter (m3); R, -
is the organic matter content in dry biomass (%); R, — is the
level of biomass fermentation (%); R; — is the methane
content in biogas (%); M3 — is the initial moisture content of
biomass (%) [15].

AP takes into account electrical power loss in the
medium and low voltage power lines and transformer
substations, which are parts of the livestock enterprise’s
power supply system:

(5) AP(t) = APpp 1 (t) + APppo 4 (1) + APrg (1)

where: APp;oand APp;4— are the electrical power losses in
the medium and low voltage power lines; AP;; — is the
electrical power loss in the transformer substation.

The P,(¢) values are specified using daily electrical load
curves with a sampling rate equal to one hour. The Px() is
an alternating function. If Py(¢) > 0, therefore, the SOFC
generated power is sufficient to supply the enterprise's

electrical load and surplus generation is transferred to the
centralized electrical network:

(6) Py(1)" = Py (1) = Py (1); Psopc (1) > AP(t)+ Py (t)
Py (1) = Poy (1) = 0; Psopc () < AP(t)+ P (1)

where: Pg\(t) — is the power generated by the SOFC and
transmitted to the centralized electrical network (kW).

If Py(?) < 0, therefore, the SOFC generated power is not
enough to supply the enterprise's electrical load and it
receives the missing power from the centralized electrical
network:

(7) Py (@) = Pyp(t) = Py (0); Psopr (t) < AP(t) + P (?)
Py () =Py (1) = 0; Psopr (1) 2 AP(2) + Pr (7)

where: Py, (t) — is the power from the centralized electrical
network consumed by the livestock enterprise’s load (kW).

The rules for distributing the electrical load of an
enterprise between the power sources in the hybrid power
supply system, expressed as logical conditions for the
current moment of time, are shown in Fig. 2.

/ Paorc(®), Pu(t), AP() /

OP(1) = Py(t) + AP(?) - Psorc(t)

Noes

Psi(t) = Pu(7) + AP(D)
Pox(n) = |6P(1)]

Pyi(t) = 0P(%)

y
Wst, Wsn, Wi

Fig.2. Distribution of electrical load between power sources in the
hybrid power supply system

The generated and consumed electrical energy for the
estimated period is determined as follows:

T

(8) Wer = X [Por. (1) x At]
0
T

(9) Wen = X [Poy (1)< At]
0

T
(10) Wip = [Pag (1)< At]
0

(11)

where W, — is the electricity generated by the SOFC and
consumed by the enterprise's load (kWh); Wsy — is the
electricity generated by the SOFC and transferred to the
centralized electrical network (kWh); W, — is the electricity
from the centralized electrical network consumed by the
enterprise (kWh); Wsorc — is the total electricity generated
by the SOFC (kWh); A(?) — is the estimated period interval.

Wsorc =Wsi +Wsy
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On the basis of the presented equation, a computer
program based on Microsoft Excel which allows to calculate
the performance indicators of the power supply system over
the given estimated period, has been developed. The entire
period is divided into small equal time intervals (Ar). During
each time interval, the load of consumers, the composition
of the operating sources and the power production are
considered unchanged. The problem of electrical power
distribution between the sources of the power supply
system is solved for each time interval.

Methodology of SOFC’s capacity optimization
A methodology of the SOFC’s capacity optimization has
been developed (Fig. 3).

The initial data of the enterprise and the power
supply system (Mc.r, Tz, Tsw)

Optimization limits:
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Fig.3. Block diagram of the algorithm for the SOFC’s capacity
optimization

Prov = Pyomy

The SOFC’s capacity (Pyowm) is an optimization
parameter. The methodology is based on the modified
successive concessions method, the bitwise search
method, and the SOFC database [16].

Using the bitwise search method and the SOFC
database the optimal Pyov value in terms of economic
efficiency is determined. The criterion of economic
efficiency is the discounted total costs of the enterprise
power supply for the estimated period:

I —t
(12) CDZ ZZ[CEX(I'FI’) ]
0

T

(13) Cs =Y [Ceup + Crc +Csp + Cp —Coy ]
0

where: Cq4p — is the capital cost of the SOFC; Cyzc — is the
maintenance costs; Cs» — is the personnel costs; Cy, — is
the costs for electricity purchased from the centralized
electrical network; Cgy — is the profit from the sale of surplus
SOFC generation to the centralized electrical network; r — is
the discount rate for the year .

