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Abstract: Renewable energy systems are essential for carbon neutrality and energy savings in
industrial facilities. Factories use a lot of electrical and thermal energy to manufacture products, but
only a small percentage is recycled. Utilizing energy storage systems in industrial facilities is being
applied as a way to cut energy costs and reduce carbon emissions. However, lithium-based batteries,
which are predominantly used in traditional industries, face challenges in terms of affordability and
reliability. Redox flow batteries, on the other hand, offer high power output and reliability, and are
economical to manufacture for installations with high capacity. Although redox flow batteries are
difficult to use in general electrical systems due to their small volume-to-capacity ratio, they can be
easily utilized as energy storage devices in industrial parks or renewable energy parks with relatively
little space constraints. In addition, since factories use a lot of heat energy in addition to electricity,
utilizing combined heat and power can further reduce heat energy. In this study, we analyzed the
cost estimation and economic feasibility of utilizing photovoltaics, redox flow cells, and combined
heat and power to save energy in a factory’s energy management system.

Keywords: combined heat and power; energy storage system; factory energy management system;
levelized cost of electricity; redox flow batteries

1. Introduction

Carbon neutrality aims to achieve emitting zero greenhouse gases into the environ-
ment; greenhouse gases are the primary cause of global warming. To achieve carbon
neutrality, there is an increasing interest in the active deployment of renewable resources
and highly efficient power systems that can efficiently utilize existing energy. To achieve
the 2050 carbon neutrality goal, we need to limit the temperature growth to 1.5 degrees
Celsius below the global average temperature of about 100 years ago, before industrializa-
tion, and this will require an annual reduction of 36.9 Gt of greenhouse gases. Since the
main emitters of greenhouse gases are the industries that use the most energy, achieving
carbon neutrality requires replacing fossil fuel power generation, which is a major source of
greenhouse gases, in the power and energy sectors. To reduce greenhouse gases, fossil fuel
power generation must be reduced and replaced with carbon-free power sources utilizing
renewable energy. However, renewable energy sources cannot provide a stable power
supply due to large fluctuations in output depending on climate conditions, so it is difficult
to supply and receive power alone. Without energy storage, a renewable power generation
rate of more than 10% will cause instability of the entire grid and severe damage to power
quality. Recent studies estimate the limit of grid-connected renewable generation to be
10–15% [1–3].

Recent large-scale blackouts in California (2020) and Texas (2021) are prime examples
of renewable energy reliability issues, as these regions have some of the largest solar
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and wind deployments in the U.S., respectively, and are highly dependent on renewable
energy. Therefore, in order to overcome the intermittency and volatility of these renewable
energies and operate stably, it is necessary to deploy and utilize long-term energy storage
systems (ESS). There are various technologies for ESS, including flywheels, secondary
batteries, energy storage using compressed air, pumped storage, and supercapacitors.
Lithium-based secondary batteries, which have been widely used recently, are mainly used
for short-term ESS such as electronics and electric vehicles, and are not ideal for long-term
ESS in large power systems due to reliability and cost issues. While supercapacitors and
flywheels have a long lifespan, they are optimized to provide energy for short periods
of time (10 min or less), so they are not ideal for long-duration ESS that need to store or
deliver energy for extended periods of time. ESS utilizing pumped storage or compressed
air have the disadvantage of being difficult to install due to their large installation scale,
space constraints, and very high initial construction costs [4–6].

To manage and reduce high energy consumption in factories, it is necessary to develop
and implement a factory energy management system (FEMS). A FEMS installs measure-
ment systems in existing factory facilities and monitors and analyzes them in real time
to derive energy saving measures. In addition, control and operation systems can be
utilized to engage in optimal process production and energy operation. It can be utilized in
conjunction with systems such as renewable energy, energy storage, and CHP to further
save energy.

Rechargeable batteries make a significant contribution to solving energy-saving prob-
lems in industrial facilities, and recent research continues to enhance the structure and
performance of these batteries [7]. Redox flow batteries (RFB) are a kind of secondary
battery that, similarly to lithium-ion batteries (LIBs), store electrical energy through redox
reactions. The main difference from LIBs is that a typical LIB consists of a solid electrode
and a liquid electrolyte, while an RFB consists of a liquid mixture of electrolyte and active
material that is circulated by a pump. The atoms used in RFBs, such as vanadium, have a
lower energy density than lithium, which has a very high capacity, and RFBs are less energy
efficient than LIBs because they require constant pumping to control liquid flow. However,
they are cheaper than LIBs, have very good cycle characteristics, and are non-flammable,
making them more reliable batteries. Therefore, RFBs require more specific applications
than LIBs to be applied to real-world infrastructure, and the idea of applying them to ESS,
which requires the highest reliability, is currently being explored [8,9]. One proposed novel
framework for multiobjective and multi-criteria optimization (levelized cost of electricity
(LCOE)) is stated to simultaneously reduce the charging time and energy loss of a battery
in charging mode [10]. Numerical studies are a useful method for evaluating several major
parameters that are essential for optimizing an energy system based on redox flow battery
technology [11]. The authors of [12] investigated development analytics and economic mod-
els for capacity optimization, the minimum operating cost, and determining the optimal
mix of PV-ESS in a utility-grid system. Energy consumption is primarily met by the PV-ESS
or by purchasing energy from the grid whenever the energy generated by the PV-ESS is
not enough to meet the demand. The excess PV energy generated is used for the ESS to
charge, and any surplus energy is sent back to the utility grid. Furthermore, with artificial
intelligence (AI)-based time series forecasting greatly improving performance predictions
and research on remaining capacity of ESS, energy savings from optimal operation are
optimistic [13]. AI is being applied to solve structural problems and improve reliability in
energy storage devices, and researchers are proposing the use of automated machine learn-
ing to learn optimized structures to overcome the enormous complexity of the structural
properties of perovskite materials [14,15]. In the case of RFBs, advances in redox-targeted
flow battery technology provide a reliable solution for future large-scale electrochemical
energy storage. Structural improvements and performance management for these battery
materials are expected to increase energy efficiency and reduce deployment costs [16].

