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Abstract: The integration of renewable energy sources (RESs) is rapidly increasing within energy
systems worldwide. However, this shift introduces intermittency and uncertainty on the supply side.
To hedge against RES intermittency, demand-side flexibility introduces a practical solution. Therefore,
further studies are required to unleash demand-side flexibility in power systems. This flexibility
is relevant across various sectors of power systems, including residential, industrial, commercial,
and agricultural sectors. This paper reviews the key aspects of demand-side flexibility within the
residential sector. To achieve this objective, a general introduction to demand flexibility across the
four sectors is provided. As a contribution of this paper, and in comparison with previous studies,
household appliances are classified based on their flexibility and controllability. The flexibility
potential of key residential demands, including heat pumps, district heating, electric vehicles, and
battery systems, is then reviewed. Another contribution of this paper is the exploration of demand-
side flexibility scheduling under uncertainty, examining three approaches: stochastic programming,
robust optimization, and information-gap decision theory. Additionally, the integration of demand
flexibility into short-term electricity markets with high-RES penetration is discussed. Finally, the key
objective functions and simulation software used in the study of demand-side flexibility are reviewed.

Keywords: battery storage; demand flexibility; electric vehicle; heat pump; residential; uncertainty

1. Introduction
1.1. Why Demand Flexibility?

In the last decade, the penetration of renewable power, including wind and solar, has
been increasing in power systems worldwide. Some countries have scheduled plans to
increase the penetration of renewable energy sources (RESs) up to 100%. For example,
Denmark has committed to a 100% renewable power supply by 2050 [1]. In this way, many
fossil fuel power plants are retired and replaced with renewable ones. Increasing RES pene-
tration, the intermittency and volatility of the supply side increase noticeably. In addition
to the phase-out of fossil fuel power plants, due to growing concerns about environmental
problems, the use of fossil fuel vehicles is decreasing in the world. Instead, the penetration
of electric vehicles (EVs) is increasing gradually. EVs are highly mobile electrical demands
with variable connection points to power grids [2]. Therefore, the imperfect data of the
connection points introduces significant uncertainty in power systems. As a result, future
power systems will encounter considerable uncertain data not only on the supply side
but also on the demand side. To hedge against intermittent generation and consumption,
future power systems need demand-side flexibility in power system management.

Based on the above-mentioned facts, there are two main reasons to emphasize demand-
side flexibility in power systems. The reasons can be summarized as follows:

1.  The phase-out of fossil fuel power plants and vehicles.
2. The phase-in of RESs and EVs with intermittent power generation and consumption.

Energies 2024, 17, 4670. https:/ /doi.org/10.3390/en17184670 1 https://www.mdpi.com/journal/energies
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1.2. Flexibility in Demand Sectors

Demand-side flexibility is the portion of demand that can be changed, i.e., reduced,
increased, shifted, or curtailed, in response to external stimuli. The stimuli can be price-
based or incentive-based demand response programs (DRPs) [3] to encourage consumers to
change their electricity consumption. In power systems, there is a wide variety of electricity
consumption on the demand side. To unlock power flexibility, the demand side should first
be split into different sectors, including residential, commercial, industrial, and agricultural.
This classification makes it possible to schedule DRPs for each sector based on its electricity
consumption characteristics. Expert knowledge is therefore required to understand the
key characteristics of electricity consumption. Flexibility studies should be conducted for
each sector individually because demand profiles, load patterns, and flexibility potentials
exhibit significant variability across the different sectors. Moreover, each sector has different
operational constraints, energy consumption behaviors, and regulatory frameworks, which
impact their response to demand-side management strategies. It is worth mentioning
that multi-carrier energy systems, e.g., integrated gas and electricity [4] and hydrogen
systems [5], exhibit significant flexibility potentials.

In the residential sector, there is significant flexibility potential in the electricity con-
sumption of Heat, Ventilation, and Air Conditioning (HVAC). Additionally, in recent years,
electrically operated heat pumps (HPs) have been replacing conventional fossil fuel heat-
ing systems. HPs are an economical alternative, not only reducing energy consumption
costs but also facilitating the integration of renewables into power systems [6]. Therefore,
much more flexibility potential can be extracted from residential buildings. In addition, by
increasing the use of smart household appliances, the electricity consumption of shiftable
devices, such as washing machines, can be scheduled to align with the flexibility require-
ments of the supply side [7]. Moreover, heating and cooling systems [8], water heaters [9],
EVs, household appliances, and home batteries [10] are introduced as the main sources of
demand flexibility in the residential sector. Furthermore, small renewable self-generation
facilities, such as photovoltaic panels [11] and micro wind turbines can facilitate demand
flexibility in the residential sector.

In the industrial sector, many processes in both light and heavy industries can offer
considerable demand flexibility to the grid. Generally, industrial plants consist of energy-
intensive processes. By unlocking power flexibility in these processes, significant demand
response (DR) can be injected into the supply side. Some heavy industries, such as cement
manufacturing plants, include interruptible processes [12]. Therefore, these processes can
be interrupted in response to the flexibility requirements of the power system. In this way,
uninterruptible processes can be supplied by feedstock from storage. Storage facilities can
increase the flexibility of such industries. In the case of light industries, there is significant
flexibility potential in food industries, such as dairy processing plants, which consume both
power and heat in their internal processes [13]. Recently, cement manufacturing plants [14],
metal and aluminum smelting [15], pulp and paper milling [16], and oil refineries [17]
have been extensively discussed in the literature for their potential demand flexibility. In
addition, many industries are equipped with Combined Heat and Power (CHP) units that
can be scheduled to provide heat-to-power flexibility for both industrial operations and the
upstream power grid [18].

In the agricultural sector, there are many flexibility opportunities in open-air farms,
such as water irrigation systems and poultry farms. On farms and in greenhouses, water
irrigation pumps can be operated based on the flexibility requirements of the supply
side. Energy-intensive groundwater pumps can be turned off or down during renewable
power shortages. Water booster pumps with Variable Frequency Drives (VFDs) can adjust
water pressure to provide up/down-regulation for the power system during surpluses
or shortages of renewable power [19]. In poultry farms, electrically operated HPs can be
installed to adjust electricity consumption in response to renewable power availability
on the supply side. In these farms, heat controllers play a key role in flexible power
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consumption. To integrate the flexibility potential of the agricultural sector into power
systems, a major restructuring is required in this sector [20].

Related to the commercial sector, recently, the use of EVs has increased considerably. EVs
are mobile electrical storages that can act as prosumers in power systems. Since EVs are parked
for long hours during the day, the electrical storage capacity of their batteries can be used to
provide power flexibility. The charging and discharging capacity of EVs can be used for the
up- and down-regulation of the power system during their dwell time [21]. Smart charging
stations, including those in private and public parking lots, can optimize the charging and
discharging strategies of EVs, not only to provide flexibility to the power system but also to
generate profit for EV owners [22]. Many parking lots in commercial shopping centers and
airports now accommodate EVs for extended periods. When equipped with smart charging
stations, these parked EVs can serve as a reliable flexibility resource for power systems with
high-RES penetration [23]. In a recent study, public parking lots were considered virtual power
plants supplying the commercial sector and shopping malls [24]. Furthermore, hypermarket
refrigerators [25] can provide demand flexibility to local grids in the commercial sector.

Based on the abovementioned facts, power flexibility in demand sectors requires expert
knowledge. Therefore, flexibility opportunities should be aggregated separately in each
demand sector. Segregated flexibilities may not meet power system requirements. To ad-
dress this, a Demand Response Aggregator (DRA) is introduced to coordinate demand-side
flexibilities based on the technical requirements of the supply side. The DRA is defined as a
marketer, broker, public agency, city, county, or special district that combines loads of multiple
end-use customers to facilitate the sale and purchase of electrical energy, transmission, and
other services on their behalf [26].

The DRA provides contracted consumers with opportunities to understand their demand
flexibility on one side and integrate the aggregated flexibility potentials into power systems on
the other side. Based on expert knowledge, residential, commercial, industrial, and agricultural
DRAs, i.e., RDRA, CDRA, IDRA, and ADRA, are identified. Additionally, Parking Lot Aggrega-
tors (PLAs) are introduced to coordinate the charging and discharging strategies of EV fleets
in response to power system requirements. Figure 1 depicts a schematic diagram showing the
role of DRAs as intermediary agents in power systems. This figure illustrates how flexibility
potentials are aggregated on the demand side and integrated into the supply side.
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1.3. Paper Structure and Contributions

This paper reviews the key concepts of demand-side flexibility with an emphasis on
the residential sector. The main contributions of the paper are as follows:

(1) Classification of household appliances: a classification of household appliances from
the perspectives of flexibility and controllability is provided, along with a compre-
hensive review of the most important residential demands, including HPs, district
heating, EVs, and PV-battery systems.

(2) Survey of demand flexibility under uncertainty: a survey of demand flexibility un-
der uncertainty is conducted, focusing on three recent models, including stochastic
programming, robust optimization, and information-gap decision theory.

(3) Review of objectives and simulation software: a comprehensive review of the main
objectives of demand flexibility and the software tools used for scheduling demand
flexibility is carried out.

The rest of the paper is organized as follows: Section 2 reviews demand flexibility in
the residential sector and home energy management systems. Section 3 addresses demand
flexibility under uncertainty. Section 4 discusses the integration of demand flexibility into
short-term electricity markets. Section 5 reviews the key objective functions, communication
and data exchange, and software simulations. The challenges and limitations of current
technologies for demand-side flexibility, as well as future works, are discussed in Section 6.
Finally, Section 7 concludes this study. Figure 2 shows the main contents of the paper.

Dem.and F.lexibility in N Demand Flexibility under Integratio.n .of Flexibility to N Key QOncepts of.Flexibil-
Residential Sector Uncertainty | Electricity Markets ity Scheduling
S HEMS Stochastic Optimization Day-ahead Market Objective Functions
HP —>[| Robust Optimization L > Intraday Market L—> Communication
> District Heating| IGDT Balancing Market Simulation Software
EV
L PV-BESS

Figure 2. The main contents of the paper.

2. Demand Flexibility in Residential Sector

From 1974 until now, electricity consumption has been increasing across demand sec-
tors worldwide. In 2018, the residential sector consumed 6008 TWh of electrical energy [28].
In comparison with other sectors, this represents 27% of the total electricity consumption.
The high share of power consumption in the residential sector is a key factor contributing
to power system flexibility.

To fully harness the flexibility potential of residential demand, it is first necessary
to identify and classify flexible demand based on its controllability. In the following
subsections, after providing a general classification, the flexibility potential of the most
important residential demands is reviewed.

2.1. Classification of Household Appliances

In residential buildings, electricity consumption varies widely from energy-intensive
appliances, such as HVAC systems, to low-power devices, such as LED lamps. Some house-
hold appliances, such as HVAC systems, can store energy during daily operations. This
energy storage capability is reflected in the building’s thermal dynamics [29]. The operation
of certain appliances can be shifted to specific times without causing inconvenience. For
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example, washing machines and tumble dryers are shiftable appliances [30]. To investigate
the flexibility potential of residential buildings, household appliances can be classified into
three distinct categories, as follows:

(1) Thermostatically controllable appliances (TCAs)
(2) Controllable non-thermal appliances (CNTAs)
(3) Uncontrollable appliances (UAs)

TCAs are appliances whose energy consumption follows thermal dynamics. Examples
include HVAC systems, electric water heaters (EWHs), HPs, and refrigerators. The flexibility
potential of TCAs is reflected in their thermal dynamics, which are described by Differen-
tial Equations (DEs) [31]. Therefore, to unlock the power flexibility of TCAs, sophisticated
controllers are needed to optimize these DEs [32]. The power consumption of HPs can be
optimized to unlock the flexibility of both space heating and domestic hot water consump-
tion [33]. In addition, the power consumption of household refrigerators can be optimized by
addressing door-opening patterns to provide peak shaving for power grids [34].

CNTAs are electrical appliances whose operational flexibility is independent of thermal
dynamics. Examples include lighting systems, dishwashers, and washing machines. This
group can be divided into two subgroups: (1) deferrable CNTAs and (2) curtailable CNTAs.
Deferrable CNTAs, such as washing machines and dishwashers, are devices whose operations
can be shifted to times outside of DR events, such as during low-price hours. In this case,
the CNTA operation is deferred to off-peak hours without changing the total electricity con-
sumption [35]. In contrast, curtailable CNTAs include appliances whose power consumption
can be adjusted (increased or decreased) in response to DR requests. In this situation, the
power consumption changes, but there is no expectation to shift the remaining consumption
to other times. For example, when the power consumption of a lighting system is adjusted
in response to DR requests, there is no expectation to shift the power consumption to other
hours to compensate for reduced lighting [36].

In contrast to the aforementioned appliances, UAs are inflexible devices, such as TVs,
ovens, and computers. This group of appliances barely responds to DR plans because their
daily operation is closely related to residents” comfort. Therefore, unlocking the flexibility
of UAs without compromising occupants’ comfort is challenging. To summarize, Figure 3
illustrates household appliances from the perspective of power flexibility.
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Figure 3. Classification of household appliances from the flexibility point of view.
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2.2. Home Energy Management System

The home energy management system (HEMS) is an advanced framework designed
to monitor, control, and optimize the operation of household appliances, including TCAs
and CNTAs. The system aims to balance two competing objectives: (1) meeting flexibility
requirements on the supply side and (2) ensuring residents” comfort on the demand
side [37]. The HEMS features a communication system with the grid system operator,
such as the Distribution System Operator (DSO). However, this setup varies by country, as
different entities may be responsible for data exchange in some regions. The DSO informs
the HEMS of DR events, which may include peak hours, off-peak hours, price-based, and
incentive-based DR plans. Conversely, the HEMS receives comfort parameters from home
residents, such as reference indoor temperature, hot water temperature, and laundry time.
Thus, the main duty of the HEMS is to provide power flexibility for the supply side while
maintaining the comfort conditions for the occupants.

Regarding the communication system, the HEMS typically uses a Power Line Carrier
(PLC) or standard communication networks [38]. The PLC allows communication with the
DSO in remote areas, where conventional networks are unavailable.

Smart controllers are the core components of the HEMS. These controllers, equipped
with computer processors, optimize the operation of household appliances. Their primary
function is to balance the flexibility requirements of the supply side with the comfort
conditions of the demand side. Residents set their comfort preferences through a user-
friendly interface. In this panel, occupants can specify their preferences for appliance
operation, such as indoor temperature. Flexibility requirements, including price signals
and critical hours, are received from the DSO. In [39], a smart HEMS is suggested to unlock
the flexibility potentials of BESS, photovoltaic systems, and EVs. To provide a general
overview of the HEMS, Figure 4 depicts a schematic diagram of a module-based HEMS.

' DSO |

2-way Communicaton

4‘ Communication Module '7
Module-based HEMS
o . PLC | [Network
[ Objects and Duties e Receive data of DRPs s,
Hardware/Software Characteristics © Send Power Consumption Data %ﬁ .
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Data of Power .
Residents Setting Consumption S c i l Data of DRPs
Residents Interface mart Controller
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[ ]
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g l Actual Operation
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Figure 4. The module-based structure of the HEMS [40].

2.3. Heat Pumps

In recent years, HPs” popularity has increased due to their energy efficiency. They
can typically produce 3-5 times more heat energy than the electricity they consume. Addi-
tionally, they can recover heat waste from the ground, outdoor environment, and sewage
water [41]. The flexibility of HPs is addressed for both cooling and heating purposes [42].
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The flexibility potential of HPs depends on the thermodynamic characteristics of
buildings. Therefore, in many studies, the thermal dynamics of buildings are calculated
to design an HP controller. Among them, the Continuous-Time Stochastic Model (CTSM)
was developed by the DTU Compute [43] and was used in many studies to design HP
controllers [44]. The HP controller aims to unlock HPs’ flexibility in response to external
signals, such as electricity prices, while maintaining the indoor air within the comfort range,
e.g., between 20-25 °C. The controller receives the indoor air setpoint from the resident and
communicates with the local DSO to obtain flexibility requirement data, electricity prices,
and meteorological data such as the outdoor temperature and solar irradiation.

In many studies, model predictive control (MPC) is designed for HVAC, taking
weather data forecasts into account to optimize future control actions [45]. Some studies
suggest economic MPC (EMPC) for HPs to minimize household energy consumption
costs [46].

HP compressors can be turned up or down in response to flexibility signals. Although
the compressors can quickly respond to electricity price changes, the indoor temperature
remains stable due to the longer time constant of thermal dynamics, compared to electrical
dynamics. Many studies suggest using heat storage to increase the flexibility potential
of HPs. Heat storage can be in the form of water tanks [47] or phase-change materials
(PCMs) [48]. Regardless of the type, heat storage allows the HP to operate when electricity
prices are low, i.e., down-regulation is required for power system imbalance, and then
supply the heating system from the heat storage during high electricity prices when up-
regulation is required for power system imbalance.

2.4. District Heating

District Heating (DH) consists of a distributed heat network where heat is generated
at a central location and distributed to residential buildings through insulated pipes. The
heat is used for space heating and hot water. Generally, DH heat sources can be classified
into electricity, fossil fuels, solar-thermal, biomass, geothermal, and waste heat [49].

For electrically operated DH systems, HPs and electric boilers offer significant flex-
ibility potential [50]. Fuel-based DH systems are divided into heat-only units and CHP
units. Heat-only units, such as gas boilers, have no demand flexibility for power systems.
In contrast, CHP units can provide power flexibility for the electricity grids [51]. Solar—
thermal, biomass, and geothermal DH systems are non-electrical and thus offer limited
power flexibility. In some cases, DH systems utilize waste heat from electrical consumers,
such as industries and data centers [52]. Although this type of DH has no direct power
flexibility, it may indirectly unlock power flexibility from the main heat source.

In DH systems with electricity-based heat sources, there are three types of heat flexibility:

(1) The flexibility of thermal inertia of buildings: This is reflected in the thermal dynamics
of buildings. Buildings contain thermal mass, such as walls and windows, which can
store heat energy [53]. Consequently, indoor temperatures can be adjusted in response
to electricity price variations and /or renewable power availability on the supply side.

(2) The flexibility of thermal storage devices: These are specifically designed to store
heat energy. Common storage devices in DH systems include water tanks, boreholes,
chemical storage, and aquifers [54]. Heat energy can be stored during low-price hours
(excess power) and used during high-price hours (power shortages).

(3) The flexibility of the heat network: This is reflected in the temperature of the heat
carrier. Adjusting the heat carrier temperature can provide power flexibility. However,
temperature variation can accelerate pipe aging and material fatigue, particularly at
weak joints, which is a limiting factor [55].

To provide a general insight into the flexibility potential of DH systems, Figure 5
presents a schematic diagram from the flexibility perspective.
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2.5. Electric Vehicles

EVs are mobile electric consumers and storage units which, unlike fixed demand,
can be connected to different points of distribution grids. As the penetration of EVs
increases and fossil fuel cars are retired, the distribution grid comes under pressure, causing
transformer overload and congestion in power lines [56]. This can threaten the reliable
operation of distribution grids. However, if the charging and discharging of EVs are
coordinated, they will not compromise the reliability of the power system. Instead, they
can enhance the system’s reliability by providing a workable electrical storage backup for
the power system.

To unlock EV flexibility, smart charging stations are required. These charging sta-
tions can work in both vehicle-to-grid (V2G) and grid-to-vehicle (G2V) modes. Common
charging stations are G2V, while V2G is less common due to technical barriers. Smart G2V
stations encourage charging during times when electricity prices are low, corresponding to
an excess of renewable power availability. Therefore, charging tariffs are important signals
to unleash EV flexibility. While G2V stations can provide down-regulation to the power
network [57], V2G stations can provide up-regulation when the grid encounters a deficit
of renewable energy or system reliability is jeopardized due to failure or unscheduled
maintenance [58].

Nowadays, local DSOs/aggregators/retailers use mobile apps to inform EV owners of
the charging and discharging prices for the next 24 h. Charging and discharging tariffs can
be designed adaptively based on the flexibility requirements of the local grid. For example,
during peak (off-peak) hours, charging tariffs are set high (low) to discourage (encourage)
EV owners from charging, aiming to provide peak shaving (valley filling). Here, the IoT
and communication play a key role in unlocking EV flexibility.

EV flexibility can be discussed for private [59] and public parking lots [60]. Private
parking refers to residential parking where EVs are parked typically after working hours.
Therefore, the dwell time is usually limited to nighttime hours, with capacities of 2.3, 7.4,
11, and even 22 kW. On the other hand, public parking lots serve a wide variety of EVs
with different time characteristics, i.e., arrival time, dwell time, and departure time [61].
Among them, office parking lots typically see EVs arriving around 8 am, departing at 4
pm, and having an 8 h dwell time. Food court parking experiences two rush times, during
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lunch and dinner, with a one-hour dwell time. Entertainment complexes have arrival and
departure times after working hours, for example, from 6 pm to 11 pm. Therefore, if the
charging and discharging operations of public parking lots are coordinated, they can act as
a virtual storage plant 24 h a day.

2.6. Photovoltaic and Battery Storage

Photovoltaic (PV) systems play a key role in enhancing power system flexibility.
In residential areas, rooftop PV systems are practical solutions for decentralized power
generation. They help reduce stress on the power system during peak demands and can
supply local demands [62], preventing power line congestion in weak areas [63]. As a
result, they can postpone power system reinforcement to increase the capacity of power
transformers and line flows [64].

PV systems can operate alone or be integrated with battery energy storage systems
(BESSs). In the former, PV power generation is injected into the grid or consumed by local
demands directly. In the latter, the PV system is linked with a BESS and a smart energy
management system (SEMS) [65]. This way, the PV-BESS can respond to real-time demand
and supply conditions to either store solar power in the battery or inject it into the local
grid. Therefore, the PV-BESS can provide peak shaving and valley filling [66]. Some studies
suggest using the PV-BESS to provide frequency regulation [67] and voltage support [68].

3. Demand Flexibility under Uncertainty

The long-term aim of demand-side flexibility is to facilitate the integration of renew-
ables into power systems. The intermittency and volatility of renewable power introduce
significant uncertainty into power systems. In this context, deterministic approaches of-
ten fail to fully leverage demand-side flexibility. Therefore, to manage the uncertainties
associated with renewable power, non-deterministic methodologies should be adopted.
Stochastic programming, robust optimization, and information-gap decision theory (IGDT)
are commonly used in such studies. These non-deterministic methodologies allow for the
incorporation of imperfect data regarding uncertain variables into the flexibility problem.

To select an appropriate non-deterministic approach, two key questions should
be addressed:

(1) How complete is our information about the uncertain variables?
(2) How precise do the strategies need to be for the final plan?

The first question pertains to the information available about uncertain variables,
such as the availability of historical data, Probability Distribution Functions (PDFs), and
possible scenarios. For instance, in power system studies, wind velocity regimes are
typically described using the Weibull PDF [69]. Therefore, when definite PDFs are available,
non-deterministic approaches that utilize these distributions can be applied. Conversely,
in some studies, there is no perfect information about the probability distribution of
certain uncertain variables, such as electricity prices. In these cases, non-probabilistic
quantification of the uncertain variables is required. Thus, non-deterministic approaches
that accommodate non-probabilistic models of uncertainties are adopted.

The second question addresses the main objective of the operator in studying the
problem under uncertainty. In some studies, the operator aims to determine the optimal
responses of the system to all possible realizations of uncertain variables. For these sce-
narios, non-deterministic approaches that optimize the problem across various possible
trajectories of the uncertain variables are used. On the other hand, if the operator is not
concerned with all realizations of the uncertain variables, the focus shifts to optimizing
strategies under best-case and/or worst-case scenarios. In such cases, non-deterministic
approaches that address the gaps between favorable and unfavorable aspects of uncertain
variables, rather than considering the entire PDF, are employed.