Further, the permissible deviation from the optimal Pnowm
value is determined using the modified successive
concessions method and it allows to improve the
environmental efficiency of the SOFC use. The criterion of
environmental efficiency is the amount of biogas used for
the SOFC operation for the estimated period of time:

T
(14) Vaios = 2| Psorc ()% Fsorc]
0

The methodology for the SOFC capacity optimization
consists of the following stages.

First, the initial data of the livestock enterprise and the
power supply system are set. The main initial data are: the
number of cattle (Mc,;), the tariff for purchased electricity
(Tyy), the tariff for the sale of surplus generation of SOFCs
(Tsy), the graphs of electrical load.

Next, the minimum reasonable (Py;) and maximum
allowable (Pyax) of the SOFC capacities are determined:

(15) PN = PLMIN
Ymax
16 B =—2aa
(16) MAX =57~ Feore
where: P, yiv — is the minimum electrical load of the
enterprise.

To implement the bitwise search method, the following
are set: the permissible error in determining the extremum
point (¢), the value of the SOFC capacity for the zero point
(Py) and the initial step (A):
(17) Fo = Pyin

B - P
A = IMAX ~IMIN

(18) 2

The optimal value of the SOFC capacity (Pyoumc) is
determined according to the Cp; criterion using the bitwise
search method. The SOFC parameters required for the
calculation are requested from the SOFC database. The
values of the total costs for the power supply of the
enterprise (Cpsc) and the volume of biogas used for the
operation of SOFC (Viosc) are determined for the Pyoy.c
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value. When Pyouyc, Cpsc and Vyos o are determined, the
transition to the successive concessions method is carried
out.

The three coefficients are set at the beginning of the
successive concession method:

=  Kcup— is the coefficient of the permissible increase

in capital costs for the SOFC installation;

= K, —is the coefficient of an appropriate increase in

the volume of biogas for the SOFC operation;

= K- is the coefficient of the received increase in the

discounted total costs of the enterprise’s power
supply.

Next, the permissible concession is calculated according
to the economic criterion (AC) and the new SOFC capacity
(P,) is determined. P, corresponds to the capital costs
increased by the permissible concession:

(19) AC=Ccypc*Kcup

A
(20) Py - Ceapc +AC

Cun.sorc

where: Cq,pc— is the capital cost of the SOFC-based power
plant, selected by the bitwise search method; Cyysorc — is
the average unit cost of 1 kW of the SOFC capacity.

The SOFC capacity is being optimized according to the
criterion of environmental efficiency. For the new SOFC’s
capacity (P,), the calculation of the discounted total costs
for the power supply of the enterprise (Cpsy) and the
volume of biogas for the SOFC operation (V3,05 1) is carried
out. The feasibility of switching from Py, (the optimal
SOFC capacity in terms of economic efficiency only) to
Pyouy (the optimal SOFC capacity taking into account
environmental efficiency) is determined on the basis of the
expert assessment:

v -V
BIOS.V Y BIOX.C Ky

(21)
Vios.c

Cpsy —Cps.c <K¢

(22)
Cpsc
Thus, the developed methodology enables to determine
the optimal SOFC capacity for the livestock enterprise’s
hybrid power supply system according to the criterion of
economic and environmental efficiency.

Research on the efficiency of the SOFC on biogas in
the livestock enterprise’s hybrid power supply system

Using a computer program based on Microsoft Excel,
which is based on the algorithm for the SOFC capacity
optimization (Fig. 3) and the equations (1) — (10), research
on the effectiveness of the use of SOFCs on biogas in a
hybrid power supply system of a livestock enterprise was
carried out

The study was conducted for the estimated period (T) of
7 years. The main initial data for the research are shown in
Table 1.

The initial data on the electrical load were set on the
basis of daily electrical load graphs of typical livestock
enterprises for each month of the year. A year was divided
in two parts depending on probable consumption, the period
of low consumption (April - September) and the period of
high consumption (October - March).

Table 1. The initial data for the research

Parameter Designation Meuariijre Value
Number of cattle Mcur units 2000
Unit cost of 1
kW of SOFC Cunsorc EUR/KW 3000
capacity
Average specific
biomethane 31N
consumption of Fsore m*/kWh 0.24
SOFC
Electricity )
purchase tariff T EUR/KW-h .
Tariff for the sale
of the surplus of Tsy EUR/KW-h 0.08
SOFC generation
Discounted rate r % 15

The following assumptions were made for calculating
the operate indicators of the hybrid power supply system:

= the possibility of additional use of thermal energy

from the SOFC for the enterprise heat supply was
not taken into account;

= the unit cost of 1 kW of the SOFC capacity and the

unit biomethane consumption of the SOFC were
taken to be the same for all the SOFC models.