Combined heat and power (CHP) is a highly efficient method of generating electricity
and heat simultaneously in a single integrated system. In a conventional energy system,
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power plants generate electricity, and the extra heat generated during the generation
process is usually wasted. In a CHP system, however, this waste heat is captured and
utilized for a variety of heating and cooling purposes, such as providing hot water, heating
a space, or powering an industrial process. A dispatching model with a CHP unit, a
thermal unit, and a variable RES that balances all heat and power production is proposed
in [17]. A test and evaluation system is investigated to verify the accuracy and efficiency of
the performance of the proposed model. A sensitivity analysis of the LCOE for a system
combining renewables, batteries, and CHP is presented in [18]. Based on the analysis of
different costs for the three components, this paper examines the economic feasibility in a
traditional grid. However, there has been no analysis of utilizing these systems in factories.

This study examines the economics of implementing the three systems in a factory.
The applied factories are two factories in the bio and paper industries, and the characteristics
of power and heat loads are analyzed based on actual operational data to estimate the
savings in both heat and power energy that can be achieved by adopting hybrid energy
systems. Since hybrid energy systems are expensive to introduce, we analyze their economic
feasibility based on LCOE, assuming a scenario where they are shared by both plants. Thus,
the three technological advances of solar, batteries, and CHP have increased the likelihood
that a significant number of utility customers will go off-grid (move to a completely
independent power grid), a phenomenon that is expected to increase in the future. In this
paper, we quantify the economics of deploying a hybrid energy system incorporating solar,
batteries, and CHP in a factory by calculating the LCOE. Sensitivity analysis is performed
on factors such as installed capacity of the three components, operation and maintenance
costs, capital costs, power factor of PV and the capacity of CHP, financing terms, and
the cost of natural gas. The results presented allow us to examine the economics and
applicability of PV, CHP, and vanadium redox flow batteries (VRFB) in industrial parks.

2. ESS Solutions in Industry

When introducing renewable energy in industrial complexes, solar power generation
is mainly introduced due to space constraints, but output limitation is often a problem
due to the amount of power generation concentrated in the daytime. In addition, since
solar power generation is not sufficient in the early morning and evening hours, turbine
generators must be used to resolve peak loads, which generate greenhouse gases. To solve
these problems, a large-capacity and long-duration ESS that can discharge to peak loads
and continuously discharge for a long time to shift loads to other time zones is needed.

As of 2021, the installed capacity of countries actively promoting grid-scale ESS is
shown in Figure 1 (2.9 GW in the U.S., 1.9 GW in China, 1.0 GW in Europe, and 0.1 GW in
South Korea). Among them, California, which is actively utilizing solar power generation,
is expected to require up to 11 GW of long-term ESS by 2030, assuming that 60% of
electricity is supplied by renewables. The International Energy Agency’s (IEA) net-zero
scenario, which is aggressive in its adoption of long-duration grid-type storage, calls for
a significant increase in battery storage capacity, especially at the grid scale. In the IEA’s
scenario, installed grid-scale battery ESS capacity increases 44-fold between 2021 and 2030
to 680 GW. About 140 GW of capacity will be additional in 2030 alone, up from 6 GW in
2021. Achieving the net-zero scenario requires a significant increase in annual capacity
additions, averaging more than 80 GW per year between 2022 and 2030 [19].

ESS can improve energy efficiency, making electricity more affordable and sustainable.
The objectives and requirements for utilizing ESS in factories and industrial parks are
outlined in the following section.
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Figure 1. (a) Grid-scale battery ESS capacity added per year, 2016–2022; (b) grid-scale battery ESS
installed in the IEA’s scenario, 2015–2030. Reprinted from Ref. [19].

2.1. Demand Response

ESS that can be utilized in factories are considered to be highly useful for reducing
electricity bills through demand response, reducing peak power, and incentivizing energy
sharing by ESS. CHP and ESS can be installed to reduce the energy usage of boilers and
chillers used in the factory to achieve load leveling effects. In factories, heat demand by
time of day/season has a different pattern from the total power demand of the factory
power system, so utilizing ESS for heating and cooling CHP can help reduce peak load.
The heat demand of a boiler has a pattern of rising, falling, rising, falling, rising, falling,
rising, falling through spring, summer, fall, and winter. Conversely, the chiller’s chilled
water demand is concentrated in the summer months. Similarly, the boiler’s heat demand
is highly volatile, with a large spike in the winter months. In addition, since there are
differences in demand by time of day depending on the temperature of the atmosphere, it
is possible to reduce peak load by storing energy in the early morning hours when demand
is minimal and discharging it during peak demand. Therefore, it is a suitable system for
saving electricity and thermal energy according to demand response, so operators can
expect energy savings by installing an ESS suitable for CHP.

2.2. Peak Reduction

ESS can be used by the electricity grid to meet the high intensity loads that occur
during peak hours. ESS alleviate peak loads by providing power to the grid by charging
during peak hours and discharging when it is needed. An ESS can be integrated with an
energy management system (EMS). An EMS is a system that improves the efficiency of the
grid by monitoring and controlling power demand and production in real time. An ESS can
be used in conjunction with the power system to optimize electricity demand forecasting
and load management.