Based on the above facts, three non-deterministic approaches—stochastic program-
ming, robust optimization, and IGDT—are commonly used in power system studies under
uncertainty. These approaches are elaborated on in the following subsections.
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3.1. Stochastic Programming

Stochastic programming is a probabilistic approach that provides the system operator
with detailed information about different realizations of uncertain variables [70]. In this
approach, different sets of scenarios are generated to cover the uncertain range of the
stochastic variable. These scenarios are typically based on historical data and selected using
the best-fitted PDFs. Each scenario is characterized by a magnitude and a probability value.
When the problem involves multiple uncertain variables, different permutations of scenar-
ios create possible trajectories. The problem is then optimized across all these trajectories,
providing decision-makers with optimized strategies for all potential scenarios. Although
this approach offers detailed information about optimized strategies, it requires accurate
data on the distribution of uncertain variables. Additionally, due to the large number of
scenarios, stochastic programming can impose a heavy computational burden, making it
less suitable for near real-time analysis. In recent studies, stochastic programming has been
extensively utilized in two-stage [71], three-stage [72], and multi-stage approaches [73]
to provide demand flexibility in power systems. In [74], multilayer iterative stochastic
dynamic programming is introduced to optimize energy management in smart residential
areas considering EV systems.

3.2. Robust Optimization

In robust optimization, the uncertain range of the uncertain variable is defined by
lower and upper thresholds. The problem is then optimized for the worst-case realization
within these bounds [75]. In this approach, no PDF or probability is defined for the
uncertain variables. Due to the absence of scenarios, this approach is very efficient in
terms of execution time. However, it fails to determine optimal strategies for different
realizations of the uncertain variables. Unlike stochastic programming, which addresses
various uncertain variables, robust optimization focuses on determining robust strategies
against the worst-case realization of the key uncertain variable. Therefore, the most critical
uncertain variable is used to develop these robust strategies. In [76], robust optimization
is employed to aggregate substantial power flexibility from a large number of distributed
energy resources. This approach is further applied to optimize the flexible operation of
active distribution grids with bidirectional EV fleets [77]. Robust optimization is also used
to model electricity price uncertainty in flexibility-constrained smart HEMSs with roof-top
PV systems and BESSs [78]. In [79], robust optimization is applied to building heating
systems and HPs for demand response control considering the uncertainty of building
demand. In [80], robust optimization is discussed to optimize the HEMS's operation with
EVs, addressing the uncertainties associated with real-time electricity prices.

3.3. Information-Gap Decision Theory

IGDT is a non-probabilistic approach that addresses both the adverse and favorable
aspects of severe uncertain variables. To establish two threshold strategies, IGDT uses
two immunity functions: the robustness function and the opportuneness function [81].
Similar to robust optimization, IGDT considers an uncertain range, known as the envelope
bound, for the uncertain variable. IGDT aims to find robust strategies that can handle both
catastrophic failures and windfall successes. The working points of the problem are located
within the gap between the adverse and favorable states. This approach has recently been
used in several studies to facilitate the integration of flexibility in power systems. In [82],
IGDT is employed to manage the risk associated with uncertain wind power generation
in flexible power system operation. This approach is further addressed to model strategic
decisions of a price-maker virtual power plant considering demand flexibility [83]. In [84],
the IGDT is applied to optimize the charging and discharging of EVs to cope with the
uncertainty of distributed generation in active distribution grids.

Although this paper discussed only the three abovementioned non-deterministic
models, but they are not limited to these. For example, interval optimization is addressed in
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power system studies to model uncertainties associated with renewable energy output [85]
and load demands [86].

Figure 6 depicts a general overview of scenario characterization for the three non-
deterministic approaches. In subfigure (a), it is shown how different trajectories are formed
by different scenarios through a scenario graph in stochastic programming. In subfigure (b),
the lower and upper bounds of the robust optimization are shown to determine the worst-
case realization of the uncertain variable. In subfigure (c), the pernicious and propitious
facets of the uncertain envelope are depicted in the IGDT.
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Figure 6. Uncertainty characterization in (a) stochastic programming (b) robust optimization (c) IGDT.

4. Integration of Demand Flexibility to Electricity Market

In power systems with high-RES penetration, the uncertainty of power generation
decreases as the power delivery time approaches. As the delivery time nears, the supply-
side uncertainty gradually diminishes. To address the intermittent nature of RES, power
balancing between generation and consumption is managed hierarchically, from one day
ahead to real-time. This approach allows for the unlocking of flexibility potentials in
different time slots based on renewable power availability.

Typically, in short-term electricity markets, three trading periods are scheduled to
manage RES intermittency over 24 h:

(1) Day-ahead market: conducted 24 h before the power delivery time, this market deter-
mines electricity prices based on the intersection of supply and demand curves [87].

(2) Intraday market: Held 60 to 10 min before the power delivery time, this market,
also known as the adjustment market, allows participants to adjust their power
procurement strategies based on updated flexibility requirements. Participants can
buy or sell parts of their power portfolio, originally procured from the day-ahead
market, in response to RES availability [88].
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(3) Balancing market (real-time market): conducted a few seconds before the energy de-
livery time, this market provides final up-/down-regulation to the power system [89].

Demand-side flexibilities are integrated into these three trading periods. The challenge
is to align the flexibility potentials of demand sectors with the timing of these market
periods. The time response of different demand flexibilities varies: some can be unlocked
on short notice and integrated into near real-time markets, while others may require longer
notice and thus are suited for day-ahead markets. For example, in the metal smelting
industry, the operation of smelting pots cannot be interrupted once the process has begun,
making them unsuitable for short-notice flexibility; therefore, they are inappropriate for the
intraday and balancing markets [90]. In contrast, crushers in cement manufacturing plants
can be interrupted on short notice, allowing them to provide near real-time flexibility in
balancing markets [91].

Based on these considerations, demand-side flexibilities should be categorized into
different classes based on their response times to long, mid, and short advance notices. This
categorization is fundamental to analyzing flexibility in demand sectors and determining
which flexibility opportunities can be integrated into the hierarchical electricity market
floors. Figure 7 illustrates the hierarchical integration of demand flexibilities into the three
market floors according to long, mid, and short notice periods.

[ Day-ahead Market I
[ Intraday Market

e

Il Balancing Market

Balancing Floor (A Few Seconds ahead)

Intraday Floor (60-10 Minutes ahead)

E—

Day-ahead Floor (24 Hours ahead)

Hour 1 ‘ ‘ | ( | Hour 24 ‘
‘ ‘ M \

Y
‘ Flexibility on Long Notice ‘

Power Delivery Time

Flexibility on Mid Notice ‘

Flexibility on Short Notice

Hierarchical Flexibility Integration

Figure 7. Hierarchical flexibility integration into three trading floors of short-term electricity markets [92].

5. Key Concepts of Flexibility Scheduling

In this section, some key concepts of demand flexibility scheduling are reviewed. They
include objective functions of demand flexibility, communication and data exchange, and
simulation software.

5.1. Objective Functions

The DR programs are designed to unleash the heat and power demand flexibility with
the aim of achieving specific objectives. From a mathematical point of view, the objective
function can be constructed in either a linear or non-linear function depending on the
demand model and corresponding constraints. The linear functions can be optimized
by mathematical approaches called linear programming (LP). The non-linear objective
functions are optimized by non-linear programming (NLP) and metaheuristic algorithms,
e.g., Genetic Algorithm.

In the demand response literature, more specific objective functions are discussed.
Among them, the most important objectives include energy consumption cost minimiza-
tion [93] and self-consumption maximization [94], maximization of renewable power
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penetration [95], minimization of greenhouse gas emissions [96] and carbon emission con-
trol [97], maximization of power system reliability [98], voltage regulation [99], frequency
control [100], increasing power quality [101], congestion management [102], peak shaving
and valley filling [103], and increasing energy efficiency [104].

In addition to the aforementioned objectives, some studies highlight grid balancing
as the aim of demand flexibility. Demand flexibility primarily contributes to supply—
demand balancing in power systems during periods of surplus and deficit of renewable
energy [105]. This role becomes especially critical in power systems with high levels of RES
penetration, where the supply side is subject to the intermittency of wind and solar power.
Thus, demand flexibility is specifically coordinated to provide up- and down-regulation to
counteract positive and negative imbalances in the power system.

In some studies, demand flexibility is designed to respond to operational needs within
local distribution grids such as failures in power supply and equipment [106]. When
anomalies such as equipment failures or operational abnormalities are detected in the local
grid, the local DSO collaborates with the DRAs in different demand sectors to address the
technical problems of the local grid. This involves responding to fault detection mechanisms
with appropriate and timely actions aimed at restoring the distribution grid or preventing
the spread of faults to other areas. These actions may include demand curtailment or
adjustment, as well as maneuvers to reconfigure power flows within the distribution grid,
thereby mitigating the risk of cascading failures. Thus, the MPC is extensively used to
design a fault-tolerant energy management system (EMS) in power systems with high-
RES penetration [107]. To sum up, Table 1 summarizes the main objective functions of
demand-side flexibility in some recent studies.

Table 1. Some key objective functions of demand-side flexibility in recent studies.

References The Key Objective Function
[93] Energy consumption cost minimization
[94] Self-consumption maximization
[95] Maximization of renewable power penetration
[96,97] Minimization of greenhouse gas emissions and carbon emission control
[98] Maximization of power system reliability
[99] Voltage regulation

[100] Frequency control

[101] Increasing power quality
[102] Congestion management
[103] Peak shaving and valley filling
[104] Increasing energy efficiency

5.2. Communication and Data Exchange

To optimize the operation of local energy communities, the objective function may
require real-time data from various sources. These include electricity market data such as
electricity prices [108], meteorological data [109] such as forecasts of wind speed and out-
door temperature, and grid operator data such as voltage magnitude and line power flows.
Additionally, data from measurement sensors, such as domestic hot water and indoor air
temperatures in residential buildings, are essential for a HEMS [110]. Therefore, to unlock
demand flexibility, either one-way or two-way communication units are required [111].

To provide a general overview of the communication and data exchange, Figure 8
depicts a schematic diagram of a smart irrigation system designed for agricultural farms.
The predictive controller within this system gathers data and information from multiple
sources, including the local grid operator, meteorological office, as well as local measure-
ment sensors and setpoints provided by farmers. The objective function of the controller
is to run the water pumps when the electricity price is low and the surplus of renewable
power is available and to turn down the water pumps during the high electricity prices
corresponding to the deficit of renewable power availability.
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Figure 8. Schematic diagram of a controller for the smart irrigation of farms, with communication

and data exchange units.

5.3. Simulation Software

In order to model demand flexibility, simulation software is used. On these software
platforms, various energy sources and demands can be modeled. For example, to unlock
demand flexibility in a smart building, a smart HEMS can be modeled in a simulation. This
model can simulate the electric demand of HPs, EVs, and household appliances, including
controllable ones, such as washing machines and tumble dryers, and non-controllable ones,
such as audio systems, TVs, and lighting systems. In [112], to unlock the heat-to-power
flexibility of a residential HP, sensor measurements are first exported to R software to
simulate the building’s thermal dynamics. These thermal dynamics are then exported to
a model-checking software, UPPAAL-STRATEGO [112] and MATLAB [113], to simulate
the HP controller and unleash the heat demand flexibility. “UPPAAL is an integrated tool
environment for modeling, validation, and verification of real-time systems modeled as
networks of timed automata and was developed in collaboration between the Uppsala
University, Sweden, and the Aalborg University, Denmark” [114]. Recently, it was used at
Aalborg University to design HP controllers.

In addition to demand, the model can include self-generation facilities, such as PV
systems and BESSs. The simulation software can also simulate the comfort needs of
residents. For example, for the HP controller, the simulation software can translate the
preferred indoor air temperature into a range with lower and upper thresholds. For EVs,
it can obtain the preferred departure time and minimum departure state of charge (SoC)
from the PDF of in-driving and out-driving EV fleets. The software can then optimize
the charging and discharging of the EVs during dwell time to minimize power costs and
provide flexibility to power grids.

Various software tools are suggested in studies for simulating demand flexibility.
Among them are MATLAB, Simulink [115], MATPOWER [116], GAMS [117], DIgSI-
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LENT [118], GridLAB-D [119], OpenDSS [120], EnergyPlus [121], and EnergyPro [122].
Among them, MATPOWER and DIgSILENT can be used to model active distribution grids
with the aim of congestion management and voltage regulation. GAMS is a general-purpose
software for mathematical modeling and optimization, enabling the implementation of
stochastic programming and robust optimization.

After simulation, the demand flexibility is tested in real-time simulators for real-world
validation. This process allows for the flexibility potentials to be evaluated in a controlled
and realistic environment to ensure their effectiveness. Subsequently, this demand flexibility
undergoes limited real-world field tests to further confirm its performance and reliability in
practical applications. In the literature, different real-time simulators are discussed to test
the demand flexibility, including OPAL-RT [123], RTDS [124], Typhoon HIL [125], PLECS
RT Box [126], dSPACE [127], and xPC [128].

To sum up, Table 2 compares the main features of some scoping studies in recent years
in comparison to the current study.

Table 2. The main features of some recent scoping studies for demand-side flexibility.

Reference Addressed Demand Flexibility and Related Concepts

- Building flexibility
-HVAC

-EWH

- Refrigerators

- Wet appliances

- Lighting

[129]

Flexibility potentials for industrial, residential, agricultural and

[130] commercial sectors

- Demand flexibility in northern Europe, Sweden, Denmark, Norway,
Finland, Estonia, Lativia, Lithuania

- Flexibility of industrial, residential, commercial sectors

- Flexibility of heating system, shopping centers, office buildings

[131]

- District heating

- Heat resources

- Control methods of flexible heat demands

- Integration of heat flexibility into electricity markets

[132]

- Energy efficiency

- Price-based and incentive-based demand response programs
[133] - Hardware and communication technology for demand flexibility

- Soft computing such as neural network and fuzzy logic

- Optimization approaches for scheduling demand flexibility

6. Limitations and Future Works

Although demand-side flexibility is discussed for the residential sector, there are
some limitations and challenges for the actual implementation associated with current
technologies. Among them, the most important limitations can be stated as follows:

(1) Consumer awareness and engagement in demand response programs;
(2) Lack of standardizations for smart HEMSs;

(3) Insufficient grid infrastructures for communication and data exchange;
(4) Lack of market and regulatory mechanisms;

(5) Vulnerability to cybersecurity attacks.

Although a comprehensive review is conducted for the residential demand flexibility,
future directions can involve enhancing digitalization and smart technologies to over-
come the current technological barrier. Among them, artificial intelligence and machine
learning, as well as automated demand response, can be integrated to the future demand
response technologies.
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7. Conclusions

This paper reviewed demand-side flexibility in power systems, with a particular
emphasis on the residential sector. To highlight the importance of demand flexibility
in power systems, flexibility potentials were examined across four sectors: residential,
industrial, commercial, and agricultural. It was concluded that harnessing sector-specific
flexibility potential requires expert knowledge. Moreover, for demand flexibility to be
effective in bulk power systems, sectoral demand flexibility should be aggregated through
demand response aggregators.

The focus then shifted to demand flexibility within the residential sector. Household
appliances were categorized into three groups based on flexibility and controllability:
thermostatically controllable appliances, controllable non-thermal appliances, and uncon-
trollable appliances. The role of home energy management systems in enhancing building
demand flexibility was also discussed. Heat pumps were identified as significant sources of
flexibility in residential buildings, with their potential being controllable through thermal
dynamics and model predictive controls. The district heating system was highlighted as a
key factor in increasing renewable energy integration into the residential sector, particularly
through the application of central and booster heat pumps. Additionally, the flexibility
potential of EVs in residential and parking lots was examined, noting how EVs can address
local distribution grid issues through smart charging and discharging schedules. The roles
of PV systems and battery energy management systems were also reviewed, demonstrating
how these technologies can facilitate demand flexibility and postpone the need for local
distribution grid reinforcement.

The discussion then turned to demand flexibility scheduling under uncertainty, cov-
ering three common non-deterministic approaches: stochastic programming, robust opti-
mization, and information-gap decision theory. The integration of demand flexibility into
short-term electricity markets was also reviewed, with flexibility potentials classified into
short-, mid-, and long-term advance notices for participation in day-ahead, adjustment,
and balancing markets.

Finally, three key concepts of flexibility scheduling were examined: objective func-
tions, communication and data exchange, and simulation software. It was concluded
that communication systems are critical for unlocking demand flexibility, as they enable
the necessary real-time or short-notice data exchange before integrating flexibility into
upstream power grids.
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Abbreviations
Battery energy storage systems BESS
Combined Heat and Power CHP
Continuous-Time Stochastic Model CTSM
Controllable non-thermal appliances CNTA
Demand response DR
Demand Response Aggregator DRA
Demand response program DRP
Differential Equations DE
Distribution System Operator DSO
District heating DH
Electric vehicle EV
Electric water heaters EWH
Energy management system EMS
Grid-to-vehicle G2v
Heat pump HP
Heat, ventilation, and air conditioning HVAC
Home energy management system HEMS
Information-gap decision theory IGDT
Model predictive control MPC
Phase-change Materials PCM
Photovoltaic PV
Power Line Carrier PLC
Probability Distribution Function PDF
Renewable Energy Source RES
Thermostatically controllable appliances TCA
Uncontrollable appliances UA
Variable Frequency Drives VFD
Vehicle-to-grid V2G
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Abstract: Shared energy storage system provides an attractive solution to the high configuration
cost and low utilization rate of multi-microgrid energy storage system. In this paper, an electricity-
heat integrated energy storage supplier (EHIESS) containing electricity and heat storage devices is
proposed to provide shared energy storage services for multi-microgrid system in order to realize
mutual profits for different subjects. To this end, electric boiler (EB) is introduced into EHIESS to
realize the electricity-heat coupling of EHIESS and improve the energy utilization rate of electricity
and heat storage equipment. Secondly, due to the problem of the uncertainty in user-side operation
of multi-microgrid system, a price-based demand response (DR) mechanism is proposed to further
optimize the resource allocation of shared electricity and heat energy storage devices. On this basis,
a bi-level optimization model considering the capacity configuration of EHIESS and the optimal
scheduling of multi-microgrid system is proposed, with the objectives of maximizing the profits of
energy storage suppliers in upper-level and minimizing the operation costs of the multi-microgrid
system in lower-level, and solved based on the Karush-Kuhn-Tucker (KKT) condition and Big-M
method. The simulation results show that in case of demand response, the total operation cost of
multi-microgrid system and the total operation profit of EHIESS are 51,687.73 and 11,983.88 CNY,
respectively; and the corresponding electricity storage unit capacity is 9730.80 kWh. The proposed
model realizes the mutual profits of EHIESS and multi-microgrid system.

Keywords: multi-microgrid system; electricity-heat integrated energy storage supplier; demand
response; bi-level optimization model

1. Introduction

In recent years, with the overuse of fossil energy and the increase of greenhouse gas
emissions, the energy crisis as well as the climate warming is intensified. The development
of traditional electricity industry is limited by conditions such as the environment and
resources, and is in urgent need of transformation [1,2]. Meanwhile, renewable energy
generation such as wind power and photovoltaic are developing rapidly, and the penetra-
tion rate of renewable energy is increasing, which brings certain challenges to the stable
operation of power system [3,4]. Microgrid stand to meet these challenges by virtue of their
renewable energy consumption capacity and flexibility. With the growing market size of
microgrid, the demand for microgrid construction and renovation has gradually increased.
Individual microgrid faces the problem of high operation cost. To this end, the concept
of multi-microgrid system has emerged [5,6]. Multi-microgrid system can optimize the
distribution of resources and benefits among different subjects by interconnecting with
the upper-level grid, effectively compensating for the impact of randomness and volatility
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of distributed energy sources on the system, and further improving the energy utiliza-
tion rate and the stability of system operation [7,8]. Ref. [9] constructs a multi-microgrid
system to address load demand variations due to the stochastic character of renewable
energy generation. Ref. [10] achieves multi-energy complementary co-optimization in
multi-microgrid systems and proposes a benefit distribution strategy balancing fairness
and stability. Ref. [11] uses a two-layer optimization structure for multi-microgrid sys-
tem day-ahead and real-time energy scheduling, respectively, where energy interactions
between adjacent microgrids reduce the total operation cost. In Ref. [12], the planning
problem of multi-microgrid system coupled with electricity, heat and hydrogen is studied,
which significantly reduces carbon emissions and environmental pollution. Ref. [13] specif-
ically addresses the optimization of the design and operation of islanded multi-microgrid
system, using a column and constraint generation based approach to address both the de-
sign and operation phases. Energy storage equipment can be used to solve the problem of
time inconsistency between renewable energy generation and load demand [14]. However,
configuring separate energy storage system for each microgrid can significantly increase
the construction cost, and the utilization rate of the corresponding energy storage is low.
Accordingly, shared energy storage has become a hot research topic for the past few years.

Shared energy storage has become a more attractive way of energy storage config-
uration in multi-microgrid system by virtue of its flexibility and economic advantages,
which makes up for the regulation needs on the microgrid side and ensures the stable
operation of renewable energy power system [15,16]. Currently, the research on shared
energy storage is mainly distributed in the planning of energy storage capacity and the
optimization of operation mode [17]. Ref. [18] presents a shared energy storage capacity
planning model for multi-microgrid system considering PV generation accommodation
and loading capacity, and obtains a better economic return. Ref. [19] proposes a market
game model for peer-to-peer (P2P) energy trading between residential user side and shared
energy storage configuration, which allocates the optimal energy storage capacity with
considering the competition between users, and the obtained results achieve a further
reduction of energy costs. Ref. [20] proposes a business model of shared energy storage
in data center cluster and considers the uncertainty of renewable energy output, which
effectively reduce the investment of energy storage unit, and promote the consumption of
renewable energy. Ref. [21] considers shared energy storage to provide storage capacity
leasing services for large-scale photovoltaic base stations, and solves a two-stage joint opti-
mization problem for capacity planning and operation cost optimization. The optimization
results achieve coordinated operation and cost sharing between shared energy storage
and base station. Studies mentioned above have thoroughly studied the configuration
and operation of shared electricity energy storage services. However, users not only have
electricity load demand, but their demand for heat, especially in winter, is still a non-
negligible part. The high-frequency use of heating equipment in winter further increases
the users’ need for thermal energy storage. Refs. [22-24] focus on the application of shared
thermal energy storage. Ref. [22] combines the advantages of distributed and centralized
structures of energy storage system, and proposes an optimal scheduling model for an
integrated energy microgrid system containing electricity and thermal storage unit, which
minimizes the waste of electricity and thermal energy and obtains the optimal economic
benefits. In Ref. [23], three different configurations of combined heat and power units are
set up with multiple energy storage units, which improve energy utilization while reducing
production costs and carbon emissions. Ref. [24] set up a hybrid power system containing
wind-photovoltaic-battery-thermal energy storage, which utilizes the economic benefits
and working flexibility of thermal storage units and batteries to improve the intermittently
output of renewable energy. Shared electricity and thermal storage units are considered as
independent devices in the above literatures, but the coupling characteristic of electricity
and thermal energy in them is neglected. For shared energy storage system, the realization
of the coupling of electricity and thermal energy can further enhance their flexibility and
economic efficiency.

24



Energies 2024, 17, 5436

Most studies mentioned above focus on the optimization of the energy supply side
problem, while the independence of users on the load side is rarely included. Load fluctua-
tions during the actual electricity consumption by users can also affect the stable operation
of the multi-microgrid system [25]. In order to maximize the profits of microgrid users,
Ref. [26] proposes a novel demand response model considering the different electricity
consumption behaviors of different customers during peak and valley periods, and a
new algorithm called hybrid hybrid crow search algorithm—jaya algorithm (CSAJAYA) is
proposed, which verifies that the demand response has a positive effect on the reduction
of the system’s power generation cost. Ref. [27] addresses the problem of sudden energy
interruptions in an islanded microgrid by proposing a novel energy management tool for
isolating the microgrid and incorporating demand response program, which ultimately
reduces the system operation cost by 3% and increases the allowed cumulative faults by
13 h. Ref. [28] proposes an optimal scheduling model with combined cooling heating and
power (CCHP) and carbon capture devices considering demand response, which reduces
the carbon emissions of the system as well as the energy purchases of users through the
dual optimization of the demand response mechanism and the carbon trading mechanism,
thus contributing significantly to the protection of the environment and the reduction of
costs. The user-side uncertainties make the actual operation of multi-microgrid system
difficult to predict, which usually leads to difficulties in optimizing the configuration of
shared energy storage system as expected, and in many cases with low utilization of the
storage equipment.