The boundaries for the search of the optimal SOFC
capacity are set. The Py value is assumed to be 90 kW
(the enterprise’s minimum electrical load). The Pyax value
is determined by the Equation (2) taking into account the
maximum possible daily biogas production
(Pmax = 3025 m3) and is equal to 525 kW.

The SOFC capacity was optimized for T = 7 years
based on the developed methodology (Fig. 3). The
permissible error ¢ = 50 kW was set and the initial step
A = 108.75 kW was determined to optimize the SOFC
capacity according to the Cpy criterion. The results of
determining Pyoyc are given in Table. 2.

Table 2. The results of the SOFC capacity optimization according
to the criterion of discounted total costs.

S;c?igcth A, kW Prowc, KW | Py, KW CDZE(L'JQM'
0 - 90 100 1.151
1 108.75 198.75 200 1.129
2 108.75 308.75 300 1.131
3 2719 272.81 275 1.128
4 2719 247 81 250 1127
5 2719 222.81 225 1.128

The Ppg is the nominal power of the SOFC from the
database.

The optimal SOFC capacity according to the criterion of
discounted total costs for the enterprise’s power supply is
equal to 250 kW. With the SOFC of such capacity, the
values of the efficiency criteria will be Cps = 1.127 million
EUR, Vgi0s.c = 525.6 thousand m? per year. The distribution
of the livestock enterprise’s electrical load at the SOFC
capacity of 250 kW is shown in Fig. 4 and 5.

To optimize the SOFC capacity according to the Vs
criterion, an increase in capital costs for SOFCs by 10%
(Kcyp = 10%) was assumed. The new SOFC capacity

P, = 300 kW was determined using the Equations (19)
and (20).

The efficiency criteria were calculated for P, = 300 kW:
Cpsy = 1.131 million EUR and V5 = 630.72 thousand m®
per year.

The electricity distribution between the SOFC and the
centralized electric network in the hybrid power supply
system for 1 year with the SOFC capacity equal to 250 and
300 kW is shown in Fig. 6.
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Fig.6. Electricity distribution between the SOFC and the centralized
electrical network in the hybrid power supply system

Fig. 6 shows that with an increase in the SOFC'’s
capacity, the consumption of electricity from the centralized
electric network decreases. The ratio of costs for the
estimated period with the SOFC capacity equal to 250 and
300 kW is shown in Fig. 7.
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Fig.7. Cost ratio for the estimated period

It can be seen from the Fig. 7 that with an increase in
the SOFC capacity from 250 to 300 kW, capital costs

increase. However, the cost of purchasing electricity from
the centralized electrical network decreases and the profit
from the sale of the SOFC generation surplus increases. It
leads to the same discounted total cost of electricity supply
of the enterprise.

During the transition from Pyomc = 250 kW to
Prnom.v = 300 kW, the discounted total costs of the livestock
enterprise’s power supply (over 10 years) remained
practically unchanged. The volume of biogas used for
SOFC operation (hence, the mass of recycled agricultural
waste) increased by 10 % (Fig. 8).
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Fig.8. The search results for the optimal SOFC capacity

Fig. 8 shows that with an increase in the SOFC'’s
capacity, the non-discounted total costs of the enterprise’s
power supply decrease. However, the discounted cost
function graph Cps = f(Psorc) is curved (convex downward)
due to the fact that with an increase in the SOFC capacity
the costs of power supply of the enterprise first begin to
decrease because of the predominant supply of consumers
from their own environmentally friendly source of electricity
and the sale of the SOFC generation surplus to the
centralized electrical network. However, having reached the
minimum zone, the costs of the enterprise’s power supply
begin to increase again due to a significant increase in
capital costs for the SOFC in the first year of the project.

Conclusion

The use of the SOFC on biogas is a promising approach
to improving the quality of agricultural enterprise’s power
supply and solving the problem of agricultural waste
utilization. The SOFCs are energy efficient and
environmentally friendly sources, but they are characterized
by low maneuverability and quite high unit cost of 1 kW of
capacity.

A methodology of the SOFC capacity optimization has
been developed for use in the livestock enterprise’s power
supply system. The methodology allows to determine the
optimal SOFC’s capacity according to the criteria of
discounted total costs for the enterprise’s power supply and
the volume of biogas for the SOFC operation. The
Optimization of the SOFC capacity is based on the modified
successive concessions method, the bitwise search method
and the developed SOFC database.

The optimization methodology has been tested on the
example of a livestock enterprise. The study of the
effectiveness of SOFC application in the enterprise’s power
supply system has been carried out for the estimated period
of 7 years.
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