2.3. Stabilizing Renewable Energy

ESS can be integrated with renewable energy systems to mitigate the instability of
electricity supply and demand. Renewable energy relies on natural conditions, such as
sunlight and wind, to produce electricity, which can be unpredictable. An ESS improves
the reliability of the grid by storing overproduction of renewable energy and delivering
renewable energy when needed.

3. Energy Saving Systems in Factories

Factories can reduce their electricity cost by utilizing distributed energy resources
(DER) that can be installed on their site or DERs from the surrounding power system.
Since the production and output of PV, wind, etc., utilized as DER do not have a constant
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output, ESS can be used to store electricity and deliver it to the factory’s power system at
the moment of need [4].

3.1. FEMS

A FEMS is a scheme for monitoring and managing energy use. The system helps to
enhance the energy efficiency of a factory and reduce energy consumption. A FEMS can
be divided into configuration levels based on the relevant infrastructure and functions.
Based on infrastructure, it consists of measurement infrastructure (sensors, meters, PLC,
DCS, etc.) that measure operational data from utility facilities and process facilities, data
collection devices (Edge GateWay) that acquire measurement data from the measurement
infrastructure, and data acquisition and storage devices (data acquisition systems) that
store and manage collected data in the system. Functionally, it consists of an Energy
Information System (EIS) that performs energy monitoring, statistics and analysis, and
energy performance management, and an Energy Optimization System (EOS) that reduces
inefficient parts of energy consumption. Figure 2 shows the conceptual components and
functions of a FEMS.

Figure 2. Factory energy management system components and functions.

3.1.1. EIS

EIS uses the collected data to provide services such as energy monitoring, statistics
and analysis, and energy performance management. Through EIS, factory operators can
evaluate energy consumption and potential savings through facility monitoring, set goals,
identify improvements, and take actual savings measures. EIS operates based on the energy
saving process evaluated by the ISO 50001 energy management system.

3.1.2. EOS

EOS can include energy optimization for utility facilities such as air compressors,
boilers, chillers, etc., or energy optimization for production processes by analyzing the
energy consumption factors of production process facilities and optimizing them. Examples
of the latter include excessive energy input to prevent product defects, energy operation
with fixed settings regardless of load fluctuations, waiting time, leakage energy, and manual
operation, which causes fluctuations in production quality and energy operation depending
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on the proficiency of field operators. In the past, energy optimization was mainly centered
on replacing high-efficiency equipment, but recently, the paradigm of energy efficiency has
changed to energy optimization centered on intelligent information based on renewable
energy and AI. EOS is divided into levels for each purpose: the field level, which consists
of utility and process facilities; the control/operation level, which performs monitoring-
based control by measuring and collecting data on facility operations; and the energy
management level, which manages energy performance.

4. Redox Flow Battery

To build ESS in factories and industrial complexes, secondary batteries with high
capacity and long cycle life are required. Among RFBs, VRFBs has recently been applied
to the demonstration of industrial complexes. There are different kinds of flow batteries,
depending on the active substance and chemical reaction principle, but based on the global
commercialization performance and distribution of related companies, the vanadium-based
VRFB is the most representative and currently available technology. VRFBs are attracting
attention as the next generation of industrial ESS due to their low cost, stability, long life,
and ease of disposal compared to lithium-based secondary batteries.

4.1. Fire Safety

VRFBs use a vanadium ion electrolyte, which is soluble in water rather than organic
solvents, and this aqueous solution flows throughout the redox flow cell at a low tempera-
ture of 20 to 40 degrees Celsius, eliminating the fire hazard that is often associated with
LIBs. Compared to LIBs, the most common secondary battery (VRFBs) are characterized
by the separation of the electrical energy storage. VRFBs store energy in the electrolyte,
which is in a liquid state, compared to the positive and negative electrodes of a typical
secondary battery. Therefore, there is no need for a separator (e.g., a secondary battery), so
there is no possibility of fire due to damage to the separator, which is the main cause of
fire in lithium-ion batteries, and it is safe from fire because the energy is stored in the the
electrolyte, not the cathode and anode. This reliability is an advantage for industrial parks
and power generators which are sensitive to the safety of ESS fires.

4.2. Long Cycle Life

Compared to RFBs that use other electrolytes for oxidation/reduction, such as Zn/BR,
Fe/CR, etc., VRFBs use the same vanadium ion for both anode and cathode, so even if they
pass from one pole to another through a separator, they react to the characteristics of each
pole with oxidation and reduction reactions again, resulting in a longer lifespan than other
RFBs. VRFBs have the longest lifespan of any commercially available battery at 20 years
and over 20,000 cycles. VRFBs have a relatively long life compared to other batteries for two
reasons: (1) charging and discharging by surface reaction and (2) electrolyte re-balancing.
In conventional batteries, the active material is charged and discharged by the surface or
internal plating of the electrodes (bulk reaction), but this reaction is not 100% reversible,
so the usable energy capacity decreases with increasing charge and discharge cycles. On
the other hand, in the case of VRFB, only the ionic state of vanadium dissolved in the
electrolyte changes, and the electrode is utilized only as a conduit for electrons (surface
reaction), so the available energy decreases very little with increasing charge/discharge
cycles. The re-balancing of VRFBs is unique to all-vanadium flow batteries, where the
anode and cathode have exactly the same material and structure, so there is no crossover of
unwanted ions or water between the separators, even over long periods of operation. If
crossover occurs, the balance of ions in the anode and cathode is disrupted, resulting in a
decrease in energy capacity.