Based on the summary of existing literature in Table 1, we note that: (1) Multi-
microgrid system is acknowledged for its ability to consume renewable energy and flexibil-
ity of operation. Energy storage device can solve the problem of temporal inconsistency
between renewable energy generation and load demand, but configuring separate storage
systems for each microgrid leads to the high cost and low utilization problem. (2) Although
various studies have been conducted on the configuration and optimization of shared
energy storage, there is still a lack of research on the synergistic utilization of shared
electricity and thermal storage unit, especially ignoring the coupling of electricity and
thermal energy therein. (3) Uncertainty on the user side makes the actual operation of
multi-microgrid system difficult to predict, which usually leads to difficulties in optimizing
the configuration of shared energy storage system as expected, and in many cases the
utilization of energy storage devices is low. In response to the research gaps presented
above, this paper makes the following significant contributions:

Table 1. Details of the proposed problem of this paper compared to other studies.

Reference Multi-Microgrid Shared Energy Storage Demand Objective
System Electricity/Heat/Coupling Response Storage Configuration/Operation Optimization
[11] v x/x/x v /v
[20] X VI X/ x X x/+/
ot - v/ x VIV
[22] v NIRVIAS X /v
[24] X NIRVIAS X x/+/
[26] v X /X /% v %/

(1) An electricity-heat integrated energy storage supplier (EHIESS) specialized in
providing electricity and heat storage services for multi-microgrid system is proposed. A
bi-level planning model considering EHIESS capacity configuration and optimal operation
of multi-microgrid system is established, and solved based on Karush-Kuhn-Tucker (KKT)
condition and Big-M method.

(2) Electric boiler (EB) is introduced into EHIESS and leverages its electricity-heat
coupling characteristics to realize the enhancement of the integrated electricity-heat effi-
ciency of EHIESS. As well, the economic benefits of multi-microgrid system and EHIESS
are maximized.
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(3) Aiming at the volatility of user-side loads, a price-based load demand response
mechanism is introduced into multi-microgrid system to dynamically regulate the loads
and improve the utilization rate of shared energy storage equipment.

The rest of the paper is organized as follows. Section 2 introduces the multi-microgrid
system model considering EHIESS. Section 3 introduces the price-based DR model. In
Section 4, the simulation analysis is carried out. Finally, the main conclusions are summa-
rized in Section 5.

2. Multi-Microgrid System Model Sharing EHIESS
2.1. Electricity-Heat-Gas Coupled Microgrid Model

The microgrid model constructed in this paper is shown in Figure 1, which consists of
photovoltaic, wind turbine, CCHP, electric refrigerator, and electricity, heat and cooling
loads. The microgrid model is connected to the upper energy grid (upstream network
and natural gas grid). CCHP unit consists of gas turbine, gas boiler, waste heat boiler
(WHB), heat exchange and lithium bromide absorption chiller (LBAC). In this section, the
mathematical model of each device in the microgrid is presented as follows.

Upstream network Natural gas grid

—— — — [~ ——— e — o —————— —

: | | | | Electricity —p Heat |
|1 | | —p»-Gas —» Cooling I
l [ I =

Photovoltaic Wind

: turbi Gas I
I uotme boiler :
| VY |
| . I
| |
| 0 = I
| Valle |
T —— 7T~
I Electric LBAC wip  Heat |
| . I
| refrigerator exchange |
| 5 i
| Microgrid I
| Electricity load Cooling load Heat load |

Figure 1. Topology of electricity-heat-gas coupled microgrid.

2.1.1. Combined Cooling Heating and Power

CCHP refers to the joint production of three different forms of energy for electricity,
heat and cooling. CCHP provides a cost-effective way to increase energy utilization and
improve environmental issues [29].

In CCHP, gas turbine generates electricity and heat by consuming natural gas. The
electricity generated is used to supply electricity loads and the heat is processed by WHB
and ultimately delivered to LBAC and heat exchange. The electricity and heat generated
by gas turbine can be expressed as:

Péfr =Gt Lgas : Vé’z[ 1)

QU = yor - P& (2)

where Pé’T and QtG’iT are the electricity and heat generated by gas turbine in microgrid i
(MG i) during hour ¢, respectively; ngr and ygr are the electricity and heat generation
efficiency of gas turbine, respectively; Lgas is the heat value of natural gas, which is taken

as 9.7 kWh/m?; Véfr is the gas consumption volume of gas turbine in MG i during hour f.
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Gas boiler can be used as a heat generation device in conjunction with gas turbine,
and all heat it generates is used to supply the heat load. The heat generated by gas boiler in
MG i during hour ¢, QGB, can be calculated according to the following equation:

Qt =T7GB " Lgas th (3)

where g is the heat generation efficiency of gas boiler; VG% is the gas consumption volume
of gas boiler in MG i during hour ¢.

In CCHP, WHB can recycle the waste heat generated by gas turbine, and then deliver
the resulting heat to heat exchange and LBAC, which can be expressed as:

Qlirp = nwas - Q4 @)

where Q%HB is the heat absorbed by WHB in MG i during hour t; ywyp is the heat
absorption efficiency of WHB.

Heat exchange and LBAC can convert heat energy delivered by WHB to generate heat
energy and cooling energy for users, respectively. The model of heat exchange and LBAC
can be formulated as follows:

Qi'{iE = IHE - &~ Q%HB ©)

QAC =HacC" (1—-a)- QWHB (6)

where Q?IiE is the heat output of heat exchange in MG i during hour ¢; QK'C is the cooling
output of LBAC in MG i during hour ¢; 7yg and 54c are the energy utilization rates of
heat exchange and LBAC, respectively; « is the proportion of heat energy supplied to heat
exchange by WHB.

2.1.2. Electric Refrigerator

Electric refrigerator, as a commonly used refrigeration equipment, supplies cooling
load by consummg electricity. The cooling power generated by electric refrigerator in MG i
during hour ¢, QER, can be calculated according to the following equation:

Qi = 7Er - Pii 7)

where P]f:f{ is the power consumption of electric refrigerator in MG i during hour ¢; #gR is
the cooling efficiency of electric refrigerator.

2.2. Electricity-Heat Integrated Energy Storage Supplier Model

EHIESS forms a bi-level structure with multi-microgrid system, which can calculate
the required capacity of energy storage equipments and the charging and discharging
electricity and heat according to the energy consumption of multi-microgrid users, and
carry out the construction and maintenance of energy storage equipments, thus providing
shared energy storage service for multi-microgrid system, and earning profits from the
energy trading and service fees. Specifically, the input of EB enables EHIESS more fully
to utilize the complementarities and differences of different microgrid user loads, so that
the capacity configuration of electricity and thermal storage unit is more reasonable, and
to realize satisfying user’s demand for energy storage capacity with less investment, and
the economy of EHIESS can be further improved. The electricity and thermal storage units
in EHIESS are connected to the multi-microgrid system through buses, and the electricity
and heat interactions between microgrids are carried out through the buses, as shown
in Figure 2 EHIESS is connected to MG 1to MG n (n=1, 2, ..., N), and each microgrid
is connected to upstream network and natural gas grid, respectively. Microgrid users
who have excess electricity and heat use the energy storage service of EHIESS to store
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excess electricity and heat, and the microgrid users who are short of electricity and heat are
supplied with electricity and heat by EHIESS.

Mg &

— —— —_—————y

Upstream network | | MG 1 | | MG2 | «e-eer LMG n |
I I
I I [ 3 3
_—
Natural gas grid
| Electricity|
: —»  Gas |
| —> Heat |

Figure 2. Multi-microgrid system shared EHIESS model.

The electricity stored in ESU during hour ¢, Ef, can be calculated as follows:

, _ 1 _ —
B = B Py P ! ®
Nre
where 77,5 and #r are the charging and discharging efficiencies of ESU, respectively;
P(f}: Land Pé;sl are the charging and discharging electricity of EHIESS during hour ¢ — 1,
respectively; Pégl is the power consumption of EB during hour ¢ — 1.
The heat stored in TSU during hour ¢, H t can be calculated as follows:

_ _ 1 _ _
H' = H"™" 4 waps - Qihl T won Qtt:lisl + Qg ©)
re

where w,,s and wye are the heat charging and discharging efficiencies of TSU, respec-
tively; Qi;l and Qf_ﬁs] are the charging and discharging heat of EHIESS during hour t — 1,
respectively; Qﬁgl is the heat produced by EB during hour ¢ — 1.

In this paper, the initial storage capacity of the energy storage equipment is set to be
20% of the total capacity, which can be expressed as:

E0 = 20% - E™X HO = 20% - H™Max (10)

Emax

where E? and HY are the capacities of ESU and TSU at the initial time, respectively;
and H™# are the maximum capacities of ESU and TSU, respectively.

EB can connect ESU and TSU to convert heat into electricity when the heat load is
high or ESU reaches its capacity limit. By incorporating EB equipment, the flexibility of
EHIESS has been improved, resulting in higher profit for EHIESS. The model of EB can be
expressed as follows:

QEB = 1EB " PéB (11)

where #gp is the conversion efficiency of EB.

2.3. Price-Based Demand Response

Different kinds of electricity loads have different sensitivities to the electricity price in
practical work for multi-microgrid system, and the operation risk of microgrid and cost of
users will increase without considering the different sensitivities of loads. Therefore, we
considered the price-based DR in the load side. Price-based DR means that the upstream
network guides users to use electricity reasonably by setting different electricity prices in
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different time periods, so as to achieve the purpose of smoothing the load curve, reducing
the system operation risk, and decreasing the user’s energy cost [30].

Currently, the ways that can be modeled to reflect the user’s response behavior to
the price are price elasticity coefficient matrix, consumer psychology and so on. Among
them, the method of price elasticity coefficient matrix can accurately reflect the response
behavior of users to different electricity prices [31]. Price elasticity coefficient is an index
that measures the influence of price changes to load demands. When the price changes
in a certain time period, it will not only affect the demand in this time period, but also
indirectly change the demand in other time periods. The price elasticity coefficient includes
the self-demand elasticity coefficient and cross-elasticity coefficient.

The elements of the price elasticity matrix, e; j, represent the elasticity coefficients of
the electricity load during hour i with respect to the price of electricity during hour j, can
be calculated as follows [32]:

AP{ Po

; 12
e = Ap] (12)

where AP} is the electricity load changes after DR during hour ; Pﬁ,o is the initial electricity

load; Ap/ is the electricity price changes after DR during hour j; p{) is the initial electricity
price during hour j. When ¢ equals j, e; ; is the self-demand elasticity coefficient, when ¢
and j are not equal, e;  is the cross-elasticity coefficient.

2.3.1. Curtailable Load

Loads are categorized into curtailable load (CL) and shiftable load (SL) based on differ-
ences in sensitivity to prices. CL can choose whether or not to engage in load curtailment by
comparing the price of electricity before and after considering DR for a given time period.
The changes of CL after DR during hour ¢ is given as follows:

j—

APL = POL [Z Ecu(t,))" ,001 (13)
j=1 P

where P, is the initial CL quantity; Ecy (, ]) is the price elasticity matrix with respect of

CL; p/ is the electricity price during hour j.

2.3.2. Shiftable Load

SL can compare the prices before and after DR and flexibly choose whether to adjust
the working hours or not. Customers will shift the load from peak hours into valley hours
based on the time-of-use price. The change of SL after DR during hour ¢ is given as follows:

AP§ = P§, [Z Esi(t, ] Po] (14)
j=1 Po

where PJ is the initial SL quantity; Egy (t,]) is the price elasticity matrix with respect of SL.

2.4. Energy Balance in Microgrid

The three types of energy flow in the microgrid, electricity, heat and cooling, should
satisfy the corresponding energy balance relationship. The expression for the electrical
balance of the microgrid is as follows:

t,i t,i t,i t,1 t,
Pér + Pyyp + Ppy + Pr1d+Pl

t, t, t,
e = Progs + Pk + Py (15)

where P‘t,v’T and PIt,V are the electricity generated by WT and PV of MG i during hour ¢,
respectively; P .4 is the electricity purchased by the MG i from the upstream network;
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Pt mgb and ngs are the electricity purchased and sold by MG i, respectively; P 1 ' is the

electricity load of MG i.
The cooling balance expression for the microgrid is given below:

Qi + Qe = QY (16)

where Qi’f is the cooling load of MG 7 during hour ¢.
The heat balance expression for the microgrid is given below:

Qi + Qiie + Qngpy = Qi + Qhigs (17)

where Qﬁ is the heat load of MG i during hour ¢; Qfﬁ b and Qrﬁg,s are the heat purchased
and sold by MG i, respectively.

3. A Bi-Level Optimizing Model Considering Capacity Configuration of EHIESS and
Optimal Operation of Multi-Microgrid System

In order to realize the win-win situation of multi-microgrid system and EHIESS, A bi-
level optimization model is established considering capacity configuration of EHIESS and
optimal operation of multi-microgrid system. The upper-level model is used to solve the
optimal configuration problem of EHIESS, and the lower-level model is used to solve the
optimal operation problem of multi-microgrid system. The upper-level model transfers the
optimized EHEISS configuration information to the lower-level model, and then, in lower-
level model, each microgrid interacts with EHIESS to optimize its own energy scheduling
based on its own energy consumption and EHIESS optimal configuration information.
Finally, EHIESS updates its configuration based on the microgrid’s scheduling data, which
ultimately satisfies the bi-level optimization model and obtains the optimal results.

3.1. Upper Level Optimization Model
3.1.1. Objective Function

The objective function of the upper-level model is to maximize the profits of EHIESS
over the scheduling period, the optimization variables include the capacity configurations
of ESU and TSU as well as the maximum charging and discharging power. The objective
function for the upper-level model is as follows:

maXx Cupper = Cbuy - Csale — Ciny + Cserve (18)

where Cupper is the total profits of EHIESS; Cbuy is the cost of purchasing energy from the
multi-microgrid system; Cg,e is the profit of selling energy to the multi-microgrid system;
Ciny is the investment and maintenance costs of the energy storage equipment in EHIESS;
Cserve is the service fees charged by EHIESS.

The cost of purchasing energy from the microgrid includes the costs of purchasing
electricity and heat, which can be expressed as:

N Nt
Couy = L 1. (A" Py + 0" Qi) (19)
i=1t=
where N denotes the number of microgrids; Ny is the length of the scheduling period; A’ is
the price of electricity purchased from ESU during hour t; ¢’ is the price of heat purchased
from TSU during hour ¢.
Multi-microgrid system sells electricity and heat to EHIESS to generate profits, which
can be expressed as follows:

sale - E 2 5t Pll;lgs +r)’ ngs) (20)

i=1t=
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where 6' is the price of electricity sold to ESU during time ¢; 7' is the price of heat sold to
TSU during hour ¢.
The investment and maintenance costs of ESU and TSU can be calculated as:

nppmax _|_ 77eEI‘ﬂaX + CESU WquaX _|_ nhHmax

Cinv -
Tesu Trsy

+ Crsu (21)
where 77, and 77 are the electricity power cost and capacity cost of ESU, respectively; Peg®™
is the maximum charging and discharging power of ESU; q and 7y, are the heat power cost
and capacity cost of TSU, respectively; Qg?* is the maximum charging and discharging
heat power of TSU; Tgsy and Trgy is the operatmg life of ESU and TSU, respectively; Cgsy
and Crgy is the daily maintenance cost of ESU and TSU, respectively.

The service fees gained by EHIESS from multi-microgrid system, Cgerve, can be calcu-
lated as:

Z

T

Cserve

M=

Il
MR
-
I
—

0" - (Pl + Pl + Qi + Qi) 22

where 6 is the price of the service fees received by EHIESS during hour t.

3.1.2. Constraints

In the upper-level, we consider the storage capacity and charging/discharging power
of each scheduling period of ESU and TSU in EHIESS operation, and set the upper limit con-
straint of storage capacity, charging/discharging power constraint and EB power constraint.
The model of ESU and TSU can be formulated as follows:

E™® = gy - Peg™ (23)

Hmax _ UTSU Qmax (24)

The maximum capacity of ESU, E™®, and the maximum capacity of TSU, H™®*, are
given by Equations (23) and (24), where #psy and 771gy is the energy multiplication factor
of ESU and TSU, respectively.

Equations (25) and (26) are the storage capacity constraints for ESU and TSU. In order
to ensure the stability, efficiency, and prolong the service life of the equipments, the state of
charge (SOC) limits are set to 0.1 and 0.9, respectively.

10% - E™a < Ef < 90% - E™max (25)

10% - H™™ < Ht < 90% - H™aX (26)

The charging and discharging electricity of ESU, and the charging and discharging
heat of TSU constraints during hour ¢ can be expressed as follows:

0 < Py < Uy, - PR*™,0 < Pi < UL, - PR (27)

0< Qih abs Qg;ax’o < les < Vt max (28)

where U, and U, are the charging and discharging states of ESU, respectively. When ESU
is charging during hour ¢, U, is taken as 1 and Uy, is taken as 0. When ESU is discharging
during hour ¢, U!, is taken as 0 and U, is taken as 1. V!, - and V., are the charging and
discharging heat states of TSU. When TSU is charging during hour t, V!, is taken as 1 and
V. is taken as 0, when TSU is discharging during hour ¢, V, - is taken as 0 and VI, is taken
as 1. Charging and discharging states cannot be performed at the same time.

The electricity consumption of EB during hour t is constrained as follows:
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Pmm < P]Ii:B S Irzr]‘%ax (29)

where ngn and Pgg™ are the minimum and maximum power consumption of EB during
hour t, respectively.

3.2. Lower Level Optimization Model
3.2.1. Objective Function

The objective function of the lower-level model is to minimize the operation costs of
the multi-microgrid system in scheduling period. The decision variables include the power
purchased from the upstream network, the output power of the equipments in CCHP, the
electricity consumption of electric refrigerator and the power of the microgrids trading
with EHEISS. The objective function of the lower-level model can be expressed as:

min Cower = Cgrid + Cgas + Cpuy — Csale + Cserve + Cf:'; (30)

where Cgriq is the cost of electricity purchased from the upstream network; Cgas is the cost
of purchasing natural gas, which can be expressed separately as follows:

N Nr .
i
grld - Z Z rld Pgnd (31)
i=1t=
N N t, t,
Caas = ) ) Tyas - (Viir + Vip) (32)
i=1t=1

where ’l’g .q 18 the electricity price of the upstream network; T, gas is the price of natural gas.

3.2.2. Constraints

In the multi-microgrid system scheduling model, expect for the electricity, cooling,
and heat power balance constraints, the output constraints of each device such as mi-
crogrid purchase and sale power constraints are also considered. The electricity and
heat sold/purchased by multi-microgrid during hour ¢ should be the sum of the ex-
cess/insufficient energy of individual microgrid, can be expressed as follows:

N
PdlS P Z(ngb - Prtnlgs) (33)

i=1

N
Qélis - éh = Z(ngb ng, ) (34)

=1

The output constraints for each device in the microgrid are as follows:

Pmin < PéZT < Pmax

Qmm Qt gl Qmax

len < Q max (35)
Qmm Q Qmax

Qmm < Q < Qmax

The power constraint for energy transfer from the upstream network to MG i during
hour ¢ is given as follow:

0 < Pyl < Pody (36)

where Pgr‘fcf is the maximum power purchased from the upstream network.
The energy trading constraints of EHIESS and multi-microgrid system are as follows:
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0< Prtr,lig,s < Prrnngx . ut,i 0< Pfr,lig,b < Prrrrllgax . ut,i

sale” buy
ti ti ti £
0< ng,s < Q%%X : Vsalelo < ng,b < Qﬁgx ’ Vbuy (37)
ti ti ti ti
Usale + Ubuy <1 Vsale + Vbuy <1
where U;il . and Uf)’l’;y are the electricity purchase state bits of the MG i. When the MG i

sells electricity to ESU, U

sale

isequal to 1 and Utt),iy is equal to 0. When the MG i purchases
electricity from ESU, Ué’ail o isequal to 0 and Ué’éy is equal to 1. Vsté’f1 R

purchase state bits of the MG i. When the MG i sells heat to TSU, Vst éil . isequal to1and
Véi v is equal to 0. When the MG i purchases electricity from ESU, Vstélle is equal to 0 and

and Véiy are the heat

Véiy is equal to 1.

3.3. Solution Process

The solution process of the bi-level optimization model constructed in this paper
is shown in Figure 3. It is difficult to solve the bi-level optimization problem directly
because of the interaction between the upper-level model and the lower-level model. In
this paper, we first construct the Lagrange function according to the objective function and
constraints of the lower-level model [33], and then transform the lower-level model into the
constraints of the upper-level model through the Karush-Kuhn-Tucker (KKT) optimization
condition, which transforms a mixed integer linear problem into a single level nonlinear
problem. Then the bi-level optimization model changes into a single level mixed integer
linear problem according to the Big-M method [34]. Finally, the model is constructed under
the MATLAB2021a platform and solved by invoking CPLEX and YALMIP. The specific
solution procedure is shown below:

Step 1: The Lagrange function for the lower model is constructed as follows [35]:

inC — N N1 Afd ¢t . phi t Pey P QY AL phi b Abi
mint. = igl t; Tgrid " “grid + Tgas - 16T Lgas + Tgas 71GB Lgas A mgb +¢ - ng,b

0 Pligs =7 Qlfga 0" (Bl + Pl + Ol + Oftgs) | +A7' [P + P +
bi L ophi L phi b bi il 4 abi[obi 4 ot b
Py + Peia + Prigp — Prigs — Prr — Pel} A {QER+ Qic — ch}

. . . . . . . t,i t,i .
+A3 [th';lB +QtE + Qg — At — Qggﬁ} + Ay [QHE S~ e QtélT}

THE 1AC

A5 Pl = Py T (Pl — Pies) | +18/| Qi — Ol — I (b~ |
+pin | P — P | 4 e[ Py — P+ pupin | Qmin — QY| + i | Qi — Qx|
QR — Q] + 5™ | Qi — QY| + ™ Qe — Q| + ™ |G — Q8]
U QR — Offe] 8™ Qe — Q] — ™ Pyt + 8™ [ Pia — P
- Pl + 1 Pl — PIX - UL | + - P+ o [P — PR U |
A Vit V1] — 15" - Qg + ™ | Qg — QR Vil + ™ Qi

ti t,i t,i t,i
_i_‘urﬁax [erig,b - Qﬁ? ’ Vbliy} +yﬁax[vsalle+vbéy_ 1}

(38)

Step 2: Based on the constructed Lagrange function (38) and the complementary
relaxation conditions of the lower-level model, the lower-level model can be transformed
into an additional constraint for the upper model, given as follows:
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gnd 4 Atl + ‘umax ‘ur6n1n —
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0< yzlinJ_ Qél mm) 0,0 < “l/linaXJ_ Qmax Q ) 0
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0< yguupf;gs > 0,0 < L (PR* - UL, — Pligs ) = 0
t, t, t,

0 < i LY, > 0,0 < L (PRex - Ut — PEL ) >0

o<igmi(ius ) =

0 < iy L Qi > |

0< lulian_Qtz >0,0 < ‘umaXJ_(Qmax V[;iy Qgg,b) >0
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0< L (1= Vi~ Vidy) 20

Step 3: Based on the transformed single-level model, as shown in Equations (39)
and (40), the Big-M method is used to introduce 0-1 variables to transform the nonlinear
constraints in the model into mixed-integer linear constraints, for example:

0< ‘urlnin < M}r}linvmin (41)
0< Pézf _ mm < Mmm(l _ Umin) (42)

min

where M;{‘in is a sufficiently large constant; v™" is a binary variable.
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Figure 3. Schematic diagram of the solution process.