4.3. Ease of Maintenance

Compared to Li-ion batteries, there is a major difference in electrolyte utilization.
While the electrolyte in a lithium-ion battery is utilized as a medium to pass lithium ions
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between the anode and cathode, VRFBs play an important role in storing electrical energy
in the electrolyte itself. The electrolyte of a VRFB contains vanadium, an activating material,
and is charged and discharged by the redox reactions of vanadium-ions. In addition, since
the electrodes and electrolyte that make up the anode and cathode are made of the same
material, VRFBs are also advantageous in terms of maintenance, as the internal chemical
composition of the battery does not change even during long-term operation, reducing the
possibility of chemical side effects. Because it uses the same electrolyte, the structure of
the ESS is simpler than other battery-based energy storage devices, and because there are
no byproducts such as hydrogen generated by some RFBs, there is no need for a separate
processing unit, making it easier to operate.

4.4. Easy to Increase Energy Capacity

VRFBs are also different from general energy storage devices in terms of capacity and
output. In a typical battery, both power and energy are determined by the electrodes, but
in a VRFB, energy is determined by the amount of electrolyte and output is determined
by the stack containing the electrodes. Due to these features, VRFBs can be designed with
independent power and energy capacities, and are especially suitable for large-capacity
and long-cycle ESS implementations because the ratio of energy to power can be relatively
high. Since the capacity of the VRFB is determined by the volume of the electrolyte tank,
expanding their capacity in the future is also easy: simply increasing the volume of the
electrolyte can easily increase the capacity of the VRFB.

4.5. Easy to Recycling

In addition to carbon neutrality, recyclability is an important factor for energy resources
these days, and VRFB is highly recyclable. The vanadium electrolyte used has a similar
residual value at the end of the 20-year operational life as it did at the beginning, so the
vanadium can be extracted and recycled even after the end of operation.

5. CHP Systems

In addition to VRFB, industries are interested in energy savings and lower operating
costs by utilizing CHP. CHP is a power generation method that simultaneously generates
electricity and provides heat to improve overall energy utilization. Because it can generate
and supply both electricity and heat, it is highly energy efficient and has a significant
greenhouse gas reduction effect to achieve net-zero. CHP technology utilizes heat wasted
in the production of electricity to provide both electrical power and useful thermal energy
from a single source. CHP is efficient and cheaper than providing heat and electricity
energy separately, which generally requires the use of more fuel. The concept of a CCHP
system refers to the process of using heat produced by CHP to power an absorption chiller
or direct-fired chiller to generate chilled water for applications such as air conditioning
or refrigeration in addition to electricity and heat production. As shown in Figure 3, the
U.S. Energy Information Administration’s (EIA) Annual Energy Outlook forecasts future
demand for CHP in industrial applications. Figure 3 shows that capacity and generation
for CHP will continue to grow over the next 30 years, reaching 36 GW of capacity and
200 BkWH of generation in 2050 to achieve eventual carbon neutrality [20].
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Figure 3. Total industrial combined cooling heat and power. Reprinted from Ref. [20].

6. System Modeling

Calculating the overall cost and payback of installing PV, CHP, and ESS in a factory
to reduce carbon and thermal/electrical energy is a complex process and is affected by
many variables. Specifically, the detailed specifications of each technology, installation and
operating conditions, electricity tariff structures, and investment costs must be considered.
LCOE is calculated by applying modeling based on actual operational data. This requires
information such as the factory’s operational profile, power demand patterns, existing
infrastructure configuration, etc. In this study, simulations are performed based on the
operational data of a factory that intends to deploy FEMS and energy saving devices for
actual energy savings.

VRFB and CHP can be applied to factories to reduce thermal and electricity energy
costs, but the initial cost of infrastructure construction is very high, and it may take a long
time to recover the investment cost. To overcome these limitations, an ESS deployment
environment that can be shared by multiple factories can be proposed. Figure 4 shows
a plan for Factory A and Factory B to share an ESS to save energy. A suitable renewable
energy source for the factory is PV, which can be deployed on the roof and on the factory
grounds. Both Factory A and Factory B contain equipment with high electrical energy
consumption for manufacturing, such as conveyor belts, compressors, pumps, and motors.
In addition, the lighting system for workers in the factory is a power load that remains
constant regardless of the manufacturing process. If a heating process is required, the
process may include boilers, furnaces, and heat pumps, which are among the highest of
the major loads. Similarly, if a cooling and chilled water system is required, refrigeration
devices such as chillers and cooling towers are deployed and must be operated according
to the outside temperature and the temperature/humidity inside the factory, making it
a highly variable load. In addition, welding machines, air compressors, freezers, and
dehydrators are other examples of high load equipment in the factory. As shown in
Figure 4, in Factory A, the cooling and chilled water systems account for a high proportion
of the energy used for manufacturing, while in Factory B, the heating system is the main
load. Both electricity and thermal energy consumption can be reduced by operating
complementary systems with different patterns of thermal energy consumption.
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Figure 4. ESS sharing structure between factories.

6.1. Time-of-Use and Seasonal Electric and Thermal Energy Tariff

Time-of-use power and heat pricing is a system where user’s rates vary based on user’s
power and heat usage during different times of the day. As shown in Figure 5, a user pays a
higher power rate when user power usage is high during peak hours, and a relatively lower
power rate during off-peak hours. These time-of-use pricing plans were introduced to
maintain grid stability and increase energy efficiency by decentralizing electricity demand.
Similarly, time-of-use heat plans have a different pricing structure that varies by season,
with higher heat rates during peak heating and cooling hours.

Typically, hourly electricity plans are divided by time of day and into two seasons:
summer (June through September) and winter (December through February) and the
rest of the year. The demand side’s load has different peak and off-peak hours for each
season and day of the week, and is charged in tiers categorized by power usage. There
are usually three tiers, and the higher the tier, the more expensive the peak hour rate. To
take advantage of hourly power plans, it is important to manage the users’ power usage
efficiently and minimize power consumption during peak hours. The users can do this by
utilizing energy storage to shift loads to reduce peak loads, and by charging and utilizing it
during off-peak hours.