4. Simulation Analysis
4.1. Parameter Settings

The multi-microgrid system in this paper consists of three microgrids equipped with
CCHP, wind turbine and photovoltaic, and is connected to EHIESS consisting of ESU,
TSU and EB. The predicted output data of wind turbine and photovoltaic for the three
microgrids in summer and winter, as well as three loads demands of electricity, heat and
cooling are shown in Figure 4 [36], where MG 3 is not equipped with WT. The scheduling
period is set to 24 h. The time-of-use price after DR and the transaction price between
the multi-microgrid system and ESU are shown in Table 2 [36]. The detailed operation
parameters of energy conversion equipment are shown in Table 3 [37]. The power cost of
ESU and TSU is $281.66/kW and $70.40/kW (The original data used CNY as the unit, for
reading convenience, this paper uses the RMB-USD exchange rate of 12 October 2024 to
convert the unit to USD. It will not be separately noted later.). The capacity of ESU and
TSU cost is $267.11/kWh and $26.753 /kWh [37]. The service fees charged by EHIESS is
$0.0014/kW. The price of natural gas is taken as 0.31 $/m3. The price of heat sold to the
TSU is $0.014/kWh, and the price of heat purchased from the TSU is $0.056/kWh.

Table 2. Time-of-use price parameters.

Electricity Price/($/kWh)

Time Period Upstream Network

Electricity Price

ESU’s Selling
Electricity Price

ESU’s Purchasing
Electricity Price

Peak period

08:00-13:00

16:00-21:00 0.19

0.16

0.13

Flat period

13:00-16:00

21:00-24:00 012

0.11

0.08

Valley period

00:00-08:00 0.05 0.06

0.03
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Figure 4. Loads demands and predicted power generation of PV and WT in multi-microgrid

system.

Table 3. Equipment parameters of the microgrid.

Parameters

Numerical Value

Electricity generation efficiency of gas turbine, 7gr
Electricity-to-heat ratio of gas turbine, ygt
Heat generation efficiency of gas boiler, /g
Heat absorption efficiency of WHB, #yps
Cooling efficiency of electric refrigerator, 7gr
Energy utilization rates of heat exchange, g
Energy utilization rates of LBAC, ¢

Electricity charging and discharging efficiencies of ESU
Heat charging and discharging efficiencies of TSU

Electricity-heat conversion efficiency of EB, #7gp
Energy multiplication factor of ESU, #gsy
Energy multiplication factor of TSU, #1sy

Maximum power of gas turbine, kW
Maximum power of LBAC, kW

Maximum power of electric refrigerator, kW
Maximum power of gas boiler, kW

Maximum power of heat exchange, kW

Maximum power transaction of multi-microgrid system, kW

0.3
1.47
0.9
0.8
4
0.9
1.2
0.95
0.95
3
27
0.2
3000
4000
4000
4000
4000
4000
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4.2. Analysis of the Operation and Economic Scheduling of EHIESS

In this paper, the impact of EHIESS on the multi-microgrid system operation is com-
paratively analyzed by setting up the following three cases.

Case 1: The multi-microgrid system is connected only to ESU, with ESU providing the
electricity storage service.

Case 2: The multi-microgrid system is connected to ESU and TSU, with ESU and TSU
providing electricity and heat storage service, respectively.

Case 3: The multi-microgrid system is connected to EHIESS, which includes ESU, TSU,
and EB that can provide electricity and heat storage services, and realize
electricity-heat coupling.

Table 4 shows the operation costs of the multi-microgrid system and the profits of
EHIESS for three different cases. From Table 4, we can see that the profits of EHIESS keep
increasing while the operation costs of the multi-microgrid system keep decreasing after
adding TSU and EB devices in both summer and winter cases. Figure 5 reflects the charging
and discharging energy of EHIESS under three cases in summer, from which we can see that
the multi-microgrid system in Case 1 sells electricity to EHIESS during the lower load hours
of 01:00-4:00 and 10:00-14:00, and purchases electricity from EHIESS during the higher load
hours of 06:00-9:00 and 16:00-19:00. The addition of the TSU in Case 2 allows the multi-
microgrid system to trade heat with EHIES. TSU can store excess heat to reduce heat waste,
which reduces the heat production of CCHP in multi-microgrid system fairly, and reduces
the operation costs of the multi-microgrid system in summer from $10,352.25 to $9884.21 in
Case 1. Meanwhile, the operation costs of the multi-microgrid system in winter decreases
from $36,745.27 to $35,291.77, and the profits of EHIESS in winter rises from $3754.61 to
$6397.26. In Case 3, TSU is in heat discharging state for 23 h during the scheduling period,
which is due to the input of EB equipment makes part of the electricity in ESU converted
into heat. At this time, the profits of EHIESS in Case 3 are $1933.88 and $8825.53 in summer
and winter, respectively, which are 12.25% and 37.96% higher compared to Case 2. The
operation of EHIESS alleviates the heat production pressure and dependence on natural gas
of gas turbine and gas boiler in multi-microgrid system, and realizes synergistic operation
and complementary advantages between different microgrids.

Table 4. Profits of EHIESS and operation cost of multi-microgrid system in summer and winter.

Operation Costs of the

Season Case Profits of EHIESS/$ Multi-Microgrid System/$
1 489.27 10,352.25
Summer 2 1722.87 9884.21
3 1933.88 7799.96
1 3754.61 36,745.27
Winter 2 6397.26 35,291.77
3 8825.53 26,628.18

Table 5 reflects the energy purchases from upper level energy grid by multi-microgrid
system under Case 2 and Case 3. As can be seen from Table 5, the addition of the EB results
in a significant increase of the purchased power of the multi-microgrid system both in
summer and winter, whereas the purchased natural gas of the multi-microgrid system has
a significant decrease in summer and winter by 6757.1 kWh and 41,766.6 kWh, respectively.
The inclusion of EB realizes the coupled utilization of ESU and TSU so that the dependence
of the multi-microgrid system on the energy storage has reduced. Besides, because of the
higher construction cost of ESU relative to TSU, the configuration capacity of the ESU is
reduced accordingly. Meanwhile, the multi-microgrid system in Case 3 has lower energy
purchase costs in summer and winter compared to Case 2. The input of EB strengthens the
energy interaction between different microgrids, and improves the utilization rate of the
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Figure 5. Charging and discharging energy EHIESS for Case 1 to Case 3 in summer.

Table 5. Energy purchase from upper-level energy grid for Case 2 and Case 3.

Case2 Case3
Season Electricity Natural Gas Cost of Electricity Natural Gas Cost of
Energy Energy
Purchase Purchase Purchase Purchase Purchase Purchase
/KkWh /KkWh /% /KkWh /KWh /s
Summer 8301.7 14,3354 5609.60 14,059.3 7578.3 4880.98
Winter 57,091.5 62,568.8 27,420.73 79,857.7 20,802.2 13,092.99

In order to further evaluate the effectiveness of the shared energy storage optimal
configuration model proposed in this paper, simulations are conducted in two scenarios
of fixed energy storage capacity and optimal configuration of energy storage capacity
in EHIESS. Summer load demands, wind and photovoltaic data of three microgrids are
selected, and the optimal operation of EHIESS with the TSU capacity set to 10,000, 11,000,
12,000 kWh and TSU capacity set to 8000, 8500, 9000 kWh respectively is solved to compare
with the optimal configuration scenarios of EHIESS, and the obtained results are shown in
Table 6. When the ESU and TSU capacities are set to 10,000 kWh and 8000 kWh, respectively,
EHIESS cannot guarantee the stable supply of electricity and heat to multi-microgrid
systems, and the optimal solution cannot be obtained in this case. With the gradual increase
of ESU and TSU capacity configurations, the energy storage construction and maintenance
cost of EHIESS increases accordingly. Meanwhile, we find that as the storage capacity
configuration increases, the storage capacity utilization rate gradually decreases, and the
operation revenue of EHIESS during the scheduling period also gradually decreases.

Table 6. Operation results of EHIESS under fixed capacity configuration and optimal capacity
configuration scenarios for energy storage unit.

Case 2 Case 3
Case 1 ‘ 8000 4000
Ik lectricity | | = I Electricity| | = Eleumcny
& 6000 B Heat 4, 3000 Hem
85 4000 - & 2000
g g
S 2000 - © 1000
=1} en
1 R 5 11
T TR | L
2 -2000 2 -1000
ks S
&h-4000 2-2000
5 5
£ -6000 £-3000
&} o
-8000 ' ' ' =T 14000
6 0 6 12 18 24 0 6 4
Tnm (h) Time (h) T1me (h)

. ESU TSU max max .
Scenario Capacity/kWh Capacity/kWh PR>KkW QUKW Profit of EHIESS/$
Scenario 1 10,000 8000 - - -
ine Scenario 2 11,000 8500 4126.34 2833.33 1683.25
Scenario 3 12,000 9000 4501.46 3000 1654.28
Optimal
configuration 10,263.33 8290.79 3850 2763.60 1933.88
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4.3. Analysis of User-Side Price-Based Demand Response

Figure 6 shows the power balance and upstream network electricity price considering
DR in Case 3. In the multi-microgrid system, the electricity is mainly supplied by PV, WT,
and CCHP. The multi-microgrid system can trade energy with EHIESS, and each microgrid
transmits energy to each other through EHIESS.
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Figure 6. Power balance and upstream network electricity price considering DR in Case 3.

As we can see in Figure 6, after the introduction of renewable energy generation
in conjunction with CCHP and the consideration of DR, the power generation of the
multi-microgrid system is more diversified, which effectively improves the flexibility of
the operation of the multi-microgrid system. Among them, electricity generation of PV
and WT in each MG can be completely consumed, while the stochastic problem of WT
and PV generation can be solved by EHIESS. In addition, the time-of-use price can guide
the trading behavior of the multi-microgrid system with EHIESS. Besides, the sum of
electricity generated by PV and WT and the output of CCHP is much larger than the
user’s demand from 01:00 to 08:00. In order to prevent the waste of energy, the time-
of-use price can guide users to transfer their electricity consumption behavior to period
01:00-08:00. The three MGs transfer their loads from 01:00 to 08:00, which are 964.3 kW,
1198.1 kW and 655.8 kW, respectively, and the multi-microgrid system can sell surplus
electricity to EHIESS to get profits. The 9:00-12:00 and 17:00-20:00 time periods are peak
periods, during which DR can drive users to slash their electricity consumption behavior
and prompt them to buy electricity from EHIESS, and the total load reduction of three
MGs in peak periods are 120.5 kW, 131.6 kW, and 69.1 kW, respectively. The 13:00-16:00
and 21:00-24:00 time periods are the flat periods, and the multi-microgrid system can sell
surplus electricity to EHIESS to gain profits. MG relies on the WT generation and electricity
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purchase from EHIESS to meet its own electricity load demands, and adjusts its electricity
consumption behavior.

Table 7 reflects the operation situation of the multi-microgrid system before and after
the implementation of DR in summer. From Table 6, it can be seen that the multi-microgrid
system has better economic benefits after the implementation of DR, in which the operation
cost of the multi-microgrid system is reduced by $522.05. In addition, the peak-to-valley
difference of electric loads in the multi-microgrid system is reduced after considering DR
in the user side, which leads to smoother load curves and more stable operation of the
multi-microgrid system. This follows the fact that the implementation of DR prompts
the users to shift the electricity load from the peak hours to other hours, which facilitates
peak shaving and valley filling, thus reducing the value of the electricity load in peak
periods. Finally, the capacity of ESU is reduced from 10,263.33 kWh to 9730.80 kWh after
the implementation of DR in the user side. The implementation of DR makes the generation
of each microgrid more compatible with the changes of electricity price, which reduces the
generation of excess electricity in certain extent, so that the transactions of multi-microgrid
system and EHIESS are reduced accordingly, and reduces the required capacity of the ESU.

Table 7. The operation situation of the multi-microgrid system before and after DR in summer.

Peak-to-Valley Difference in

. Operatlon‘Costs Profits of Electricity Loads/kW ESU C apac'lty
Scenario of Multiple EHIESS/S Configuration
Microgrids/$ /kWh
MG1 MG2 MG3
Before DR 7799.96 1933.88 1830.00  1930.00  1150.00 10,263.33
After DR 727791 1687.40 1762.06 1804.60 927.48 9730.80

User satisfaction is an essential consideration in the operation of the multi-microgrid
system, which is related to the changing magnitude of SL and CL. According to Ref. [38],
the user satisfaction, Sy, can be expressed as follows:

PL— [APG | — |APy |

Sy = —L& X x 100% (43)
P L

Simulations are carried out for different load shares of CL and SL in total load demands
to analyze the impact on the system’s operation. Figure 7 shows the operation costs of
the multi-microgrid system and the customer satisfaction in the case of CL and SL each
with a share of 5% to 25%. From Figure 7, it can be seen that as the share of CL and SL
increases, the operation costs of the multi-microgrid system gradually decreases from
$8558.33 to $7369.94, and the customer satisfaction gradually decreases from 98.44% to
92.22%. With the total microgrid load demand remaining unchanged, the DR behavior of
multi-microgrid system increases as the CL and SL share gradually increases, prompting
more load shifting from the peak hours to the valley hours and reducing the operation
costs of the multi-microgrid system. Whereas, price-based DR forces users to shift the time
of electricity consumption, which is contrary to the customer’s willingness, and thus the
increase of CL and SL share reduces the customer satisfaction.
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Figure 7. Operation costs and customer satisfaction of microgrids with different load shares after
considering DR under Case3.

4.4. Analysis of Sensitivity

The variation range of variables (i.e., electricity price and load demands of multi-
microgrid system, etc.) is set to —20-20%, based on Case 3 in summer, and the results of the
sensitivity analysis of these variables on the results of the energy storage configuration, the
EHIESS operation revenue, and the operation costs of multi-microgrid system are shown
in Tables 8 and 9. As shown in Table 9, within the range of changes in electricity, with
each 10% increase, EHIESS operation revenue and multi-microgrid system operation cost
increase slightly, and ESU and TSU capacity configurations remain essentially unchanged.
The sensitivity of electricity price to EHIESS operation revenue and operation cost of multi-
microgrid system is relatively insignificant. For the load demand of multi-microgrid users,
as shown in Table 9, with the loads changed by —20%, —10%, 10%, and 20%, the EHIESS
operation revenue changed by —49.2%, —24.1%, 24.5%, and 46.9%, and the multi-microgrid
system operation cost increased by —37.7%, —17.3%, 19.3% and 33.9%, respectively. As can
be seen in Table 9, the sensitivity of the change in load demand to the EHIESS operation
revenue and the operation cost of multi-microgrid system is more significant.

Table 8. Influence of electricity price changes on operation results.

Electricity Price gll:lolf]lgtss:so/; Operation Costs of Multi-Microgrid System/$ Capa]ciist;J/kWh CapafiiylikWh
—20% 1930.89 7310.84 10,263.33 9090.23
—10% 1931.56 7484.73 10,263.33 8290.79

0% 1933.88 7799.96 10,263.33 8290.79
10% 1935.75 8537.65 10,263.33 8170.36
20% 1938.23 8620.57 10,263.33 8170.36

Table 9. Influence of load demand changes on operation results.

Electricity Price gII:I()If]lEtSSS()/SfS Operation Costs of Multi-Microgrid System/$ Capalczist;fJ/kWh CapafiiyU/kWh
—20% 981.87 4860.88 12,355.98 12,273.05
—10% 1468.40 6457.18 10,765.48 9090.23

0% 1933.88 7799.96 10,263.33 8290.79
10% 2408.21 9308.22 9863.46 6560.43
20% 2840.66 10,442.00 9463.59 6036.65
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4.5. Analysis of Comparison of Solution Methods

In order to verify the effectiveness of the KKT condition and Big-M optimization
method used in this paper to solve the bi-level planning problem of optimizing the shared
energy storage configuration of multi-microgrid system, the computational efficiencies of
the transformed single-level model and the original bi-level model are compared and ana-
lyzed. The computational results of the two solution methods are shown in Table 10. Since
the original bi-level optimization model is a nonlinear optimization model, it is necessary
to adopt corresponding intelligent algorithms to solve iteratively, which is easy to fall into
the local optimal solution and consumes a large amount of computing time. It can be seen
from the table that the computational time is significantly reduced after transforming into
single-level optimization model, which also leads to a relative increase in the operation
revenue of EHIESS and a decrease in the operation cost of multi-microgrid users.

Table 10. Calculation results of two solution methods.

Season Calculation Time/s Profits of EHIESS/$ Operation Costs of Multi-Microgrid System/$
Original bi-level model 319.6 1876.45 8209.87
Single-level model 8.6 1933.88 7799.96

5. Conclusions

In this paper, a bi-level optimization model considering EHIESS capacity configuration
and optimal scheduling of multi-microgrid system is proposed to maximize the profits
of EHIESS and minimize the operation costs of multi-microgrid system. The case studies
demonstrate the effectiveness of the proposed methodology in solving the problem of high
cost and low utilization of energy storage equipment configuration in multi-microgrid
system. The main research results are as follows:

The introduction of EB in EHIESS makes the electricity-heat coupling in EHIESS more
flexible, significantly improves the energy utilization rate of the storage equipment, and
brings better economic benefits to the multi-microgrid system. Compared to the scenario
considering only the separate configuration of electricity and heat energy storage, the
addition of EB improves the total profits of EHIESS in one scheduling period by $211.01
and $2428.27 in summer and winter, respectively, and reduces the total operation costs
of the multi-microgrid system by $2084.25 and $8663.59, respectively. In addition, DR
provides an effective solution to the problem of load demand uncertainty on the user
side, and users adjust their own electricity consumption behavior based on time-of-use
price, which smooths out load fluctuations and effectively improves the flexibility of the
operation of the multi-microgrid system. After the implementation of the price-based DR
mechanism, the configuration of ESU and TSU in EHIESS is reduced by 532.53 kW, which
further improves the economic efficiency of multi-microgrid system and EHIESS. In this
case, the total operation cost of multi-microgrid system is reduced by $522.05.

This paper focuses on multi-microgrid shared energy storage systems, and future
research can be extended to a wider range of application scenarios and consider different
sizes and types of energy systems to provide broader application guidance and decision
support. The main limitation of the proposed model is that it does not fully analyze the
impact of renewable energy uncertainty on shared storage capacity allocation. In future
research work, we will further consider the issue of evaluating the impact of multiple
uncertainties, such as wind power and photovoltaic, on multi-microgrid shared energy
storage systems. Besides, cost sharing between EHIESS and multi-microgrid system users
will be further studied and explored, and game-based pricing mechanisms for service fees
will be discussed.
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Nomenclature
Acronyms
CCHP combined cooling heating and power
DR demand response
EB electric boiler
EHIESS electricity-heat integrated energy storage supplier
ESU electricity storage unit
KKT Karush-Kuhn-Tucker
LBAC lithium bromide absorption chiller
TSU thermal storage unit
WHB waste heat boiler
Variables
Et the electricity stored in ESU during hour t, MW
H! the heat stored in TSU during hour {, MW
Pt the electricity purchased by ESU during hour t, MW
P the electricity sold by ESU during hour t, MW
Pl the power consumption of EB during hour t, MW
Pé’rii d the electricity purchased of MG i from the upstream network during hour ¢, MW
PéZT the electricity generated by gas turbine of MG i during hour {, MW
rtnlg,b the electricity purchased from EHIESS of MG i during hour ¢, MW
Prtffg,s the electricity sold to EHIESS of MG i during hour t, MW
QKC the cooling output of LBAC in MG i during hour t, MW
éh the heat purchased by TSU during hour {, MW
Qfﬁs the heat sold by TSU during hour ¢, MW
Q%’is the heat.produced by EB .during -hOUIj t, MW
QFRr the cooling output of ER in MG i during hour t, MW
QtG’lB the heat generation of gas boiler in MG i during hour ¢, MW
QtG'iT the heat generation of gas turbine in MG i during hour ¢, MW
QgE the heat output of heat exchange in MG i during hour t, MW
Q:I’f ob the heat purchased from EHIESS of MG i during hour t, MW
Qlgs the heat sold to EHIESS of MG i during hour t, MW
{,’\Z}HB the heat absorbed by WHB of MG i during hour ¢, MW
Vé]’3 the gas consumption volume of gas boiler in MG i during hour ¢, MW
Vé'T the gas consumption volume of gas turbine in MG 7 during hour t, MW
APL, the changes of curtailable load after DR during hour t, MW
APéL the changes of shiftable load after DR during hour t, MW
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Parameters
Lgas the heat value of natural gas, kWh / m?>
AC the heat utilization rate of LBAC
EB the conversion efficiency of EB
TER the cooling efficiency of electric refrigerator
1GB the heat generation efficiency of gas boiler
NGT the electricity generation efficiency of gas turbine
1HE the heat utilization rate of heat exchange
WHB the heat absorption efficiency of WHB
Nabs the charging efficiency of ESU
Nre the discharging efficiency of ESU
Wabs the charging efficiency of TSU
Wre the discharging efficiency of TSU
YGT the heat generation efficiency of gas turbine
Al the price of electricity purchased from ESU during hour t, CNY/MW
¢t the price of heat purchased from TSU during hour t, CNY/MW
st the price of electricity sold to ESU during hour {, CNY/MW
7[ the price of heat sold to TSU during hour ¢, CNY/MW
6! the price of service fees received by EHIESS during hour ¢, CNY/MW
Téri d the electricity price of the upstream network, CNY/MW
Tgtas the price of natural gas, CNY/m3
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Abstract: With the construction of the UHV (Ultra High Voltage) AC/DC hybrid power grid and
the large-scale access to renewable energy such as wind power, frequency dynamic fluctuation has
become a prominent problem affecting the safe and stable operation of large power grids. The
expansion of the scale of the power system makes it impossible to use traditional fine modeling to
analyze the power system. In order to reduce the calculation scale and storage capacity of power
system frequency dynamic simulation, it is necessary to make appropriate equivalent simplification
of the external system, so the appropriate dynamic equivalent method is of great significance. This
paper mainly studies the equivalent model suitable for frequency dynamic analysis of large power
grids. Firstly, the typical models of generator set and load are simplified, and the parameters that
have a great influence on frequency in the simplified model are obtained through characteristic
analysis. Then, a dynamic aggregation method of generator governor and prime mover parameters
and load parameters based on regulation performance weighting (the parameters of the generator or
load are weighted and summed according to its regulation ability on the system) is proposed. This
method is applied to the simulation example of the East China Power Grid. The simulation proves
that the frequency of the East China Power Grid before and after equivalence can be consistent under
four different faults, which verifies the effectiveness of the equivalent method proposed in this paper
in the frequency dynamic analysis of large power grids.

Keywords: frequency analysis; regulation performance weighting method; governor and prime
mover equivalent; load equivalence

1. Introduction

One of the most important parameters in the power system is frequency, which can
reflect the operation quality of the power grid [1]. To make the power grid safe and
stable, it is necessary to maintain the frequency within a reasonable range [2]. Because
the power system has a certain particularity, it is impossible to directly test the actual
power grid to study the frequency problem, and it must be studied through modeling and
simulation. The dynamic equivalence method of the power system is inseparable from
the physical problems that need to be studied after equivalence. According to different
research problems, dynamic equivalence can be divided into three methods: the coherency
equivalence method [3,4], the mode equivalence method [5] and the online identification
method [6].

There are four main models in the power system [7], including the generator model,
excitation system model, prime mover-governor model and load model. So far, the first two
of these four models have well-studied models because their models are mainly electrical
quantities that can be obtained through actual measurements [8-10]. This paper mainly
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studies the latter two models. Because the power system is developing rapidly and the
scale is expanding, a large number of additional governors, loads and other components
must be taken into account. Therefore, the traditional comprehensive and refined modeling
of the power system [11-13] is no longer applicable. It is necessary to make appropriate
equivalent simplification of the external system. Therefore, the appropriate dynamic
equivalent method is of great significance.

With the integration of large-scale renewable energy, such as wind power, into the
power system, its instability will inevitably have an unpredictable impact on the grid
frequency. This paper also studies the general model of wind power generation system,
including four modules: wind turbine model, pitch angle controller, converter controller
and generator model [14,15], so as to further study the frequency dynamic analysis of large
power grids with new energy. The simulation results of the power system can be used
as the reference data for the planning and construction of the power grid, but different
simulation models will have different degrees of influence on the results of the simulation
calculation [16-18]. In particular, the accuracy of the load model will play a crucial role in
the final simulation results of the power grid [19]. It can be seen from references [20-22]
that with the change in the power grid and power supply structure and load type, the
frequency characteristics of the system will also change, and the security and stability of
the power grid will also face new threats.

In this paper, a method of dynamic aggregation of generator governor-primitive
motor parameters and load parameters based on adjustment performance weighting is
proposed. This method overcomes the uncertainty of human experience values and has fast
aggregation speed and high engineering accuracy. Table 1 shows the comparison between
the regulation performance weighting method and other main equivalence methods. Using
this method, the actual power grid can be equivalent to a single generator and a single
load, which is convenient for system frequency simulation analysis. Finally, the method
is applied to the East China Power Grid. The equivalent method of this paper is used to
equalize the generator and load of the East China Power Grid. The simulation proves
that the frequency of the East China Power Grid can be consistent before and after the
equivalence under four different faults, which verifies the effectiveness of the equivalent
method in the dynamic analysis of the large power grid frequency.

Table 1. The comparison of regulation performance weighting method and other methods.

Regulation Performance Other Coherency-Based
Weighting Method Equivalence Method
Polymerization rates Faster Fast

Overcome the uncertainty of

Reliability human experience

Relying on human experience

Accuracy High Low

2. Equivalence Method for Governor and Prime Mover Based on Regulation
Performance Weighting

2.1. Aggregation Equivalence Modeling for Governor and Prime Mover of Steam Turbine

Taking the governor and prime mover models commonly used in steam turbines as
an example, the governor model is analyzed in detail and simplified reasonably. The gover-
nor and prime mover models commonly used in PSD-BPA (Power System Department-
Bonneville Power Administration) are shown in Figures 1 and 2 [23].
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Figure 1. Structure model of steam turbine governing system.
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Figure 2. Simplified transfer function model of turbine prime mover.

In Figure 1, Ty represents the time constant of rotational speed measurement, Py.f
represents the given power reference value and T represents the opening time constant of
the oil motor.

The transfer function of the electro-hydraulic servo actuator is as follows:

K11
Gz:PGV: (Kp+KDS+ S)‘To's O
Pev 14 (Kp—i—KDs—i— %).Tiog.l;m

T, represents the time of the oil motor travel feedback link, the typical value is 0.02 s;
To represents the opening time constant of the oil motor, the typical value is 1-4 s; Kp, Kp
and K are the proportional amplification link, differential link and integral link multiples
of the PID module, respectively. In general, Kp and Kj are all 0, and Kp is about 10.

Under the typical parameters of the governor model, because Pcy is a step signal, take
Pcy = 1/5 and the governor model is simplified to obtain the transfer function as shown
in Equation (2).
Kp.Tio.slz

= T 1 1
1+KP'To'§‘1+Tzs

@

Pgy

Pgy is a step signal, so when Pgy = 1/5, the transfer function of PM can be expressed
as Equation (3).

1 1 1 1
Pp(s) =

=—-|/m———F 1-F 3
S TCH5+1 HP+TCHS+1TRHS+1< HP) ()

Therefore, the steam turbine governor-primitive engine model has seven main param-
eters: speed deviation magnification K, oil motor opening time constant Ty, PID module
proportional magnification multiple Kp, oil motor travel feedback link time T, steam vol-
ume time constant Ty, reheater time constant Tryy and high-pressure cylinder mechanical
power ratio coefficient Fyyp. Therefore, the frequency characteristics of these parameters
are analyzed to find out the parameters that have a greater impact on the frequency.

By analyzing Equation (1), taking Kp = 7, T, = 0.02, Tp = 1.15 and 4, the Pgy(t) curve
is obtained, as shown in Figure 3.
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Figure 3. Governor valve opening under different Tp values.

From Figure 3, when T increases from 1.15 to 4, the Pgy(t) curve changes greatly.
It can be seen that the oil motor opening time constant Tp has a great influence on the
characteristics of the steam turbine, and this parameter needs to be considered in the
equivalent modeling.

The frequency characteristics of the remaining parameters are analyzed according to
the same method, which is no longer shown here. Finally, it is concluded that the speed
deviation amplification factor K, the oil motor opening time constant Tp, the reheater time
constant Try and the high-pressure cylinder mechanical power proportional coefficient
Fp have a great influence on the frequency characteristics of the steam turbine. These four
parameters are mainly considered when equivalent.

The steps of the dynamic aggregation method of turbine governor-prime mover
parameters based on regulation performance weighting are shown in Figure 4:

Model and
formula
analysis

Flow
calculation

Calculate the active
reserve of each
generator

Parameters affecting
the regulating capacity
of generators

Define the proportional Obiain the active

coefficient

reserve of the
equivalent machine

Multiplication

Obtain weights

Perform a weighted

summation of all parameters

Figure 4. The flowchart of regulation performance weighting method.
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@
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The system to be analyzed is divided into an internal system that should remain
unchanged and an external system to be equivalent. The power flow calculation of the
power grid is carried out through BPA, and the parameter variables (rated output of
the generator prime mover P,;) and state variables (actual active power output of the
generator Pgry;) of each generator in the external system that needs to be equivalent
are obtained.

Through the calculation of the parameters of the M turbines to be aggregated, the
spinning reserve of each turbine generator and the equivalent turbine generator
are obtained.

According to (4), the spinning reserve of each turbine generator is obtained:

Psri = PoiKpaxi — Pgeni 4)

In Equation (4), P,; represents the rated output of the i-th turbine generator prime

mover, K14 x; represents the maximum regulating valve opening of the i-th turbine genera-
tor prime mover and Pggy; represents the actual active output of the i-th turbine generator.

According to (5), the spinning reserve of the equivalent turbine generator Psg,,

is obtained:

®)

M
Psgeg = ) Psgi ®)
i—1

Organize the body model and parameters of M governors to be aggregated in the
external system and classify the governors of M steam turbine units according to the
commonly used n governor models (G1/G2/G3/.../Gn). According to the different
types of governors, the generators are classified, and the sum of the spins of turbo-
generators under different types of governors is obtained.

a
Pc1 = ) Psgi
i=1
b
Py = '21 Psg;
1=
< 6
Pgz = ). Psgi (©)
i=1
e
Pen = ‘21 Psg;
1=

Comparing the sum of the spins of n governor models, if the proportional of the sum

of the spins of a governor model to the sum of the spins of all models is less than 5%, the
governor is ignored, and the others are equivalent according to different governor types.

4)

Through the superposition calculation of the rated output power of the prime mover
of the M number of turbine generator sets to be aggregated, the rated output power
of the equivalent turbine generator is obtained. Through the total rated output power,
total actual active power and total spinning reserve of the unit to be aggregated, the
maximum valve opening of the prime mover of the equivalent governor is obtained.

The rated output power of the equivalent turbine generator is as follows:

M
Pot = Y _ Py 7)
i=1

The actual active power of the equivalent turbine generator is as follows:

M
Poenm = Y, PGeni (8)
i=1
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Maximum gate opening of prime mover of equivalent governor is as follows:

Psreq + PGENi
P eM

)

Kmaxi =

(5) The parameters of the equivalent steam turbine governor-primitive engine model are
obtained by the method of dynamic aggregation of turbine governor-primitive engine
parameters based on the weighted adjustment performance.

Define the proportional coefficient of turbine speed regulation Kppy;;:

FgpK
TruTo

Kpmin = (10)

From the above analysis, it can be seen that the speed deviation amplification factor
K, the oil motor opening time constant Ty, the reheater time constant Tryy and the high-
pressure cylinder mechanical power proportional coefficient Fyp in the turbine governor-
prime mover have a great influence on the characteristics of the turbine. Therefore,
Equation (10) is expressed as the product of these four parameters, where Tp and Try
takes the reciprocal form.

Define the turbine governor weight R;:

R; = PsgiKppmi1 (11)
The parameters in the turbine equivalent governor are aggregated as follows:

M
Y &R;
i—1

& =

(12)
R;

[Nagks

1

In Equation (12), € can be the amplification factor K of the equivalent machine speed
deviation, the opening time constant Tp of the oil motor, the reheater time constant Try
and the mechanical power proportional coefficient Fyp of the high-pressure cylinder, and
g; are the corresponding parameters of the i-th generator governor.

2.2. Aggregation Equivalence Modeling for Governor and Prime Mover of Hydro-Turbine

The parameter aggregation method of the hydro-turbine governor and prime mover
model is similar to that of the steam turbine. However, due to the large difference be-
tween the governor and prime mover model of hydro-turbine and steam turbine, the
parameters are also different, so the aggregation steps are also different. The following
describes the different steps of hydro-turbine parameter aggregation and steam turbine
parameter aggregation.

In step 2 of the parameter aggregation method for steam turbine governors, the
maximum governor valve opening Ky 4x; of the steam turbine generator prime mover
is required to obtain the spinning Psg; of each generator. However, this parameter is not
available in the typical governor model of the hydro-turbine. Therefore, the spinning Psg;
of each hydro-generator is obtained according to Equation (13):

Psr; = Poi — PGEni (13)

In Equation (13), P,; represents the rated output of the prime mover of the i-th hydro-
generator and Pgry; represents the actual active output of the i-th hydro-generator.

In step 4, only the rated output power of the equivalent hydro-generator and the
actual active power output of the equivalent hydro-generator are required.
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In step 5, because the parameters of the turbine governor are different from those of
the steam turbine, the proportional coefficient Kpy;» of the turbine governor is defined:

Dy

Korgn = —a 14
PMi2 = RT T (T /2) (14)

According to the same method as the steam turbine, the frequency characteristics of
hydro-turbine parameters are analyzed. It is found that the adjustment coefficient R, the
soft feedback link coefficient D, the soft feedback time constant T, the governor response
time T; and the water hammer effect time constant T}y /2 have a great influence on the
characteristics of the hydro-turbine. Therefore, Kpys» in Equation (14) is expressed as the
product of these five parameters, where R, Ty, T and Ty /2 are in the reciprocal form.

The other steps of the equivalent method of the hydro-turbine governor are the same
as those of the steam turbine. Finally, the adjustment coefficient R, the soft feedback link
coefficient Dy, the soft feedback time constant T, the governor response time T and the
water hammer effect time constant Tyy/2 in the hydraulic turbine equivalent governor can
be obtained by Equation (12).

2.3. Aggregation Equivalence Modeling for Prime Mover and Controller of Wind Turbine

The general model of wind turbines mainly includes four modules: a wind turbine
model, pitch angle controller, converter controller and generator model. The mechanical
power captured by a wind turbine can be expressed as follows [14]:

P = 207R2Cy (A, )07 (15)

In the formula, p is the air density, R is the radius of the wind wheel, v is the wind
speed, A is the tip speed ratio and Cj, is the wind energy utilization coefficient.

In the general model, the wind turbine adopts the linear aerodynamic model, and the
wind speed is assumed to be constant [14]:

Pm:PmO_KmB(ﬁ_ﬁO) (16)

In the formula, § is the slurry pitch angle, By is the initial pitch angle, Py, is the initial
mechanical power and Kj is the aerodynamic power coefficient.

The wind turbine drive shaft system model adopts a single mass model, and a rigid
body is used to simulate the wind turbine blade, the drive shaft and the rotor shaft of
the generator. Ignoring the internal differences of the shaft system, that is, the first-order
inertia link is used to simulate the transmission process of the shaft torque, as shown in
Equations (17) and (18):

dw
dT, 1
- E(Tae T) (18)

In the formulas, Tj is the total inertia time constant of the wind turbine and the
generator; T, T, and T, denote the mechanical torque of the rotor, electromagnetic torque
of the generator and the torque of the shaft.

The pitch angle controller model and the converter-level controller model are shown
in Figures 5 and 6.
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Figure 5. Simplified transfer function model of turbine prime mover. Where Ty is the reaction time
constant of the blade; P,,; is the set value of power; P, is the reference power.
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Figure 6. Simplified transfer function model of turbine prime mover. Where P is the value of input
active power; us is the value of input voltage; P, is active power reference value; u; . is the value of
reference voltage; i, is the q-axis voltage of rotor and u,, is the d-axis voltage of the rotor; ug, is the
g-axis voltage of rotor to be compensated and u}, is the d-axis voltage of the rotor to be compensated.

Suppose the intermediate variables are xj, x2, x3 and x4. The transfer function expres-
sions are shown as Equations (19)-(21):

1 K; K;
B= m[(Kpc + = 5)AP + (APKee + Aw) (Kpw + =] (19)
Ugyr = KpZ(Kp?aAu + Kizxs — igy) + Kipxg — $wsLmigs — 8WsLyrigy (21)

In the equation, Tp is the reaction time constant of the blade; L,, is the inductance of
the rotor winding; L, is the mutual inductance between the stator and the rotor; w;s is the
electrical angular velocity of the stator. K, and Kj; are the proportional and integral coeffi-
cients of active power control; K;» and Kj; are the proportional and integral coefficients
of rotor-side current control;K;;3 and Kj3 are the proportional and integral coefficients of
reactive power control.

Similarly, through the analysis of frequency characteristics, it is found that the inertia
time constant T, the blade reaction time constant Tg, the active power control magnification
Kj, the current control magnification K, and the reactive power control magnification K3
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have a great influence on the frequency. Therefore, these five parameters are mainly
considered in the equivalence.

The parameter aggregation method of the wind turbine is similar to that of the hydro-
turbine, but the parameters are different due to the large difference between the wind
turbine and the hydro-turbine. The following describes the different steps of wind turbine
parameter aggregation and water turbine parameter aggregation.

In step 2, the wind turbine is similar to the hydro-turbine in obtaining the spinning
reserve of each unit, but the wind turbine must be grouped before aggregation. The
working characteristics of the wind turbine are different under different wind speeds. The
wind turbine is grouped according to the method based on critical wind speed and wind
speed similarity.

In step 5, because the parameters of the wind turbine are different from those of
the hydro-turbine, the proportional coefficient Kpy;3 of wind turbine speed regulation

is defined: K IGK
1K2K3
Kpmiz = (22)
BT,

The other steps of the wind turbine equivalent method are the same as those of the
hydro-turbine. Finally, the parameters of the wind turbine can be obtained by Equation (12).

3. Equivalence Method for Load Based on Regulation Performance Weighting
3.1. Static Load Model

The static load model is mainly represented by the polynomial model, and the LB
(Load Balance) model is mainly used in BPA. The expression of the static load model is
shown in Equation (23):

P="p {Pl (VKO)Z + Pz(vlo) + Pa} (1+Af-Lpp)

y (23)
Q=00 [Ql (v%) + Qz(v%) + Qs] (1+Af-Lpg)

where the second order term represents the constant impedance term, the first order term
represents the constant current term, and the zeroth order term represents the constant
power term. P;, P, and Ps are the active power proportional coefficients of each term, Q1, Q>
and Qs are the reactive power proportional coefficients of each term and Py + P, + P3 =1,
Q1+ Q2+ Q3 = 1. Lpp is the frequency response factor of active load, and Lpg is the
frequency response factor of reactive load.

The frequency characteristics of the load are characterized by term (1+ Af - Lpp) and
(1+Af - Lpg), so in the static load model, the main factors affecting the frequency are the
frequency response factor Lpp of the active load and the frequency response factor Lpg of
the reactive load.

Assuming that there are M static loads in the system when the static load is equivalent,
the parameter aggregation steps of the equivalent model are as follows.

The capacity of the equivalent static load is the sum of the static load capacity (MVA)
of each node:

M
SmM=)_5S; (24)
i=1

The parameter aggregation method based on the adjustment performance weighting
method is also used to obtain the parameters of the equivalent static load.
Define the static load ratio coefficient:

Kpmiz = LppLpg (25)

Considering the frequency characteristics of the static load model, the main influencing
factors are the frequency response factor Lpp of the active load and the frequency response
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factor Lpg of the reactive load. Therefore, Kpyy;3 in Equation (25) is expressed as the product
of these two parameters.
Define the static load weight:

R; = SiKpmis (26)

Then, the parameters in the equivalent static load model can also be aggregated
according to Equation (12), where ¢ is the parameter of the equivalent static load model,
which can be the frequency response factor Lpp of the active load and the frequency
response factor Lpg of the reactive load and ¢; is the corresponding parameters of the static
load model of the i-th node.

3.2. Dynamic Load Model

The induction motor model is mainly considered in the dynamic load model, and its
expressions are shown in Equations (27)—(29):

d U
o
A =—L[E;— (X—X')Ij] — wosEy
1
Iy = grxm | Rs(Ug — Eg) + X' (Ug — E})

where s is the rotor slip; T' is the transient open circuit time constant; X is open-circuit
impedance for the rotor and X’ is short-circuit reactance for rotor stalling. I; and I,
represent the d- and g-axis currents of the stator, respectively. R, represent the stator
resistance.

The rotor equation is as follows:

d
Ty =T, — T, 29)
T = (Aw? + Bw, + C)Ty

where Tj is the inertia time constant of the rotor, w; is the angular velocity of the rotor,
T}y is the mechanical torque of the motor and A, B and C are the torque coefficients of the
mechanical load.

The induction motor model in BPA software (version number: FSDEdit 2.8) mainly
adopts the ML model [24]. Among the main parameters, the inertia time constant Tj, the
proportion of motor power to bus power Pper, the load rate Ky, the stator reactance Xs,
the rotor reactance X; and the torque equation constant A have a great influence on the
frequency, which should be considered emphatically.

Assuming that there are M induction motors in the system, the following is the process
of obtaining the parameters of the equivalent machine.

The capacity of the equivalent machine can be obtained by summing the capacity
(MVA) of each induction motor:

Sm=).Si (30)

The parameters of the equivalent induction motor are also obtained by using the
parameter aggregation method based on the adjustment performance weighting method.
Define the dynamic load ratio coefficient Kpyia:

KPMi4:T]‘Pper'KL'Xs'Xr'A (31)

When studying the frequency characteristics of induction motors, the main influencing
factors are the inertia time constant T, the ratio of motor power to bus power Py, the load
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rate Kj, the stator reactance X;, the rotor reactance X, and the torque equation constant A.
Therefore, Kpyis in Equation (31) is expressed as the product of these six parameters.
Define the dynamic load weight R;:

R; = SiKppia (32)

Then, the parameters in the equivalent induction motor model are also aggregated
according to Equation (12), where ¢ is the parameter of the equivalent induction motor,
which can be respectively the inertia time constant T}, the ratio of motor power to bus
power Py, the load rate Kj, the stator reactance X, the rotor reactance X; and the torque
equation constant A. g; is the corresponding parameters of the i-th induction motor.

4. Case Analysis and Application of East China Power Grid

Using the equivalent method in this paper, Anhui, Shanghai and Fujian power grids
are equivalent to a single generator (equivalent if there is a turbine and a steam turbine)
and a single load (equivalent if there is a static load and a dynamic load). The Jiangsu and
Zhejiang power grids remain unchanged to see whether the system frequency is consistent
before and after the equivalence.

Among them, there are 31 generators in the Anhui power grid, all of which are turbine
generators, 120 static load nodes and 102 induction motors. There are 20 generators in
the Shanghai power grid, all of which are turbine generators, 64 static load nodes and
66 induction motors. Fujian power grid has 29 turbo-generators and 11 hydro-generators,
120 static load nodes and 125 induction motors. By using the governor-primitive motor and
load equivalent method based on the weighted adjustment performance proposed in this
paper, the generator and load models in the three power grids are equivalent. Each power
grid is finally equivalent to a single generator (the Fujian power grid is a steam turbine
and a turbine), a static load node and an induction motor. The following table shows some
governors and load parameters of the Anhui power grid, Shanghai power grid and Fujian
power grid. The following Tables 2-10 show some governor and load parameters of Anhui
power grid, Shanghai power grid and Fujian power grid.

Table 2. Governor parameters of Anhui power grid (part).

Unit Name/Governor

Parameters P/ MW Kmaxi Pgeni/MW Psri/MW To K Tru Fup
Wan Angqing_4 336.2 1.06 228.9 127.472 1.15 16.7 10 0.3
Wan Huaier_2 336.2 1.06 212.8 143.572 1.15 16.7 10 0.3
Wan Jiuhua_1 336.2 1.06 183.4 172.972 1.3 20 12 0.4
Wan Qiandian_2 151.2 1.06 87.25 73.022 1.3 20 12 0.4
Wan Tianmen_1 698.4 1.06 426.9 313.404 1.5 23 14 0.5

Wan Luohe_1 358.6 1.06 198.4 181.716 1.5 23 14 0.5
Wan Yongfeng_ 2 635.2 1.06 316.9 356.412 1.7 25 16 0.6

Wan Mayi_1 635.2 1.06 442.4 230.912 1.7 25 16 0.6
Wan Linhuan_3 336.2 1.06 164 192.372 1.9 28 18 0.7
Wan Hualiu_3 685.2 1.06 467.5 258.812 1.9 28 18 0.7

Equivalent generator 15,442.8 1.06 8755.21 7211.36 1.55 23.06 14.43 0.52
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Table 3. Anhui power grid induction motor parameters (part).

Busbar Name Capacity/ MW Ty Pper K Xg XR A

Wan Kongdian21 —7.51652 3 1 0.8 0.067 0.17 1

Wan Huaibei22 1.456613 3 1 0.8 0.067 0.17 1
Wan Caishi22 64.64777 5 0.9 0.7 0.087 0.2 0.9
Wan Changlong?22 105.7431 5 0.9 0.7 0.087 0.2 0.9
Wan Huizhou2E 87.15075 7 0.8 0.6 0.107 0.23 0.8
Wan Huigong22 96.08173 7 0.8 0.6 0.107 0.23 0.8
Wan Xishan22 84.51662 9 0.7 0.5 0.127 0.26 0.7
Wan Xiantong2?2 75.42928 9 0.7 0.5 0.127 0.26 0.7
Equivalent load 8489.95 6.87 0.81 0.61 0.106 0.23 0.81

Table 4. Static load parameters of security grid (part).

Busbar Name Capacity/ MW Lpp Lpg
Wan Chengiao22 40.5122 1.8 -2
Wan Linjiang22 100.8627 1.8 -2
Wan Shanmen21 26.27139 1.9 —-21
Wan Puqing?21 48.43346 1.9 -21
Wan Wenchang?23 49.11798 2 —22
Wan Madian22 —0.48465 2 —22
Wan Qiaotou2A 63.72802 2.1 —25
Wan Qiaotou2_ 67.3105 2.1 —-25
Equivalent load 5365.01 1.88 —2.08

Table 5. Governor parameters of Shanghai power grid (part).

Unit Name/Governor

Parameters P/ MW Kmaxt Pgeni/MW Pgr/MW To K TrH Fur

Hu Jinshan_5 714 1.06 47.95 27.734 1.15 25 10 0.3
Hu Shidong_1 369.5 1.06 164 227.67 1.15 25 10 0.3
Hu Waigao_3 3114 1.06 136.9 193.184 1.3 20 12 0.4
Hu Wure_1 336.2 1.06 230.1 126.272 15 16.7 14 0.5

Hu Waisan_1 1059 1.06 616.7 505.84 1.7 28 16 0.6
Hu Shangdian_2 1059 1.06 558.4 564.14 1.7 28 16 0.6
Equivalent generator 8370.3 1.06 474191 4130.68 1.51 24.68 14.06 0.50
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Table 6. Induction motor parameters of Shanghai power grid (part).