6.2. Modeling PV

In order to propose the optimal configuration of ESS applied to a factory energy
management system, it is necessary to consider process-specific and hourly load patterns,
equipment-specific loads, and model the output of the power generation sources supplying
the factory and the ESS. The output of solar power is affected by the footprint of the PV
module, the insolation of the area where it is installed, and the temperature of the cell, and
is given by the following equation:

Ppv = ηpv ApvRtNpv[1 − λ(Tc − 25)] (1)

where ηpv represents the PV module efficiency, Apv represents the footprint of PV modules,
Rpv represents the insolation per hour, λ is the optimal efficiency operating factor and Tc
represents the surface temperature of the PV. Equation (1) models the surface temperature-
based output of a PV, where the surface temperature Tc of the PV module is defined as:

Tc = Tn + Spv(To − 20/k) (2)
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where Tn represents ambient temperature of PV, To represents PV module temperature
specified by the system operator, and Spv represents solar insolation per area [21,22].

Figure 5. Electricity and thermal energy cost (a) electricity time-of-use tariff (b) heating pricing tariff
(c) cooling pricing tariff.

6.3. Modeling CHP

A combined heat and power (CHP) system is an integrated energy system that uses
the same fuel to generate two different types of energy (heat and electricity) simultaneously,
typically using the hot part for electricity and the cold part for heat. In particular, since
factories use both electricity and heat as energy sources, it can significantly reduce energy
costs when applied to industrial complexes. By utilizing CHP in factories, thermal energy
can be used to recover hot water from cooling water and exhaust gas generated during the
process, thus producing as much energy as possible with the same amount of fuel.

The operating curve of a CHP system is critical to understanding the performance
characteristics of a CHP system, planning operations, and optimizing efficiency. By analyz-
ing the operating curve, system operators can determine the optimal conditions to achieve
the desired balance between electricity and heat production while maximizing the energy
efficiency and cost-effectiveness of the systems. As presented in Figure 6, the operating
curve of a CHP system can be represented by a graph with heat output on the X-axis and
power output on the Y-axis. The operating curve typically has a linear or non-linear shape
and can be different depending on the system’s characteristics. In general, CHP systems
aim to produce power and heat simultaneously. On the operating curve, at a certain power
output, the system provides maximum heat output, and vice versa, at a certain heat output,
the system provides maximum power output. In Spot D, the operator produces maximum
electricity while consuming maximum fuel, while in Spot C, both heat and electricity can
be produced at a high rate. Spot B can operate with maximum fuel savings, while Spots A
and D produce only electricity. Therefore, the CHP system selects the optimal operating
point for different load conditions to achieve maximum efficiency and energy utilization.
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The operating curve provides important information for the design and performance of
a CHP. By analyzing a system’s operating curve, the operator can identify the optimal
operating conditions for specific power and heat requirements. This allows the operator to
maximize energy efficiency and optimize the performance of the system. Assume the CHP
is extraction-condensing steam turbines, which has more flexible thermoelectric operation
characteristics and is commonly used in integrated energy systems such as microgrid and
FEMS. The curve pattern under typical operating conditions for a CHP is shown in Figure 6.
As the heat output changes, the applicable upper and lower limits also change. The point
of operation for all these possible regions can be described by a set of convex corner points,
as shown in (3)–(5).

HCHP
t =

CP

∑
k=1

(αk
t · Hk) (3)

PCHP
t =

CP

∑
k=1

(αk
t · Pk) (4)

CP

∑
k=1

αk
t = 1, 0 ≤ αk

t ≤ 1 (5)

Figure 6. Feasible operating condition curve of CHP.

The operating cost of a CHP can be represented as follows:

CCHP
t =

CP

∑
k=1

(αk
t · Ck) (6)

where HCHP
t represents the heat output at the point of operation of the CHP at the current

time t, CP is the number of corner points in the CHP’s operable condition curve, αk
t is the

coefficient of combination of the k-th corner point in the operating curve of CHP at time t.
Hk represents heat output corresponding to the k-th corner point in the feasible operating
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curve of the CHP. PCHP
t represents the power output of the current operating point at time

t, Pk represents power output that corresponds to the k-th corner point in the realizable
operating curve of the CHP [23].

6.4. Modeling VRFB

To estimate the capacity and performance required to deploy a VRFB, the following
modeling can be inferred. The cell voltage of VRFB can defined as the electromotive force
at 50% SOC, represented as follows:

Vcell = VOCV + IRCell + ηact + ηcon (7)

VOCV = V0 +
RT
zF

ln(
CV5+(CH+)2CV2+

CV4+CV3+
) (8)

where I is cell current and Rcell is the resistance of the cell.
The state of charge (SOC) is the proportion of the concentration of vanadium-ions in

the electrolyte, which can be represented as:

SOC =
QCharge

Qt
=

CV2+

CV2+ + CV3+
+

CV5+

CV4+ + CV5+
(9)

Ideal capacity stored in a given volume of VRFB’s electrolyte can be represented
as follows:

Qt =
I

n × F × C × SOCmin
(10)

System efficiency (SE) is the proportion of VRFB’s discharge output to charge power,
and open circuit voltage is the cell voltage in the complete absence of external current,
which can be defined as follows:

SE =

∫ tdis
0 (Pdis − Ploss)dt∫ tch
0 (Pch + Ploss)dt

× 100 [%] (11)

where tdis and tch are the charging time and discharging time, respectively. Pdis and Pch are
the power output of the discharging and charging, respectively. Pdis is power loss, which
can occur in both charging and discharging [24,25]. Since VRFBs are built for long-term
operation, it is economically beneficial to prioritize ways to minimize energy losses from
charging and discharging. Therefore, it can be beneficial to deploy all VRFBs even if the
initial deployment cost is high.