Busbar Name Capacity/ MW Ty Pper K Xg XR A
Hu Hailu23 86.72697 3 1 0.8 0.067 0.17 1
Hu Haiyang22 57.55015 3 1 0.8 0.067 0.17 1
Hu Jingyi23 155.8081 5 0.9 0.7 0.087 0.2 0.9
Hu Jingfeng22 58.73741 5 0.9 0.7 0.087 0.2 0.9
Hu Shikou24 75.46927 7 0.8 0.6 0.107 0.23 0.8
Hu Shiran22 0.432161 9 0.7 0.5 0.127 0.26 0.7
Equivalent load 7303.38 6.75 0.81 0.61 0.104 0.23 0.81
Table 7. Static load parameters of Shanghai power grid (part).
Busbar Name Capacity/ MW Lpr LDQ
Hu Zhanggqiao23 155.7823 1.8 -2
Hu Dongting23 65.48597 1.9 —-21
Hu Shenzhuan23 63.27155 2 —22
Hu Senlin23 71.13826 2 -22
Hu Hangji23 29.34815 2.1 —2.5
Hu Baobei2 A 22.31632 21 —-25
Equivalent load 5912.57 1.95 —2.22
Table 8. Governor parameters of Fujian power grid (part).
Unit Name/Governor
Qingchuan Hong 1217.1 1.06 1079 211.126 25 0.3 10 1.15
Qingchuan Zhu 1217.1 1.06 1066 224.126 25 0.3 10 1.15
Houshi5 6724 1.06 338.6 374.144 20 0.4 14 1.5
Houshi6 672.4 1.06 3744 338.344 20 0.4 14 15
Jiangyin2 635.2 1.06 497.2 176.112 16.7 0.5 12 1.3
Gaoyu2 336.2 1.06 2379 118.472 23 0.7 16 1.7
Gaoyu4 336.2 1.06 217 139.372 23 0.7 16 1.7
Zhangping6 336.2 1.06 219.7 136.672 28 0.6 18 1.9
Lianhual 180.4 1.06 90.53 100.694 28 0.6 18 19
Equivalent generator 16,654.4 1.06 11,463.83 6189.834 21.7 0.5 13.6 1.47
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Table 9. Induction motor parameters of Fujian power grid (part).

Busbar Name Capacity/ MW Ty Pper K Xg XR A
Min Qingchuan23 1.353096 3 1 0.8 0.067 0.17 1
Min Qingchuanhe 4723641 3 1 0.8 0.067 0.17 1

Min Fuxing23 4.958399 3 1 0.8 0.067 0.17 1

Min Panlong?2?2 146.6867 5 0.9 0.7 0.087 0.2 0.9
Min Shanfeng?22 206.7169 5 0.9 0.7 0.087 0.2 0.9
Min Shangjing22 42.68303 5 0.9 0.7 0.087 0.2 0.9
Min Fuhuo24 3.775402 7 0.8 0.6 0.107 0.23 0.8
Min Gaolong23 8.835766 7 0.8 0.6 0.107 0.23 0.8
Min GutianlA —31.0459 7 0.8 0.6 0.107 0.23 0.8
Min Xiangshan23 73.66411 9 0.7 0.5 0.127 0.26 0.7
Min Xindian22 8.197 9 0.7 0.5 0.127 0.26 0.7
Min Xindu22 101.8102 9 0.7 0.5 0.127 0.26 0.7

Equivalent load 15,934.64 6.95 0.80 0.60 0.106 0.23 0.80

Table 10. Static load parameters of Fujian power grid (part).

Busbar Name Capacity/ MW Lpr LDQ
Min Qingchuan23 1.353096 1.8 -2
Min Qingchuanhe 4.723641 1.8 -2

Min Fuxing 23 4.958399 1.8 -2

Min Huangli23 14.73251221 1.9 —-2.1
Min Dongtai#2 —1.789323056 1.9 -21
Min Dongtai #1 189.0300536 19 —21
Min Fengban22 139.8962934 2 —22
Min Fuhuo24 3.7754017 2 -22
Min Gaolong?23 8.835766464 2 —2.2
Min Shudou24 74.59382699 2.1 —-23
Min Tagian22 158.8000653 21 -2.3
Min Tianbian23 44.59348724 2.1 —2.3
Min Tongcheng?22 69.96865655 2.1 —-2.3
Equivalent load 15,934.64112 1.965098481 —2.165098481

After the equivalence is completed according to the above method, the unipolar
blocking fault of ‘Jin-Su DC’, the bipolar blocking fault of ‘Jin-Su DC’, the bipolar blocking
fault of ‘Jin-Su DC’” and the bipolar blocking fault of ‘Long-Zheng DC” and the load
shedding fault are simulated. The frequency change of East China Power Grid with and
without equivalence is monitored to verify the effectiveness of the equivalence method.
The following is the graph of the frequency change of the power grid with and without the
equivalence when four different faults occur in the system.

It can be seen from Figures 7-9 that under the three DC blocking conditions, the
frequency changes of East China Power Grid with and without equivalence are consistent,
which proves that the equivalence method has a good equivalence effect. And as shown
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in Figure 10, under the simulated load of —7200 MW, which is a high-frequency fault, the
frequency difference of the whole network of the East China Power grid with and without
equivalent is no more than 0.03 Hz, which shows that the overall equivalent effect of this
equivalent method is good. It can be seen that the equivalent method of the governor-
prime mover and load based on regulation performance weighting proposed in this paper
has good effectiveness under small power shortage, high power shortage, low-frequency
fault or high-frequency fault and can adapt to the frequency dynamic analysis of large
power grid.
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Figure 7. When simulating the unipolar blocking fault of ‘Jinsu DC’, the frequency change of East
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Figure 8. When simulating the bipolar blocking fault of ‘Jinsu DC’, the frequency change of East
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Figure 10. When the 7200 MW load fault is simulated, the frequency change of East China Power
Grid before and after equivalence is simulated.

5. Conclusions

This paper studies the equivalent model suitable for large power grid frequency
dynamic analysis. From the two aspects of generator and load, a method of equivalent
aggregation of governor-primitive motor model and load model parameters based on
regulation performance weighting is proposed. This method overcomes the uncertainty of
artificial experience value, having fast aggregation speed and high engineering accuracy.
Finally, the simulation verification is carried out in the example of the East China Power
Grid. The results show that the equivalent method can meet the accuracy and safety
requirements of the project in the dynamic analysis of large power grid frequency.

However, due to the complexity and particularity of the governor and load model,
when the parameters of the governor-primitive motor are equivalently aggregated in this
paper, there are fewer types of governors in the selected examples. Although the equivalent
results are ideal, the case of more types of governors is not considered. In the follow-up
study, a power grid with more types of governors can be selected as an example analysis to
comprehensively verify the effect of the equivalent method.
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Abstract: The optimal dispatching of renewable energy power stations is particularly crucial in
scenarios where the stations face energy rationing due to the large proportion of renewable energy
integrated into the power system. In order to achieve safe, economical, and fair scheduling of
renewable energy power stations, this paper proposes a two-stage scheduling framework. Specifically,
in the initial stage, the maximum consumption space of renewable energy for the system can be
optimized by optimizing the formulated safe-economic dispatch model. In the second stage, the fair
allocation mechanism of renewable energy power stations is proposed based on the game-fairness
empowerment approach. In order to obtain a comprehensive evaluation of renewable energy power
stations, an evaluation index system is constructed considering equipment performance, output
characteristics, reliability, flexibility, and economy. Subsequently, the cooperative game weighting
method is proposed to rank the performance of renewable energy power stations as the basis for fair
dispatching. Simulation results show that the proposed scheduling strategy can effectively ensure
the priority of renewable energy power stations based on their comprehensive ranking, and improve
the safety, economy, and fairness of power station participation in scheduling.

Keywords: renewable energy; fair dispatching; safe-economic dispatching; cooperative game; evaluation

index

1. Introduction

With the gradual depletion of traditional energy resources and the escalating severity
of environmental issues, the exploration and utilization of renewable energy have become a
global priority [1,2]. Wind and solar energy, as important components of renewable energy,
have witnessed rapid development in recent years [3,4]. According to the annual report
“Renewable Capacity Statistics 2024” by the International Renewable Energy Agency, the
cumulative installed capacity of global renewable energy has reached 3.87 TW. Notably,
in China, by the end of July 2024, the installed capacity of photovoltaic (PV) and wind
turbine (WT) power generation amounted to 1.206 billion kW. Based on the development
plan for renewable energy, China anticipates that the proportion of renewable energy in
power generation will surpass 50% by 2060, thereby becoming the primary pillar of the
country’s energy power supply.

However, the intermittency and uncertainty of renewable energy sources pose new
challenges to the safe and stable operation of the power grid [5,6]. Effectively integrat-
ing and making full use of renewable energy has become an urgent problem to solve. It
is particularly important to establish a scientific and efficient scheduling scheme. Cur-
rently, research on the dispatching of renewable energy power generation mainly focuses
on exploring more flexible and effective dispatching methods, including economic dis-
patching [7-10], optimal dispatching considering the uncertainty of renewable energy
output [11,12], and dispatching strategies aimed at maximizing the utilization of renewable
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energy [13,14]. For example, a study in [15] introduces and exemplifies a probabilistic
methodology aimed at addressing the unit commitment challenge. This approach revolves
around resolving the economic dispatch problem, incorporating the probabilistic character-
ization of variables such as thermal generator output power distributions, unmet energy
demands, electricity surpluses, generation expenses, and spinning reserve capacities. The
authors of [16] propose a new reliable power flow optimization tool to enhance the utiliza-
tion level of WT, and a simulation based on the IEEE 39-bus system is conducted to verify
that the proposed method maximizes the utilization level of WT without affecting system
safety. The work presented in [17] advances a coordinated day-ahead and intraday optimal
dispatch framework tailored specifically for PV and WT power generation, acknowledging
the inherent uncertainty in energy sources and loads. Furthermore, the authors of [18]
contribute a novel dispatch strategy labeled as modified predictive dispatch, which inno-
vatively integrates proactive battery charging/discharging strategies and demand-side
management tactics, premised on anticipated short-term electricity surplus profiles. The
implementation of this strategy has been demonstrated to significantly enhance the self-
utilization index of excess renewable energy, lifting it from under 25% to approximately
90%, thereby highlighting its potential to optimize energy utilization and reduce waste.

Although there have been a large number of studies on renewable energy dispatching,
there is still a lack of systematic research on the fair scheduling of renewable energy power
stations. It is very important to dispatch the output of each renewable energy station
in a fair and reasonable manner as renewable energy stations emerge. When a large
proportion of renewable energy is integrated into the energy system, the stations may
face energy rationing in order to guarantee the stable operation of the system due to the
fluctuation of renewable energy. Especially in China, there is a widespread phenomenon of
energy rationing in renewable energy stations, and how these stations can participate in
dispatching fairly has become a key issue. At present, fair dispatching mainly concentrates
on ensuring that all power stations have relatively equal opportunities to meet their annual
contract energy targets based on their installed capacities. For example, in [19], to address
the fairness of consumption across various field groups and sections in PV and WT, a
multi-level active power control strategy has been developed that takes into account
the weighted consumption capacity of different sections to ensure equitable distribution
and utilization of generated power. In [20], the authors develop an optimal dispatch
model for a WT-PV thermal integrated system, focusing on economic efficiency and equity.
This model is designed to tackle the challenges associated with large-scale PV and WT,
ensuring the economic viability of system operations while achieving fair scheduling among
renewable energy power stations. The authors of [21] formulate an optimal dispatch model
incorporating WT, utilizing the Gini coefficient from economics as a fairness constraint,
with power output serving as the metric. Nevertheless, this approach primarily addresses
the fairness of generation stations for conventional units within a regional system and does
not sufficiently explore dispatch fairness for renewable energy power stations.

However, although some scheduling models and fairness evaluation criteria have
been proposed in the above studies, existing research still has certain limitations. Especially
when facing multiple influencing factors, how to achieve priority dispatching of renewable
energy power stations while ensuring fair competition among stations remains a complex
and unsolved problem. Due to differences in resource conditions and power station
facilities, there are significant variations in the actual power generation capacity for different
renewable energy stations. Relying solely on the completion status of annual contract
energy to measure the effectiveness of fair dispatching is clearly not comprehensive enough.
Furthermore, it is critical for energy power systems to guarantee safe operation as well as
economic and fair dispatching. Therefore, in this context, this paper mainly focuses on the
optimal dispatch strategy for renewable energy power stations from the perspectives of
security, economy, and fairness to better promote the development of renewable energy
and ensure the stability of the power system. The research results not only contribute to
improving the utilization rate of renewable energy but also provide strong support for
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achieving the country’s long-term energy transition goals. Table 1 shows the comparison
result of the proposed approach of this paper with recent works.

Table 1. Comparative result of the proposed approach with recent works.

Reference Economy Safety Fairness Main Concerns

Economic dispatching considering

71 Yes Yes No retrofitting thermal power plants

[11] Yes No No Dlspatch1r.1g strategy considering the
uncertainty of renewable energy

[13] Yes No No Dlspatchlpg strategy aimed at maximizing

the utilization of renewable energy
[15] Yes No No Economic dlspat.chmg considering the unit
commitment challenge

Predictive dispatch considering

(18 Yes Yes No charging/discharging of battery bank

[21] Yes No Yes Fairness dispatch considering generation

stations for conventional units

Dispatching strategy considering the
This paper Yes Yes Yes safety, economy, and fairness of renewable
energy stations

In summary, the contributions of this paper are as follows:

(1) A two-stage scheduling framework is proposed for an energy power system with a
high proportion of renewable energy, wherein the initial dispatching plan is optimized
from the safe economic level and then the output of renewable energy power stations
is fairly allocated based on game-fairness empowerment.

(2) An evaluation indicator system is established for the operation state of renewable
energy power stations from the five dimensions of equipment performance, output
characteristics, reliability, flexibility, and economy, which serves the fair dispatching
needs of renewable energy stations.

(3) Abi-level evaluation approach is proposed for the ranking of renewable energy power
stations in fair dispatching, in which a cooperative game method is formulated to
combine the subjective weights determined by the anti-entropy weight (AEW) and
objective weights determined by the attribute hierarchy model (AHM).

The rest of this paper is organized as follows. The scheduling framework is introduced
in Section 2. The safe-economic dispatch strategy for energy power systems is formulated
in Section 3. In Section 4, a fair dispatching strategy is proposed among renewable energy
stations. A case study is presented in Section 5. Finally, conclusions are drawn in Section 6.

2. Two-Stage Scheduling Framework for Renewable Energy Power Stations

In the proposed scenario, we mainly focus on the dispatch problem of energy power
systems when renewable energy stations face energy rationing. Accordingly, a two-stage
dispatch strategy framework for the output of renewable energy power stations is de-
signed to address how large-scale renewable energy power stations can participate in safe,
economic, and fair system scheduling, as illustrated in Figure 1.

The initial stage of dispatching is conducted from the level of safety and economy.
Based on the predicted output of PV-WT and load demand, economic scheduling is op-
timized with the goal of minimizing the overall system operating cost. Meanwhile, con-
straints such as system power flow and voltage are considered to achieve safe scheduling.
By solving the optimization model, the optimal output of each power station can be
obtained under the requirements of safety and economy. Accordingly, the maximum con-
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sumption space of renewable energy for the system can be calculated by accumulating the
optimal output of all PV-WT stations.

Scheduling object PV output WT output Thermal power output

Economic level Economic dispatch model for energy power stations

\
|
}
- |
|
\

Power flow
Safe level ) Node voltage Climbing speed Output
constraint constraint constraint
iiiiiiiiiiiiiii |
The initial stage of scheduling frameworkL '
r» ———————————— The second stage of scheduling framework ‘
J Equi o |
Index system quipment utput I -

| performance | characteristic Reliability Flexibility 5Ty ‘

‘ Index weight Attribute hierarchy ey Game-fairness
‘ model empowerment ‘
| } |
‘ Fair level Fair dispatching of the final output among renewable energy power stations \
.- - - e i

Figure 1. Two-stage scheduling framework for renewable energy power stations.

The second stage of dispatching is conducted from the level of fairness. With the
high proportion of renewable energy integrated into the power system leading to energy
rationing on PV-WT, the maximum consumption space of renewable energy will be less than
the total predicted value of all stations. Therefore, the allocation of PV-WT’s energy output
is conducted. In order to realize fair allocation, an evaluation index system for renewable
energy power stations is constructed from five dimensions: equipment performance, output
characteristics, reliability, flexibility, and economy. The subjective and objective weights
are determined using the AEW and AHM methods, respectively. Furthermore, the game-
fairness empowerment approach is proposed to empower the comprehensive weighs
by treating subjective and objective weights as the main players in the game. Here, a
cooperative game is chosen to derive the weights for ranking each renewable energy power
station. Through the two-stage optimal scheduling, the dispatching of renewable energy
power stations can be ensured under the safe, economical, and fair mode.

3. Safe-Economic Dispatch Strategy for Energy Power Stations

For energy power systems with a high proportion of renewable energy sources, the
goal of energy dispatching is to achieve optimal economic operation while ensuring system
safety. At the economic aspect, in order to promote the utilization of PV and WT, the
economic cost is mainly considered from the generation cost of thermal power units and
the cost of abandoning PV and WT [7]. Accordingly, the dispatching objective function can

be expressed as
T

min Cota1 = Y (Crri + Cpv,e + Cwrye) 1)
=1

where T is the scheduling time period, and Cty ¢, Cpyy, and Cyr are the generation cost of
thermal power units, the cost of abandoning PV, and the cost of abandoning WT during
time period ¢, respectively. The cost models are defined as [22]

N
Criy = Y (g (P 4 by, PRI 4 )
TH,t kra \ " TH,t kra ' TH,t kru

kry=1
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Npy
k k
Covi= Y, Aev(arvPih, — PIYY,) ©)
kpy=1
Nwr k k
Cwri= Y, Awr ("‘WTP wip — P WWTT,t) )
kwr=1

where Nty refers to the number of thermal power units participating in the dispatch of the
regional power grid; Npy and Ny refer to the number of WTs and PVs participating in the
dispatch of the regional power grid; ay.,,, by, and ci,, are the generation cost coefficients

for the given thermal power unit krgy; P{ﬁ% ; and P&‘,"’TTP ; are the predicted output values for

PV kpy and WT kry at time ¢; Plli%‘,’t and P‘]/(VV%TJ are the dispatching plan for PV kpy and WT
kT at time ¢; Apy and Awrt are the unit cost of abandoning PV and WT; apy and awr are
the prediction error coefficients for the energy output of PV and WT; and aPVPlIﬁ% ,and

aWTP‘]fVV%TP ; represent the actual energy output ability for PV and WT at time . Here, the
predictioﬁ error coefficients are mainly used to correct the prediction of PV-WT’s energy
output. Since the energy output of PV-WT is hard to predict precisely, the actual output
ability for PV-WT needs to be regulated with the prediction error coefficient in order to
more accurately calculate the abandoned amount of PT-WT.

At the safe level, in order to ensure the safe operation of the system, the optimization
problem in (1) has to satisfy various constraints, such as power flow constraints, voltage
security constraints, and safety operation constraints of generations [23,24]. Concretely,

(1) Equation constraint of power flow

The equation constraint of power flow is mainly used to describe the specific relation-
ship between the voltage, active power, and reactive power of each node, in order to ensure
the safe and stable operation of the system.

Pru,it + Ppv,it + Pwtit — PLp,it =
n
U; Z U]‘,t (Gi]' cos (51‘]'/,5 + Bl']' sin ‘Sij,t)
j=1

5
Qrtn,it + Qpv,it + Qwrit — Qb,it = ©)

n
ui,t '21 ll]',t (Gl] sin 5ij,t - Bl']' Ccos 51’],,5)
]:

where Pryy;¢, Ppy it Pwrir and Prp; are the active power of thermal power units, PV, WT,
and load at the i-th node time t, Q11+, Qpv i, Qwr,it, and Qrp; are the reactive power,
Gij, Bij, and b;j are the conductance, reactance, and phase angle between nodes i and j.

(2) Safety constraint of node voltage

The safety constraint of node voltage refers to the requirement that the voltage of each
node in the power system should be maintained within a certain allowable range that is
mainly determined based on the stable operation requirements of the power system.

ui,min < ui < ui,max i= 1,2,--- NND (6)

where U; nin and U; yax are the lower and upper limits of the voltage at node i, U; is the
voltage amplitude of node i, and Nyp is the number of system nodes. Generally, the
lower /upper permissible voltages are set to 0.9 pu and 1.1 pu, respectively [25].

(3) Output constraint of renewable energy power station

In the dispatching of the power system, the dispatching plan for PV and WT should
not be higher than the predicted value. That is,

k k
P PV S P PV
{ PV, t PVP,t (7)

kwt kwt
PWT,t S PWTP,t

(4) Output constraint of thermal power units
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Considering the capacity limitation of the generator units, the output of thermal power
units must be within a certain range. That is,

kry krH kry
P TH,min S P TH,t < P TH,max (8)

where P%gmin and P%gfmax are the lower and upper limits of the output of thermal power
unit kT, respectively.
(5) Climbing speed constraint of thermal power units
The climbing speed constraint mainly refers to the maximum output power that the
generation unit can increase or decrease per unit of time, which is usually influenced by
factors such as the physical design of the unit, fuel supply, etc.
Prif} = Prify—y < UPnY

ktn  _ pkTH kTH
PTH,tfl PTH,t S DOTH

©)

where UPI%IEI and Do’;gl are the maximum upward and downward climbing power of
thermal power unit kg, respectively.

4. Fair Dispatch Strategy Based on Cooperative Game Empowerment
4.1. Indicator System of Renewable Energy Power Stations

The evaluation objective of traditional fair scheduling only focuses on the completion
rate of annual power generation plans, neglecting the execution process. Given the dif-
ferences in equipment, output characteristics, and other factors among renewable energy
stations, adhering to the principle of unified allocation may unfairly affect the rights of
certain stations. Therefore, a comprehensive indicator system is proposed for the fair
scheduling of renewable energy power stations, as shown in Figure 2 [20,26,27]. This
indicator system can identify and quantify the differentiated impacts of PV and WT to
ensure fair allocation of energy output.

Indicator system for fair dispatching

perfofnilz;lzaﬂicator Ompui;‘é?j;f;:e““m Reliability indicator Flexibility indicator Beaneie ket
installed capacity Av:;z;gf?c?:ntf ut . Transmission Initial investment
Service life Failure frequency coefficient

Annual operation and

Credible probability

PV/WT efficiency maintenance cost
Management level
Fault repair time fficient
Inverter efficiency Fluctuation coefficient P coetticien Government subsidy
- of variation expense
Maximum power
tracking efficienc; i Al
L : 6 1 }; Time series eq{llpll;r}lgnt bando?:tci scenery Equipment residual
08§ Of POWET cue to correlation coefficient availability value

malfunction

Figure 2. Indicator system of renewable energy power stations.

(1) Equipment performance indicator

The equipment performance indicator refers to the evaluation of renewable energy
station status, mainly including installed capacity, unit performance, conversion efficiency,
and related losses. They are quantified through device state coefficients, which indicate
the significant impact of device performance changes on renewable energy generation
capacity. In addition, they play a crucial role in determining the fairness of power grid
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scheduling. The comprehensive calculation model for equipment performance indicators
is summarized as follows:

Ic = IP kpy /wt I — TkPV/WT
Npy,wr Npy,wr
kpv /wr D TkPV/WT (10)
kpy /wr=1 kpy wr=1

Ig = IcIumnans(1 —n4)

where Ic, I}, and Ig are the installed capacity coefficient, service life coefficient, and
equipment performance; [Py, ... and Ty, ... are the installed capacity and service life of
the renewable energy power station kpy wr (here, kpy ;wt represents kpy and kwt, Npy,wt
represents Npy and Nwr); 1, 2, and 73 are the PV/WT efficiency, inverter efficiency, and
maximum power tracking efficiency; and 74 is the percentage of power reduction caused
by fault losses.

(2) Output characteristic indicator

The output characteristic indicator refers to the description of the output characteris-
tics of renewable energy stations, mainly including average output, credible probability,
fluctuation degree, and temporal correlation. The higher the average output, the higher the
effective power level. The credible probability can serve as a robust indicator of enhanced
reliability. Similarly, the fluctuations in output directly correlate with an increase in stability.
The intensity of temporal correlation directly influences the precision of predictive out-
comes, with stronger correlations yielding higher accuracy in forecasting results. They are
quantified through output characteristic indicators, which indicate the significant impact
of renewable energy output characteristics on power generation capacity. Accordingly, the
output characteristic indicator can be described as follows:

Io=7172(1-73)714 (11)

where Ip is the output characteristic coefficient, and 71, 72, v3, and 4 are the average
output coefficient, credible probability, fluctuation coefficient of variation, and time series
correlation coefficient, respectively.

(3) Reliability indicator

The reliability indicator refers to the evaluation of the reliability level of system
operation, mainly including the number of failures, failure repair time, and availability. A
reduction in the frequency of failures is directly proportional to a decrease in repair duration,
which subsequently leads to an increase in system availability. In essence, minimizing
failure occurrences not only expedites recovery processes but also fortifies the dependability
of the system, thereby enhancing its overall performance and trustworthiness. Expressed
in terms of the reliability coefficient, its calculation model is as follows:

IR = (1 — NpaTra)p (12)

where Iy is the reliability coefficient, Np4 is the number of malfunctions, Tra is the fault
repair time, and p is the equipment availability.

(4) Flexibility indicator

The flexibility indicator refers to the evaluation of the space for renewable energy
consumption, mainly including network architecture, management level, and abandoned
wind and solar power. The enhanced transmission capacity of the power grid is positively
correlated with an increased proportion of flexible power sources, which in turn elevates
the efficiency of dispatch and management. This synergistic enhancement contributes to a
reduction in the rate of abandoned wind and solar power, thereby significantly improving
the overall consumption scenario of renewable energy sources. Represented by a flexibility
coefficient, its calculation model is as follows:

Ig = 0g6m (1 — 6,) (13)
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where 0, is the transmission coefficient for the power grid, 0, is the management level
coefficient, and 0, is the abandoned scenery rate.

(5) Economic indicator

The economic indicator refers to the consideration of investment costs for renewable
energy power stations, mainly including initial investment, annual operation and mainte-
nance costs, government subsidy expenses, and equipment residual value. The economic
indicator is a negative indicator, which means that the higher the cost of renewable energy
stations, the lower the corresponding evaluation value. The calculation model is as follows:

Ig = E1 + (Eo — Eg) Er (14)

TkPV/WT -
where Ej, Eg, Eg, and ER represent initial investment, annual operation and maintenance
costs, government subsidy expense, and equipment residual value.

4.2. Evaluation Method Based on Cooperative Game

Based on the above indicators, the weights of the indicators need to be calculated. In
this paper, the objective weights of the indicators are determined using the anti-entropy
weight (AEW) method [28,29] and the subjective weights are determined with the attribute
hierarchy model (AHM) method [30]. The role of AEW is to optimize the weight distribu-
tion of each indicator, minimize entropy or uncertainty, and ensure that the weights reflect
the relative importance of each indicator in the overall evaluation. Meanwhile, the AHM
effectively incorporates expert evaluations into the decision-making process, ensuring
that their subjective evaluations are consistently incorporated into the weighted system
while maintaining objectivity through entropy minimization. Finally, the game-fairness
empowerment approach is used to construct an optimization solution model to obtain the
comprehensive weights.

(1) Objective weighting method based on AEW

Entropy is a concept used in thermodynamic systems to measure the degree of disorder
in the system, which is later introduced into information theory. Assuming that there are
M possible states in the system, and the probability of each possible state occurring is p,
(m=1,2,...M), entropy can be defined as follows:

M
h=— Z pmIn(pm) (15)

m=1

where 0 < p,;, <1.

Under the AEW method, assuming that for the multi-attribute decision-making prob-
lem, the number of evaluation objects is M and the number of indicators is O, the indicator
values can be expressed as x, ;;, and the corresponding decision matrix can be written as

X= [xO,m}OxM (16)

Therefore, the inverse entropy values of each indicator can be expressed as

M
ho = — Z Tom IN(1 — 7o) (17)
m=1

where 7o = Xo,m/ Y Xo,m represents the dimensionless value of the indicator value. By
normalizing the inverse entropy value of the indicator, the AEW weight of the indicator
can be obtained: o
w1 = ho/ Z ho (18)
0=1
(2) Subjective weighting method based on the AHM
The AHM simplifies the weight calculation process without the need for consistency
checks, making it easier and more practical to obtain subjective weights of indicators. The
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subjective weight calculation of indicators using the AHM is divided into the following
three steps:

(a) Construct a comparative judgment matrix

Using a 1-9 scale method to represent the relative importance of indicators, a compar-
ative judgment matrix A = [a,,] oxo 18 obtained by the expert scoring method.

(b) Calculate the attribute judgment matrix

Convert the comparison judgment matrix A = [, |, o into an attribute judgment

matrix B = [b, ], o using the following equation

RrT %00 = ROFO (19)
05 ay,y=10%#0
0 Ay =1,0=0

by =

where R is a positive integer greater than or equal to 2.
(c) Determine subjective weights
The subjective weights of indicators are calculated as

2 (@]
W = m Z bo,or (20)

o'=1

(8) Comprehensive weights based on the game-fairness empowerment approach
In order to realize the equilibrium between the subjective weights and the objective
weights, the assignment of evaluation index weights will be made more scientific and
reasonable. Combine the indicator weight vectors W; and W, obtained by AEW and the
AHM in any linear way
W= W] + a, W3 (21)

where W is the combined weight vector, a1 and «; are the combination coefficients.

Based on cooperative game theory [31-33], the game-fairness empowerment approach
is used to determine the comprehensive weights by treating subjective and objective
weights as the main players in the game. The combination coefficients a; and a, are
optimized with the objective of minimizing the deviation between the combination weights
W and W; and W,. The objective function is

2
Y as W — W,

s=1

min (22)

2
If the equilibrium solution of the optimal problem is ((XT , 05 ) , then the combination

weights based on a cooperative game can be expressed as:

aq T 3 T
W = W; + W. 23
af + a3 1 af + a3 2 (23)

Since cooperative game theory emphasizes collective rationality and focuses on the
fair distribution of benefits in decision-making schemes, the equilibrium solution of the
formulated cooperative game model can achieve a balance between subjective and objective
weights, thereby minimizing potential biases in weights. Therefore, the comprehensive
weights determined by the game-fairness empowerment approach can aggregate the
advantages of AEW and the AHM.

4.3. Fair Allocation of Renewable Energy Power Stations

In the economic dispatch model, the maximum consumption space of the renewable
energy power stations is obtained, and then the dispatch plan is allocated to obtain the
final energy output of the stations. Considering various indicators such as equipment
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performance and output characteristics, comprehensive weights based on game-fairness
empowerment can ensure that power stations with superior performance receive more
energy output, while power stations with poor performance receive fewer scheduling plans.
Therefore, allocating the scheduling plan of renewable energy power stations based on
comprehensive ranking priority can ensure fairness. The fair allocation process among
renewable energy power stations is as follows.

(1) Based on the renewable energy consumption space obtained from safe-economic
dispatch, the power station dispatch plan is preliminarily allocated according to the weights
calculated by each power station.

kpy /wt Npv/wr
GkPV/WT _ WkPV/WT P PVP,t Z/ PkPV/WT (24)
PV/WTE = Npywr PV/WT,t
PkPV/WT kPV/WT:1
kpy/wr* PVPt
kpy jwr=1

where GIE@’/VVX,TT ; is the initial fair distribution plan calculated based on weights for the

power station, and Wy, wr 18 the weight of PV kpy or WT kyr.
(2) Comparing the preliminary allocation plan of the power station with the predicted
output value at time ¢, the power stations participating in scheduling at time ¢ can be

further divided into two categories:

(a) The first category is Gf,I{y/VV\V,TT P> PIIEPV\{)/XVT, and the scheduling plan ultimately exe-

. . k k .. .
cuted by the power station is Gpy//Wh, = Ppyp, - Moreover, the remaining consumption

plan of the power grid at time ¢ is equal to

kpvywr  _ ~kpvwr kpy /wt
Spvywr: = Gpvywr: — Prvps (25)

. k k .
(b) The second category is Gpy /wr, < Ppvp, ', and the power station needs to take

Gllil;}’ /wr,; s the intermediate scheduling plan. The remaining power generation space of

the power station at time ¢ can be described as

kpv/wr  _ pkev/wr kpy /wr

Rpv/wr: = Pever — Gpy/wr (26)

(3) According to the number of power stations in the second category, the remaining
consumption plan is reallocated to obtain the adjustment quota

ki
Wipy wr R Vb Novywr—1

kpv/wr PVPt kpy, wr
FPV/WT,t N, B Z SPV/WT,t (27)
PV/WT—2 k _
RIPV/WT kpy/wr=1

kpy/wrPVP,t

kpywr=1

where Npy ;wr—1 and Npy,wt_ are the number of first and second-category power stations
after initial allocation. The final fair scheduling plan for the second type of power station
can be contained as follows:

kpv/wr  _ ~kpv/wr kpy/wr
GFoywr = Gpyywrs + Fove (28)

Based on the above allocation principle among renewable energy power stations, the
final scheduling scheme can guarantee the dispatch strategy of stations in a fair manner.

5. Case Study
5.1. Simulation Parameters

Based on the IEEE 39-bus system, the high proportion of renewable energy power
systems is taken as an example to verify the effectiveness of the proposed approach. The
system contains seven renewable energy power stations and seven thermal power units, as
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shown in Figure 3. Tables 2—4 illustrate the parameters of renewable energy stations and
thermal power units. PV,~PVy are four PV stations and WT;~WTj3 are three WT stations,
with PV, PV3, and WT, having been in operation for 5 years and the other stations having
been in operation for 3 years. The parameters of thermal power units G;~Gy are presented
in Table 4, containing the consumption characteristic coefficients, output upper and lower
limits, and ramp rate parameters. It should be noted that the energy power system based on
the IEEE 39-bus is taken as an example to show the effectiveness of the proposed approach.
However, the proposed approach is not only limited to the systems with the IEEE 39-bus.
It can still be applied to different regional grids or systems with higher variability in
renewable energy types. If the system has other renewable energy types, the index system
needs to be adjusted according to the new energy types, and other dispatching processes
are the same.
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Figure 3. The energy power system based on IEEE 39-bus.
Table 2. Parameters of PV stations.
Indicator Parameters PV, PV, PV; PV,
Installed capacity 830MW  830MW 950 MW 590 MW
Installed capacity coefficient 0.1656 0.1656 0.1895 0.1177
Equipment Service life 0.1290 0.1935 0.1613 0.1290
performance PV /WT efficiency 15% 17.50% 17% 15%
indicator Inverter efficiency 96.50% 97% 96.80% 96%
Maximum power tracking efficiency 98.00% 99.00% 99.00% 98.00%
Loss of power due to malfunction 3% 1.20% 1.90% 2.60%
Output Average output coefficient 20.00% 28.00% 25.00% 21.00%
N utput Credible probability 7% 9% 8.50% 7.50%
c ?rjl‘?temtm Fluctuation coefficient of variation 80.00%  90.00%  85.00%  85.00%
indicator Time series correlation coefficient 50% 65.00%  60.00%  55.00%
o Failure frequency 19.1 13.2 15.4 18.8
Reg'f‘blhty Fault repair time 0.025 0.026 0.027 0.024
indicator Equipment availability 55.00%  55.00%  60.00%  50.00%
Flexibili Transmission coefficient 20.00% 25.00% 25.00% 20.00%
i ity Management level coefficient 50.00%  50.00%  50.00%  30.00%
indicator Abandoned scenery rate 5% 7% 6% 7%
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Table 2. Cont.

Indicator Parameters PV, PV, PV; PVy
Initial investment 500 480 550 330
Economic Annual operation and maintenance cost 7 8 8 6
indicator Government subsidy expense 15 15 16 14
Equipment residual value 50 55 70 35
Table 3. Parameters of WT stations.
Indicator Parameters WT, WT, WT;
Installed capacity 650 MW 312 MW 850 MW
Installed capacity coefficient 0.1297 0.0623 0.1696
Equipment Service life 0.1290 0.1290 0.1290
performance PV/WT efficiency 45% 43.50% 44%
indicator Inverter efficiency 91% 91.30% 90%
Maximum power tracking efficiency 97.00% 96.00% 97.00%
Loss of power due to malfunction 2.50% 2.30% 2.60%
o Average output coefficient 30.00% 32.00% 31.00%
N utput Credible probability 15% 13.70% 14.20%
¢ ?rg,de“s“c Fluctuation coefficient of variation 70.00% 65.00% 65.00%
indicator Time series correlation coefficient 80.00% 80.00% 80.00%
o Failure frequency 15.6 17.8 15.9
Regf"blhty Fault repair time 0.028 0.027 0.027
indicator Equipment availability 60.00% 65.00% 60.00%
Flexibili Transmission coefficient 20.00% 22.00% 20.00%
. edx.l Uity Management level coefficient 50.00% 30.00% 50.00%
indicator Abandoned scenery rate 12% 10% 10%
Initial investment 530 260 700
Economic Annual operation and maintenance cost 20 18 22
indicator Government subsidy expense 12 10 15
Equipment residual value 55 25 70
Table 4. Parameters of thermal power units.

Unit Aery /($/(MWh)? iy /($/MWh) Chpy,/(8/) TH,max/Mw P’ﬁ{H’min/MW DO’—I—Tﬁ[ /(MW/h) UPI{-T}}I‘/ (MW/h)
G1 0.056 35.095 905.105 347 140 200 200
G2 0.075 39.816 919.695 812 325 400 400
G3 0.069 36.832 724.645 635 255 350 350
G4 0.079 41.824 702.425 812 325 350 350
G5 0.058 35.675 1142.929 700 280 300 300
G6 0.087 37.111 757.327 675 270 300 300
G7 0.054 38.541 854.501 1037 415 500 500

5.2. Comprehensive Score of Renewable Energy Power Stations

Based on the parameters in Table 1, the indicator scores for each station can be calcu-
lated according to indicator models, which are presented in Table 5. According to expert
ratings, the judgment matrix A for each indicator is shown in Table 6. Based on the AHM,
the attribute judgment matrix B can be obtained, which is shown in Table 7.

Table 5. Normalization results of indicators for each station.

Indicator PV1 PV2 PV3 PV4 WT] WT2 WT3
Performance indicator 0.089 0.162 0.149 0.063 0.197 0.091 0.249
Output characteristic indicator 0.034 0.039 0.046 0.031 0.259 0.295 0.296
Reliability indicator 0.125 0.158 0.153 0.120 0.147 0.147 0.149
Flexibility indicator 0.153 0.187 0.189 0.090 0.141 0.096 0.145
Economic indicator 0.149 0.153 0.150 0.158 0.128 0.142 0.119
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Table 6. Judgment matrix A.

. Performance Outpu.t . Reliability  Flexibility Economic
Indicator . Characteristic . . .
Indicator . Indicator Indicator Indicator
Indicator
Pe%rfo.rmance 1 4 2 6 3
indicator
Outpqt c}}aracterlstlc 1/4 1 1/6 3 1/5
indicator
Reliability indicator 1/2 6 1 5 2
Flexibility indicator 1/6 1/3 1/5 1 1/4
Economic indicator 1/3 5 1/2 4 1
Table 7. Attribute judgment matrix B.
. Performance Outpu.t . Reliability  Flexibility Economic
Indicator . Characteristic . . .
Indicator . Indicator Indicator Indicator
Indicator
Performance 0.00 0.44 0.40 0.46 0.43
Output characteristic 0.11 0.00 0.08 0.43 0.09
Reliability 0.20 0.46 0.00 0.45 0.40
Flexibility 0.08 0.14 0.09 0.00 0.11
Economy 0.14 0.45 0.20 0.44 0.00

The anti-entropy weight method is used to calculate the objective weights of each indi-
cator corresponding to the comprehensive evaluation index system, and the AHM is used
to calculate the subjective weights of each indicator corresponding to the comprehensive
evaluation index system. The specific weight values are shown in Table 8. Based on the
comprehensive weights, the corresponding scores of all renewable energy power stations
can be calculated, which are presented in Table 9.

Table 8. Comprehensive weights of each indicator.

Indicator Subjective Weight  Objective Weight = Comprehensive Weight
Performance indicator 0.31 0.200 0.254
Output characteristic
. 0.13 0.189 0.157
indicator
Reliability indicator 0.27 0.204 0.237
Flexibility indicator 0.08 0.203 0.139
Economic indicator 0.22 0.204 0.212

Table 9. Comprehensive score of each renewable energy power station.

Indicator WT3 WTl WT2 PVZ PV3 PVl PV4
Performance indicator 0.063 0.050 0.023 0.041 0.038 0.023 0.016
Output characteristic indicator 0.047 0.041 0.046 0.006 0.007 0.005 0.005
Reliability indicator 0.035 0.035 0.035 0.037 0.036 0.030 0.028
Flexibility indicator 0.020 0.020 0.013 0.026 0.026 0.021 0.012
Economic indicator 0.025 0.027 0.030 0.033 0.032 0.032 0.034
Comprehensive ranking 0.191 0.173 0.148 0.143 0.139 0.111 0.096

5.3. Dispatching Plan of Renewable Energy Power Stations

In the proposed dispatching scheme, renewable energy power stations first need to
broadcast the predictive value of energy output to the dispatch center of the power system.
Then, the dispatch center makes the dispatching plan based on the predictive value of
energy output from the perspective of safety, economy, and fairness. The predictive value
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of energy output for PV and WT stations are assumed in Figures 4 and 5 [34]. The load
demand of the system is shown in Figure 6. Accordingly, the dispatching plan of renewable
energy power stations can be obtained based on the scores of each station in Table 8. Note
that the dispatching period of a whole day is divided into 96 time slots, and each time slot

is 15 min.
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Figure 4. Predictive value of energy output for PV stations.
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Figure 5. Predictive value of energy output for WT stations.
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Figure 6. Load demand of energy power system.

Moreover, in order to more accurately calculate the abandoned amount of PT and WT,
the parameter settings about the prediction error coefficients for PV and WT need to be closer
to the actual situation. Through the statistical analysis of the collected data from PV and WT
stations, the average prediction errors are taken as the prediction error coefficients. That is,
apy = 1.2 for PV and awr = 1.15 for WT. The unit cost of abandoning PV is 703 yuan/MWh
and the unit cost of abandoning WT is 1044 yuan/MWHh. Note that the priority coordination
scheduling method studied in this paper is applicable to the development of scheduling plans
for renewable energy power stations to ensure fairness in participating in grid scheduling
when there is a power restriction policy in the regional power grid.
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(a) Dispatching scheme (MW)

(c) Dispatching scheme

By configuring generation parameters, load demand, and prediction of renewable
energy power stations, an optimal scheduling plan for the renewable energy power station
can be obtained. The safe-economical-fair scheduling results for PV stations are presented
in Figure 7, while the results for WT stations are presented in Figure 8. Figures 7 and 8
describe the day-ahead power prediction curve and dispatching scheme formulated with
the proposed fair dispatching approach. It can be seen that the optimal dispatching
result is highly consistent with the prediction curve, which can basically achieve the
maximum consumption of renewable energy power stations. The energy scheduling

results of PV stations, WT stations, and thermal power units are presented in Figure 9.

Moreover, Figure 10 shows the voltage amplitude of the renewable energy power stations
during the scheduling periods. It depicts that the voltage of each station implementing
the proposed scheduling scheme is all within the limit, which complies with the safety
operation standards of the power grid.
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Figure 7. Optimal dispatch scheme of PV stations.
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Figure 10. Voltage amplitude of renewable energy power stations.

In order to show the performance of the proposed approach (PA), it is compared
with the traditional scheduling method (TSM), in which only the economic and safety
aspects of scheduling are considered. The comparison results are shown in Table 10.
Overall, the proposed scheduling approach has achieved utilization rates of over 94% for
all renewable energy stations. However, the utilization rate of PVj stations under the
traditional scheduling method is only 86.29%. The average utilization rate of renewable
energy in the regional power grid has been increased from 95.89% to 96.26% through PA.
Here, the effectiveness of the PA is verified by analyzing the Pearson correlation coefficient
(PCC) [35]. The Pearson correlation coefficients between the scores and utilization rates
of the four PV stations and three WT stations are 0.9636 and 0.9285, indicating a strong
positive correlation between scores and utilization rates. It indicates that based on the
comprehensive evaluation method, PA has achieved a good rating in renewable energy
dispatch, thus realizing fair dispatch.

Table 10. Comprehensive results of scheduling scheme.

Station PV, PV, PV; PV, WT, WT, WT;
Total prediction power/MW 11,119 11,023 12,265 9860 35,190 13,721 36,632
Total scheduling power with TSM/MW 10,541 10,526 10,584 9714 34,881 13,441 36,275
Total scheduling power with PA/MW 10,608 10,628 11,859 9271 34,554 12,984 36,059
Utilization rate with TSM 94.80% 95.49% 86.29% 98.52% 99.12% 97.96% 99.03%
Utilization rate with PA 95.40% 96.42% 96.69% 94.03% 98.19% 94.63% 98.44%

PCC with TSM 0.3017 0.0748

PCC with PA 0.9636 0.9285
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In summary, when the rating of renewable energy power stations is high, the stations
can obtain larger scheduling plans to further improve their consumption capacity. However,
renewable energy power stations with lower ratings need to continuously develop and
improve their overall ranking by enhancing the performance in the evaluation to obtain
more scheduling plans. Therefore, introducing renewable energy station ratings can achieve
differentiation in scheduling schemes and ensure fairness in allocation.

6. Conclusions

In this paper, a two-stage scheduling framework is proposed for renewable energy
power stations, aiming to address the safe, economical, and fair dispatching problem
posed by the increasing integration of renewable energy into power systems. The safe and
economic dispatching target is satisfied by formulating the economic optimization problem
with the safe operation constraints. The fair allocation of renewable energy power stations
is realized by evaluating the performance of stations. In order to obtain the comprehensive
weights of indicators, game-fairness empowerment based on cooperative game theory is
proposed to reach the balance between the subjective weight determined by AEW and the
objective weight determined by the AHM. The simulation results show that the proposed
approach can maintain the utilization rate of all renewable energy stations at over 94%
and increase the utilization of renewable energy from 95.89% to 96.26%. In addition, the
Pearson correlation coefficients of both PV and WT are greater than 0.9, indicating a strong
positive correlation between the scores obtained by the evaluation method and the final
utilization level of renewable energy power stations. This demonstrates that the proposed
two-stage scheduling mechanisms have a good performance in achieving economic, safe,
and fair dispatching.
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Abstract: This study presents a mathematical model of a parabolic trough solar collector
with photovoltaic cells integrated into its solar receiver. A case study is presented, utilizing
meteorological data obtained from the localities of Cuernavaca and Mexicali in Mexico.
The results demonstrate moderately variable electrical and thermal energy production for
Cuernavaca (387.93 kWh to 239.38 kWh and 1036.11 kWh to 641.26 kWh, respectively). In
contrast, the production of electrical and thermal energy in Mexicali exhibited considerably
greater fluctuations (515.16 kWh to 177.69 kWh and 1424.39 kWh to 448.88 kWh, respec-
tively). Furthermore, a parametric study is presented, which analyzes the impact of solar
receiver geometry and mass flow on the model’s behavior. The results demonstrate that the
pipe length exerts the most significant influence on the electrical and thermal power output
(1.21 kW to 2.22 kW and 3.7 kW to 6.9 kW, respectively). Additionally, the diameter has an
impact on the thermal power output (5.23 kW to 7.1 kW) and the electrical and thermal
efficiency (0.18 to 0.15 and 0.54 to 0.74, respectively). Modifying the mass flow facilitates
the enhancement of electrical power and efficiency (1.54 kW to 1.72 kW and 0.16 to 0.18,
respectively) while concurrently preventing a significant reduction in thermal power and
efficiency (5.4 kW to 5.3 kW and 0.56 to 0.55, respectively). A script with the developed
model is provided.