6.5. The Main Load of Bio-Manufacturing Factory

A major energy-consuming load in bio-manufacturing is the cooling/chilled water
system. A simplified representation of the main loads used in the bio-manufacturing
process is shown in Figure 7. These loads have a high consumption of both electricity
and thermal energy, so high levels of energy savings can be expected by utilizing ESS and
CHP. The cooling water system in a biotechnology factory operates to provide cooling
and refrigeration for various processes. It functions as follows and receives the input of
cold water.

• Chiller: in a biotechnology factory, maintaining a consistent temperature is crucial
for numerous processes and equipment. The chiller generates cold water to cool
down these processes and equipment. The chiller typically utilizes a compressor and
refrigerant to produce cold water, where the refrigerant absorbs and releases heat
through compression and expansion, resulting in a cooling effect.

• Cooling Tower: the cooling tower is employed to supply cooled water. The cold
water produced by the chiller is directed to the cooling tower, where heat exchange
takes place. The cooling tower operates by releasing heat to the atmosphere, thereby
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reducing the temperature of the cold water. The cooled water is then recirculated back
to the chiller for reuse.

• Water Tank: the water tank plays a vital role in a cooling system, ensuring a reliable
supply of chilled water and availability of water when needed. The water tank is
responsible for storing the chilled water produced by the cooling system. Cold water
supplied from the chiller or cooling tower is pumped into the water tank for storage.
The pump efficiently moves the stored chilled water and supplies it to the designated
locations. The water tank is designed to have a sufficient capacity to store an adequate
amount of chilled water.

Figure 7. Digital twin models and energy system schematics of bio-manufacturing factory.

The temperature of the chilled water required in a bio-industrial plant will vary de-
pending on the product being produced and the season. Therefore, FEMS in bio-processing
must monitor temperature, flow, pressure, etc., at each control point to ensure that chilled
water is delivered at the temperature required by the manufacturing process. At this time,
cooling towers and chillers are used to maintain the temperature of the water bath, which
consumes a lot of energy, so CHP and ESS can be used to reduce energy. Through CHP’s re-
covery and supply of thermal energy and ESS’s charge/discharge scheduling, unnecessary
operation of cooling towers and chillers can be reduced. Figure 8 shows the pattern of the
main loads and temperature in bio-manufacturing factory. Each load is characterized by its
season, driving conditions, and product production.
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Figure 8. Patterns of main loads and temperature variations in the bio-manufacturing. (a) Load
and temperature patterns in the fall; (b) load and temperature patterns in the spring; (c) load and
temperature patterns in the summer; (d) load and temperature patterns in the winter.

A:Load 1 operates primarily from 00:00 to 08:00 during the spring and fall seasons.
Except for the early morning hours in spring, when A:Load 1 is turned off, A:Load 3 is
operated, but A:Load 1 and A:Load 3 are not operated at the same time because they
are equipped to meet different temperature conditions. In addition, A:Load 2 is mainly
operated during the summer months when the temperature is high, as shown in Figure 8b.
A:Load 4 is only operated during certain hours of the day, as shown in Figure 8a, and
is not operated during the summer months. Each load is operated to achieve a specific
temperature condition, and this specific condition is affected by the season but can also
vary depending on the items being produced in the factory, which is why the FEMS needs
to be linked to the MES system.

6.6. The Main Load of Paper-Manufacturing Factory

The paper industry, similarly to the bio industry, has many loads that require both
thermal and electrical energy, so ESS and CHP can be used to achieve high energy savings.
In particular, drying and heating systems are loads that require constant high energy
consumption during the manufacturing process. A simplified representation of the main
loads used in the paper manufacturing process is shown in Figure 9: compressor, dryer,
milling machines, heating, etc. To produce paper and pulp, raw materials are first broken
down and mixed into a slurry, then milled and shaped into paper using a milling machine,
then dried and heated, and finally processed into paper using compressed air. Paper
production is one of the most energy- and resource-intensive industries, so sustainable
production methods, such as improving the efficiency of the production process and actively
using recycling, are important from an environmental perspective.
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Figure 9. Digital twin models and energy system schematics of paper-manufacturing factory.

Load

• Milling Machine: milling machines are important pieces of equipment in the pa-
per/pulp making industry, contributing to the production of quality paper through
the grinding and processing of materials. A milling machine is responsible for crush-
ing wood pulp into fibers. It finely grinds the wood material to separate the fibers
individually. These crushed wood fibers are then used as the material needed to make
paper.

• Compressor: compressed air is used to power the machines used in the papermaking
process, and it is also used to remove the impurities generated during the papermaking
process. Compressed air can also be used to monitor the condition of the pulp and to
maintain the equipment used in the paper process.

• Dryer: a dryer is responsible for drying paper sheets by maintaining the proper hu-
midity and dryness. This ensures the quality and characteristics of paper products and
maintains the stability of the production process. The dryer uses high temperatures
and air circulation to remove moisture from the paper sheet and dry it. This ensures
that the paper sheet has stable properties and can proceed to the next process step.

• Heating: the papermaking process requires water heating. After grinding wood pulp
into fibers, water heating is performed to disperse the fibers. During this process, a
water heater is used to heat the water. Water heating helps the wood powder and
fibers mix properly and improves the properties of the fibers. In the papermaking
process, heating is also required during the rolling of paper sheets. Rolling is a process
performed to improve the density and surface properties of paper sheets. In the rolling
process, heat is used to heat the paper sheet, and pressure is applied through a rolling
mill to control the density of the paper sheet. Heating in the dryer helps dry the paper
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sheets, as described previously. Inside the dryer is a heating unit, which generates
heat to remove moisture from the paper sheets and dry them.

As shown in Figure 10, energy consumption patterns in paper manufacturing and the
loads used vary greatly by season. B:Load 1 is related to heating and consumes more energy
than the other loads. Energy consumption in the heating process can vary depending on
the heating method, efficiency of the equipment, operating conditions, etc. For efficient
energy management, the operator can take measures such as optimizing the operating
conditions of the heating system, introducing heat recovery systems to recycle heat, etc.
It is also important to minimize heat loss by optimizing insulation and heating times.
Heating in the paper industry is a key part of the paper manufacturing process, and proper
energy management can ensure efficient operation. In the Figure 10, B: Loads 2, 3, and 4
are metering points that are measuring the energy usage of a system with multiple loads.
Load 2 does not operate during the fall and winter months, but is added to the paper
manufacturing process in the spring and summer when temperatures are relatively high.
Load 3 is characterized by being repeatedly turned on and off as a milling machine-like load,
largely independent of the seasons, and Load 4 is operated according to the characteristics
of the paper being produced, except in the cold winter months when the temperature
is lower.

Figure 10. Patterns of main loads and temperature variations in the paper-manufacturing. (a) Load
and temperature patterns in the fall; (b) load and temperature patterns in the spring; (c) load and
temperature patterns in the summer; (d) load and temperature patterns in the winter.

7. LCOE for the Hybrid System
7.1. Capital Cost and LCOE

The LCOE approaches for PV are well documented in [26–28]. The LCOE of CHP is
a little more complicated due to the potentially unknown expenditure on carbon dioxide
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emissions, in addition to considering the power produced, investment costs, discount
rate, fuel costs, operation and maintenance costs, carbon costs, decommissioning costs,
etc. [29–31]. The LCOE needs to determine the cost of energy production according to
modeling and energy dataset; it provides the cost of energy in units of ($/kWh) for the
hybrid system. Since LCOE is highly sensitive to input, a sensitivity analysis is performed
based on the input assumptions. To calculate the LCOE of VRFB, CHP and PV with the
given specifications, there are a few factors and assumptions involved [18,32].

• Capital cost of the hybrid systems:

1. PV: $500/kW–$4000/kW
2. VRFB: $350/kW–$500/kW
3. CHP: $500/kW–$1400/kW

• The maximum efficiency of the PV inverter is 93–95%, the efficiency of CHP is 80–98%,
the efficiency of the VRFB is 80–90%

• The interest rate is 0–10% and discount rate 0–10%
• Fuel cost of natural gas used in the CHP is $6–15/MMBTU

Initial installation costs include PV, VRFB, and CHP modules and they are calculated
as follows:

I = Ipv + Ichp + IVRFB (12)

Operations and maintenance (O&M) costs includes the O&M of the PV including
inverter replacement (Opv, Mpv), CHP modules and variable operations and maintenance
costs associated with the CHP modules. CHP module costs (Ochp, Mpv) and VRFB replace-
ment costs (RVRFB):

O = Opv + Ochp + Mpv + Mchp + RVRFB (13)

VRFBs have very little replacement cost (RVRFB) compared to lithium-ion batteries.
The LCOE of the hybrid energy system can be represented as follows:

LCOE =
I + ∑T

n=1
(I×i+O+Fchp)

(1+dr)n

∑T
n=1 EPV × (1 − dPV)n +

Echp×(1−dCHP)n

(1+dr)n

(14)

where Epv is rated energy from PV per year (kWh/year), CPV is the capacity of PV system,
CFPV is capacity factor of PV system, dpv is performance degradation rate of the PV yearly,
dchp is degradation rate of the CHP yearly, which can be calculated as follows:

Epv = 24 h × 365/year × CPV × CFPV (15)

and Echp is rated energy from CHP per year (kWh/year), CCHP is the capacity of CHP
system, CFCHP is capacity factor of CHP system, which can be calculated as follows:

Echp = 24 h × 365/year × CCHP × CFCHP (16)

and the fuel cost can be determined by dividing the sum of the total heat and electricity
produced by the CHP by the efficiency of the CHP unit. The fuel cost of CHP (FCHP) can be
calculated as follows:

Fchp = Ff uel × Fc × hchp (17)

Ff uel =
(Echp × 3.143) + Tchp

E f fchp
(18)

where Ff uel is fuel consumed by the CHP unit per year (MMBTU/year), Fc is the cost of fuel
per unit thermal energy ($/MMBTU) and hchp is the operating time in a year (h). ECHP is
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electrical power output of the CHP (kW), TCHP is the thermal output of CHP (MMBTU/h)
and E f fCHP is the efficiency of the CHP.

7.1.1. System Cost and Financing

The cost, financing terms and efficiency of PV, VRFB and CHP can vary depending
on the energy capacity and power output of products, the life time of the project on
investor, country and location. In addition, capital/install costs are gradually decreasing
as renewable energy penetration increases. The reference values such as interest rates,
discount rates for LCOE used in this study are taken from the IEA’s Projected Costs of
Generating Electricity 2020 [33].

Therefore, the LCOE of a hybrid energy system is sensitive to the cost of the system.
Due to advances in technology, PV are available at historically low prices, such as $0.4/W
in [34]. For the case study, the capital cost of PV is assumed to be $500/kW, the capital
cost of VRFB is assumed to be $400/kW and the installation cost of CHP is assumed to be
$900/kW.

7.1.2. Life Time and Degradation Rate

The life expectancy of the hybrid energy system depends on the lifetime expectancy
of the PV and CHP. It is assumed that the VRFB has a relatively long cycle of more
than 20 years and can be operated with long-term maintenance, including replacement
costs and electrolyte replenishment. The average PV is conservatively assumed to have a
lifespan of 25 years, but can be operated for a longer period of time if efficiency decline is
taken into account. The life expectancy of CHP is thought to be between 10 and 20 years.
Operation and maintenance costs are assumed to increase gradually over time to account
for replacement costs of inverters and VRFBs. Fuel costs are referenced to [35] and assumed
to decrease slightly each year as reported in [35]. The output of PV is affected by the
degradation rate of the PV modules. The degradation rate of PV is about 0.5–1.0%/h [36,37].
This degradation is caused by chemical processes such as oxidation, corrosion, and thermal
stress.

The degradation rate of CHP can be affected by the technology type of the prime
mover, but the annual degradation rate is less than 0.5% for all technologies [30].

8. Results

As a case study, we analyze the LCOE of installing a hybrid energy system in each of
the bio and paper manufacturing factories, and compare the LCOE when the two factories
share a hybrid energy system. Because the power and thermal energy consumed by
factories can vary by dozens to hundreds of orders of magnitude from that of typical homes
and buildings, the hybrid energy systems deployed are primarily aimed at reducing peak
loads. In addition, shared ESS can be considered to quickly recover deployment costs.

The installation costs of PV are above the average and are assumed to be $400/kW and
the minimum capital cost of the PC is $500/kW. The capacity of PV required to meet demand
is 900 kW. CHP, on the other hand, assumes a capital cost of $900/kW with an engineering
cost of $450 [30]. CHP units have a minimum cost range of $800–1400/W [32]; therefore, a
minimum capital cost of $500/kW is considered. In this case study, the VRFB-ESS has an in-
stalled capacity of 10 MWh (2 MW for 5 h). As we saw above, bio-manufacturing processes
consume a lot of power and thermal energy in their cooling systems, with an average electric
demand of 90,000 MWh/year and thermal demand of 500 MMBTU/year.The paper indus-
try is one of the most energy-consuming industries in the world, and this paper-factory is
large enough to account for 30% of South Korea’s paper production, with an average electric
demand of 200,000 MWh/year and thermal demand of 2000 MMBTU/year.Considering
the geographical environment and structure of the factories, 1 MW of PV is assumed to
be installed at the bio-manufacturing factory and 3 MW at the paper-manufacturing fac-
tory. The manufacturing in bio and paper produces biogas as a byproduct of wastewater
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treatment, which can be used as a feedstock to run a CHP; assume a 2 MWe CHP that can
utilize natural gas and biogas.

As shown in Figure 11, the LCOE of a hybrid energy system is highly dependent on
the financing scenario. The LCOE of the hybrid system with different discount rates of 3%,
5%, 7%, and 9% are shown, with interest rates = 1% with all other conditions maintained
for a loan term varying from 25 years. The LCOE for the hybrid system when the discount
rate is 9% is $0.275; when the discount rate is 7% is 0.235; when the discount rate is 5% is
$0.224/kWh at 25 years; when discount rate is 3% is 0.212/kWh at 25 years.

Figure 11. LCOE of the hybrid energy system for different discount rate (interest rates = 1%).

9. Limitations and Future Work

A methodology for roughly estimating the LCOE of PV, VRFB-ESS, and CHP systems
has been presented. This methodology was conducted at the simulation level to determine
the LCOE of a hybrid energy system that could be installed in an industrial facility in
South Korea. We calculated a estimate of the capacity needed based on actual load data.
LCOE can vary depending on each country’s energy policies, financing terms, installation
costs, industrial electricity/heat tariffs, etc. In addition, since not all loads in the factory
are currently being monitored, accurate estimates of power and thermal energy usage are
not available, and a real-time metering and monitoring system must be implemented to
estimate them. VRFBs are an economically favorable ESS in the long run, but they require
a large footprint, so real estate costs may need to be considered in addition. Estimating
the return on investment and payback period depends on the amount of energy savings
each plant is targeting by utilizing ESS, PV, and CHP, as well as how the energy storage
system is operated. However, if an optimized hybrid energy system is operated, the initial
investment cost can be recovered quickly by using incentives according to each country’s
policy. Therefore, future studies should consider more load data and operating conditions.
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Based on various operating conditions and scenarios, the return on investment and payback
cost will be estimated, and the optimized operation plan will be tested.

10. Conclusions

VRFBs have a favorable LCOE when considering all the costs of operating an ESS,
including initial facility investment, maintenance, and charging/discharging costs, due
to their long lifetime and low annual energy/capacity decline rate. The high annual
energy/capacity decline rate of lithium-ion-based energy storage devices is also a major
disadvantage in terms of maintenance costs, as they require augmentation to add new
batteries during operation, whereas VRFBs do not. In addition, the electrolyte, which
accounts for 40–60% of the total battery cost, has a very small reduction rate, so the residual
value of the electrolyte is high after operation is completed, and the electrolyte can be
recycled, making it an eco-friendly battery. Of course, VRFBs also have disadvantages, such
as their large volume, which requires a large site to be utilized as an energy storage device,
and their low energy efficiency compared to lithium-ion batteries, which requires a high
initial construction cost for the same energy/capacity. In order to solve the volume problem
of VRFBs, research and improvements regarding the structure are being continuously
conducted. In addition, in industrial complexes and power generation complexes, energy
efficiency is important, but stability is more important, so the introduction of VRFBs is
viewed positively, and it is expected that energy efficiency and initial investment costs can
be recovered through long-term ESS operation.
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