Keywords: concentrated photovoltaic/thermal; thermal modeling; solar energy

1. Introduction

Solar energy is obtained through the use of two distinct systems. The first type of
system is a concentrated solar power (CSP) plant, which concentrates solar irradiance

Energies 2025, 18, 356 https://doi.org/10.3390/en18020356
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to obtain heat through the use of a heat transfer fluid (HTF). The second system is the
photovoltaic (PV) cell, which can generate electrical energy through the photoelectric effect.
CSP plants are primarily employed in industrial processes that require a considerable
amount of heat, such as Rankine cycles, pasteurization, desalination, and others [1,2].

Photovoltaic (PV) systems provide the flexibility to meet a range of electricity supply
needs. Such uses extend from microelectronics applications to supplying electricity to
residential condominiums or similar buildings [3,4].

Researchers have concentrated their efforts on the development of new solutions that
are complementary, versatile, and useful in a variety of scenarios. To this end, the feasibility
of concentrating solar photovoltaic/thermal (CPV/T) systems has been studied in details.
These technologies concentrate solar irradiance in a specific area, where the PV cells and a
pipe through which the heat transfer fluid (HTF) circulates are placed [5,6].

The Parabolic Trough Collector (PTC) represents one of the most extensively developed
CSP technologies. Consequently, it is of interest to analyze the performance of this collector
when coupled to a solar photovoltaic thermal receiver (SRC-PVT). Table 1 provides a
summary of the studies that have addressed this approach [7].

Table 1. Summary of studies focused on the performance of PTC collectors coupled to SRC-PVTs.

Year Autor Journal Main Focus of the Study

2023 Renno [8] Energies Case study and Experimental testing
2023 Santana [9] Energies Parametric study

2022 Acosta-Pazmifio [10] Renewable Energy Case study

2022 Gorouh [11] Renewable Energy Parametric study

2021 Cabral [12] Solar Energy Experimental testing

2021 Herez [13] Renewable Energy Focus Case study and modeling

2021 Renno [14] Energies Experimental testing and optimization
2020 Acosta-Pazmifio [15] Energies Case study

2020 Felsberger [16] Energies Experimental testing

2020 Gakkhar [17] Applied Thermal Engineering Experimental testing and modeling
2020 Otanicar [18] Applied Energy Experimental testing

2020 Riahi [19] Energy Conversion and Management Experimental testing and modeling
2019 Karathanassis [20] Renewable Energy Optimization and modeling
2019 Maatallah [21] Solar Energy Performance analysis and modeling
2019 Valizadeh [22] Renewable Energy Parametric study and modeling
2018 Ben Youssef [23] Solar Energy Optimization and modeling
2017 Mohsenzadeh [24] Renewable Energy Experimental testing

2017 Yazdanifard [25] Energy Conversion and Management Parametric study

2016 Brekke [26] Journal of Solar Energy Engineering Parametric study and modeling
2015 Al-Nimr [27] Solar Energy Parametric study and modeling
2013 Calise [28] Energy Parametric study and modeling

Santana [9] evaluates collector performance through a case study of multiple coastal

locations in Mexico and Singapore, covering a twelve-month period. The author also devel-
ops a parametric study to determine optimal collector sizing, focusing on the appropriate
PTC surface area and inlet temperature.

Herez [13] conducted a case study of three towns: Baalbek, Angers, and Abu Dhabi.
The temperature values given by the mathematical model, the efficiencies, and the energy
production for all three cases were compared. The study identified solar radiation and
fluid inlet temperature as the main factors affecting system performance. The highest
electrical and thermal efficiencies were achieved in Lebanon during January (27.9%) and
June (50.8%), respectively.
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Acosta-Pazmifio [15] presents a case study under the meteorological conditions of
Monterrey, Mexico. The results demonstrated that the CPV /T system could provide 72%
of the required heating during the summer months and 24% during the winter.

Gorouh [11] carried out a parametric study that yielded results indicating that the
sensitivity of thermal power to the HTF inlet temperature exceeds that of electrical power.
Additionally, an increase in the mass flow rate of the HTF leads to an enhancement in the
electrical and thermal power output of the collector, while a decrease in the HTF outlet
temperature is observed. The increase in the difference between the HTF temperature and
the ambient temperature has a significant impact on the thermal efficiency.

Ben Youssef [23] presented a parametric study that yielded the following conclusions.
As wind speed decreases, the electrical efficiency of the PV system is reduced. A drastic
decrease in the concentration ratio has a significant impact on heat exchange efficiency,
which in turn affects the electrical and thermal efficiencies.

Yazdanifard [25] conducted a parametric investigation, the findings of which indicated
that an increase in pipe length was associated with an increase in both HTF outlet temperature
and PV temperature. An increase in pipe diameter was associated with a decrease in both
electrical and thermal efficiencies. The results of this research underscored the importance of
optimizing structural and geometrical parameters to achieve the desired performance.

Calise [28] developed a parametric study that provides the following findings. Increases
in pipe length and diameter lead to a decrease in electrical and thermal efficiencies. Increasing
the width of the prism faces increases the concentration ratio of the PTC collector, which is
favorable for electrical efficiency. The model performs adequately even at temperatures over
100 °C. However, its efficiencies are very susceptible to changes in solar irradiance.

This study concerns the performance analysis of a PTC collector in conjunction with
an SRC-PVT. A mathematical model of the collector is presented, based on a series of
one-dimensional energy balance equations. The results of the study are summarized in the
Conclusions Section. Considering the points made in previous studies and the results of
the developed model, the contributions of this study are as follows:

1.  Ben Youssef [23] has demonstrated that the wind speed at which photovoltaic (PV)
systems operate has a significant impact on their efficiency. The model developed in
this study addresses this issue by incorporating monthly variations in wind speed as
one of the model’s boundary conditions;

2. Calise [28] emphasizes the necessity of calibrating the convection coefficients incorpo-
rated within his zero-dimensional model), thereby facilitating the precise estimation
of the yield. The model developed in this study (one-dimensional) addresses this
issue by incorporating a recalculation function for the convection coefficients with
each variation of the parameters, such as wind speed;

3. It is evident that meteorological conditions exert a considerable influence on the
efficacy of solar collectors [9,13,15]. This paper presents a case study of the locations of
Cuernavaca and Mexicali, which enables the performance of the model to be evaluated
under the conditions of a relatively stable temperate climate and an extreme desert
climate, respectively. This paper also provides criteria for the correct determination of
climate data extracted from a TMY;

4. Parametric studies are essential for determining the behavior of the collector, and
the information obtained from these studies can be used to size and optimize the
collector [11,23,25]. This study presents a parameter study focused on the geometry
of the SRC-PVT and the mass flow. The results obtained from this study are useful for
the sizing of an experimental prototype.

84



Energies 2025, 18, 356

2. Mathematical Model

A review of previous studies focusing on the analysis of PTC systems coupled to an
SRC-PVT was conducted [7], and a specific mathematical model was selected from the
studies consulted. The following presents a general description of the SRC-PVT and its
mathematical modeling.

2.1. Structural Description of the SRC-PVT

Figure 1 illustrates the structural components of the SRC-PVT, which is distinguished
by a triangular prism form. The two faces oriented towards the PTC comprise the PVs. The
aforementioned faces receive the DNI concentrated by the PTC, as well as being in contact
with the environment. The third face is situated in opposition to the PTC and incorporates
a metallic absorber. This face is exposed to the GHI from the sky and is also in contact with
the environment. Behind the prism faces is a metallic substrate that facilitates heat transfer
from the PVs and absorber to a pipe located in the center of the prism. The pipe contains
an HTE, which extracts the heat present in the SRC-PVT.

Ambient

GHI

Substrate /

Absorber

Absorber

S Reona,
Substrate HTF

Ambient

Geonv PV Grad,pv Petec pv dsoL,pv PV

Figure 1. The SRC-PVT and its thermal resistance scheme.

The various modes of heat transfer (conduction, convection, and radiation) that occur
between the different elements of the SRC-PVT, which is situated between the environment
and the HTF, are represented as thermal resistances. The incident solar irradiance (GHI
and DNI) is considered as incoming power. Based on the modes of heat transfer and the
incidence of solar irradiance, the energy balance equations of the SRC-PVT are defined.

2.2. Description of the Mathematical Model

The thermal resistance model presented in Figure 1 and the series of energy balance
equations that model the thermal behavior of the SRC-PVT were proposed by Herez [13].
It should be noted that this is a one-dimensional and stationary modeling approach. These
energy balance equations are described below.

Equation (1) determines the surface temperature of the PTC, denoted by Tprc:

qSUZ,PTC + Qrad,PV = qconv,front,PTC + qconv,buck,PTC + qrad,PTC (1)

Equation (2) determines the temperature at the HTF outlet, denoted by T, Hrr:

Gsol,pv — Ppy — Yeonv,pv ~ Drad,Pv + Ysol,abs — Dconv,abs — 9rad,abs — YHTF 2)

Equation (3) determines the temperature in the absorber, denoted by T,;:

qsol,abs - qconv,abs - qrad,ahs = qcond,absfsub (3)
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Equation (4) determines the temperature in the substrate, denoted by Ty,

MmyTFCp,HTF (Tout, HTF — Tin,urF) =€ Matr + CpurE(Tour — Tin,HTE) 4)

Equation (5) determines the temperature at the PV, denoted by Tpy:

qcond,PV—sub + qcond,ﬂbs—sub = 4quTF (5)

In the case of the energy balance in Equations (1)—(3) and (5), the terms that comprise
these equations represent the various modes of heat transfer and incident irradiance in the
elements that constitute the SRC-PVT. The energy balance in Equation (4) corresponds to a
fixed control volume (steady state analysis) for a heat exchanger, where the substrate and
the pipe are the heat sources while the HTF is the heat receiver.

The terms that comprise the energy balance equations can be solved through the
application of formulas, theorems, and correlations. This information is presented in greater
detail in the studies of Herez [13] and thermodynamics textbooks such as Incropera [29,30]
and Cengel [31].

The electrical and thermal power produced are estimated using Equation (6) and
Equation (7), respectively. The electrical power is obtained from parameters affecting the
PV, such as PTC geometry and DNI. The thermal power is derived from the energy balance
in Equation (4), which allows the power absorbed by the HTF to be determined.

Equation (6) determines the electrical power of the PV system, denoted by Ppy:

Ppy = Gpn1 * Apy * CRppc * Mopt * TAM_jec * pv Q)

Equation (7) determines the thermal power of the HTF, denoted by qyrr:

Grrr =€ *mute * Cp HTE * (Toup — Tin,HTF) 7)

The electrical and thermal efficiencies are calculated using Equations (8) and (9),
respectively. The efficiency is defined as the ratio between the power produced and the
power input to the developed model. In this case, the power input is a system based on
solar irradiation collection, which is obtained from the DNI and the collector area.

Equation (8) determines the electrical efficiency of the PV system, denoted by #,,,:

Ppy (8)

Helec = m

Equation (9) determines the thermal efficiency of the PV system, denoted by #,:

QHTF (9)

2.3. Strategy for the Solution of the Mathematical Model

The energy balance equations enable the estimation of temperatures in the different
elements of the SRC-PVT (PV, absorber, and substrate). Additionally, they facilitate the
calculation of the temperature of the HTF at the outlet of the SRC-PVT and the temperature
at the surface of the concentrator. This is achieved through the following procedure:

1.  Aninitial temperature value is assigned to Tpy;
2. With the initial temperature of Tpy and Equation (1), the temperature of Tprc
is estimated;
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3. With the temperatures of Tpy and Tprc, a system of three equations and three un-
knowns is formed. The equation system consists of Equations (2)-(4), while the
unknowns are the temperatures T,,t 51r, Taps, and Ty, p;

4.  Finally, with the temperatures Tyt g1, Thps, and Ty, and Equation (5), the appropri-
ate value of Tpy is estimated.

The energy balance equations were solved with EES software [32]. It should be
noted that the structure used within the script follows the four-step procedure previously
proposed. The equations are organized into three subprograms following steps 2 to 4 of
the aforementioned procedure. Outside the subprograms, the parameters, formulas, and
correlations necessary to solve the equations are defined. The estimation of the unknown
temperatures is calculated by the equation solver through an iterative process, which is
applied automatically. The script with the developed model is provided in [33,34].

3. Fundamentals of PTCs and CPCs

The model validation process was designed following a strategy comparable to that uti-
lized by Herez [13] and Calise [28]. This strategy consists of utilizing the boundary conditions
and design parameters of a reference study as the input values for the mathematical model
developed. The temperature values generated by the developed model are then compared
with the temperature values presented in the reference study. If the divergence between both
temperature values is less than 10%, the developed model is considered validated.

3.1. Boundary Conditions, Design, and General Model Parameters

The parameters that integrate the energy balance equations, the formulas, and the cor-
relations necessary for their solution are organized into the following categories: boundary
conditions, design parameters, and general parameters of the model.

The boundary conditions and design parameters utilized as a reference for the valida-
tion of the model developed in this study are those proposed by Herez [13] and Calise [28].
Table 2 presents the boundary conditions, while Table 3 presents the design parameters. It
should be noted that the boundary conditions correspond to the meteorological conditions
of the location where the model is analyzed.

Table 2. Boundary conditions.

Parameter Value Unit
GHI 1000 W/m?
DNI 800 W/m?
Sky temperature 25 °C
Ambient temperature 25 °C
HTF inlet temperature 70 °C
Air velocity 5 m/s

Table 3. Design parameters.

Parameter Value Unit
PTC aperture area 12 m?
Absorber area 0.6 m?2
PV area 1.2 m?2
PTC concentration ratio 10 -
Receiver width (PV) 0.06 m
HTF pipe diameter 0.03 m
HTF-specific heat 4183 J/ (kg x °K)
HTF mass flow rate 0.15 Kg/s
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Table 3. Cont.

Parameter Value Unit

Thermal conductivity of the PV 50 W /m?2

Absorber thermal conductivity 205 W/m?

Substrate thermal conductivity 250 W/m?
Absorbance of the absorber 0.9 -
Absorbance of PTC 0.03 -
Absorbance of PV 0.97 -
Absorber emissivity 0.2 -
Concentrator emissivity 0.3 -
PV emissivity 0.2 -
Electrical coefficient IAM 0.28 -
Thermal coefficient IAM 0.14 -

The general parameters correspond to values that are not provided by Herez [13] but
are necessary for solving the energy balance equations. These values are mainly related
to the geometry of the PTC and SRC-PVT. Additionally, there are parameters such as
the HTF (water) velocity, which has been cleared from the mass flow, and the PV and
PTC efficiencies, which were determined by consulting technical data sheets and similar
studies [25,35,36]. Table 4 presents the general parameters.

Table 4. General parameters.

Parameter Value Unit
Length of PTC and SRC-PVT 10 M
Width of PTC 12 M
Thickness of absorber and PV 0.003 M
Thickness of substrate 0.025 M
HTF pipe cross-sectional area 7 x 107* m?
HTF Velocity 217 m/s
Heat exchanger contact area 0.9425 m?
PV efficiency 0.2998 -
PTC optical efficiency 0.83 -

3.2. Validation Strategy

The temperature values of the PV, absorber, substrate, and HTF outlet presented by
Calise [28] were compared with the temperature values estimated by the model developed
in this study. The results of this comparison are presented in Table 5, which also shows the
percentage divergence between the two sets of values.

Table 5. Comparison of the values estimated by the developed model.

Element Herez Model Divergence
Reference (°C) Development (°C) (%)

PV 79.30 80.16 1.08
Absorber 82.30 79.56 3.33
Substrate 82.70 79.51 3.86

HTF outlet 80.50 78.44 2.56

The discrepancy between the reference values and those obtained by the developed
model is less than 5%, indicating that the estimated temperatures are deemed satisfactory.
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4. Case Study

One notable aspect of the study proposed by Herez [13] is its analysis of the perfor-
mance of their model in various locations. However, when analyzing the methodology
used in their study, it becomes evident that the following procedure was applied to calculate
the energy production across each month:

e  The mathematical model is fed with punctual values of solar irradiance (GHI and
DNI). The data corresponds to the irradiance values characteristic of midday, which
represents the moment of greatest solar irradiance throughout the day;

e  The mathematical model generates punctual values for the electrical and thermal
power produced from the solar irradiance values entered, along with the remaining
meteorological conditions determined;

e To calculate the energy generated per month, the punctual values of power are multi-
plied by the number of daylight hours and the number of days in the specific month.

A direct analysis of a TMY file reveals a decline in solar irradiance between the first
and last hours of the day. The methodology of multiplying the punctual power of midday
by the number of daylight hours assumes that the maximum amount of solar irradiance is
available throughout the day. This introduces a bias in the analysis, as it assumes conditions
that are too favorable and unrealistic. To evade such biases, this model was provided with
solar irradiance values (GHI and DNI) that were averaged over daylight hours and days
within a given month. As demonstrated in Figure 2, the irradiance values employed by
Herez are based on highly favorable assumptions to represent the irradiance per month at
the Angers location, as opposed to the average values proposed in this study.

=== GHI ====DNI
450
Meteorological values of Herez 400 Meteorological values averaged
Month GHI (W/m?) DNI (W/m?) Month GHI (W/m?)  DNI (W/m?)
January 356.45 23505 P 350 January 120.50 64.01
February 472.85 299.33 £ 300 February 125.05
March 580.6 361.21 154.43
April 679.57 432.82 .E 50 270.81
May 644.11 356.06 5 | 279.78
June 670.98 383.1 FE 200 ‘ | I 191.20
Tuly 695.56 408.63 S 150 | 215.00
August 697.95 417.09 3 " 196.79
September 67625 436.14 100 N | 2211
October 525.64 331.23 ‘F ﬁ “ ‘ ” October 250.23 135.42
November 448.42 299.01 50 ‘ ” ‘\ u 1 ” November 176.73 106.26
December 43485 297.97 LI TR R A ORI LA AL UL December 127.90 7033

Figure 2. Comparison of the solar irradiation ranges presented by Herez and the averaged ones.

4.1. Meteorological Data for the Locations Studied

This study analyzes the behavior of the model developed for the specific meteorologi-
cal conditions of the localities of Cuernavaca and Mexicali in Mexico. Cuernavaca has a
temperate climate for the majority of the year, while Mexicali experiences extreme climatic
conditions between summer and winter.

Meteorological conditions for Cuernavaca and Mexicali were obtained from the PVGIS
database [37]. Using this information, meteorological data for each month of the year were
determined. It should be noted that these data correspond to the boundary conditions of
the model. The meteorological data for Cuernavaca are presented in Table 6, while those
for Mexicali are presented in Table 7.
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Table 6. Meteorological data for the locality of Cuernavaca.

Month GHI DNI Amb./HTF  Sky Temp. Air Vel.
(W/m?) (W/m?) Temp. (°C) (O (m/s)
January 486.90 297.50 16.39 8.39 1.71
February 508.20 326.60 18.54 10.54 1.56
March 551.50 394.50 19.49 11.49 1.78
April 547.10 334.80 21.80 13.80 1.52
May 547.50 359.70 20.48 12.48 1.22
June 568.10 361.10 21.36 13.36 1.16
July 531.90 406.10 19.92 11.92 1.17
August 483.40 274.60 19.89 11.89 1.05
September 463.90 294.10 18.95 10.95 0.98
October 481.60 303.10 19.58 11.58 1.18
November 501.60 370.30 16.63 8.63 1.61
December 478.10 322.60 16.20 8.20 1.54

Table 7. Meteorological data for the locality of Mexicali.

Month GHI DNI Amb./HTF  Sky Temp. Air Vel.
(W/m?) (W/m?) Temp. (°C) (°C) (m/s)
January 372.80 318.80 11.43 343 2.23
February 430.80 353.40 19.43 11.43 1.55
March 539.70 441.00 17.30 9.30 1.99
April 582.30 491.30 19.98 11.98 2.09
May 580.40 478.80 29.13 21.13 1.97
June 622.40 521.60 30.23 22.23 1.96
July 585.10 513.00 33.21 25.21 1.83
August 540.90 447.50 32.21 24.21 1.73
September 548.30 453.80 29.47 21.47 1.79
October 474.40 413.30 22.22 14.22 211
November 419.30 340.50 16.76 8.76 2.06
December 316.00 238.90 14.81 6.81 1.58

To determine the monthly values of the meteorological data, the following considera-
tions were taken into account:

e The TMY file provides an hourly value for each of the meteorological data. The file
comprises a total of 8738 h;

e  Aspreviously indicated, the solar radiation values are averaged directly from the TMY,
with consideration given to the daylight hours covered by each of the months;

e  The ambient temperature and HTF temperature correspond to the dry bulb temper-
ature of the TMY file. These temperatures are averaged over the hours spanning
each month;

e  The temperature of the sky was determined to be 8 °C less than the ambient tempera-
ture, as indicated by Forristall [38].

4.2. Model Performance

e  Figure 3 illustrates the monthly temperatures of the PV, absorber, and HTF at the
outlet and inlet. In the case of Cuernavaca, the highest temperatures were recorded in
April and the lowest in December. The temperature range throughout the year was
16 °C to 26 °C. The mean temperature gain of the HTF was 3.42 °C. In Mexicali, the
highest temperatures were in July and the lowest in January. The temperature range
throughout the year was 10 °C to 40 °C. The mean temperature gain of the HTF was
4.19 °C.
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Figure 3. Temperatures per month for the locations of (a) Cuernavaca and (b) Mexicali.

Power (kW)

Figure 4 illustrates the monthly production of electric and thermal power. In the
case of Cuernavaca, the highest power produced was recorded in July, with a total of
0.96 kW of electric power and 2.57 kW of thermal power. The lowest power produced
was recorded in August, with a value of 0.65 kW of electric power and 1.76 kW of
thermal power. The total power produced was 9.61 kW of electric power and 25.77 kW
of thermal power. The average power produced was 0.80 kW of electric power and
2.14 kW of thermal power. In the case of Mexicali, the highest power produced was
observed in June, with a value of 1.21 kW of electric power and 3.34 kW of thermal
power. The lowest power produced was observed in December, with a value of
0.57 kW for electric and 1.44 kW for thermal. The total power produced was 11.79 kW
for electric and 31.62 kW for thermal. The average power produced was 0.98 kW for
electric and 2.63 kW for thermal.
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Figure 4. Power per month for the locations of (a) Cuernavaca and (b) Mexicali.

Figure 5 illustrates the electrical and thermal efficiency values on a monthly basis. In
the case of Cuernavaca, the highest electrical efficiency was observed in January and
December, with a value of 0.199, while the lowest electrical efficiency was recorded in
April and June, with a value of 0.197. The highest thermal efficiency was observed
in April, with a value of 0.537, while the lowest thermal efficiency was recorded in
November, with a value of 0.525. The average electrical efficiency was 0.198, while
the average thermal efficiency was 0.531. In the case of Mexicali, the highest electrical
efficiency was observed in January, reaching 0.200, while the lowest electrical efficiency
was recorded in July, at 0.192. The highest thermal efficiency was observed in June, at
0.534, while the lowest thermal efficiency was observed in December, at 0.505. The
average electrical efficiency was 0.196, while the average thermal efficiency was 0.523.
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Figure 5. Efficiencies per month for the locations of (a) Cuernavaca and (b) Mexicali.

e  Figure 6 illustrates the values of electrical and thermal energy produced per month.
The results were obtained by multiplying the point values of power, estimated by the
model, by the number of daylight hours for each month and the number of days in
each month [39,40]. In the case of Cuernavaca, the highest amount of energy produced
was obtained in July, with a total of 387.93 kWh of electric energy and 1036.11 kWh
of thermal energy generated. The lowest amount of energy produced was recorded
in February, with a total of 239.38 kWh of electric energy and 641.26 kWh of thermal
energy generated. The total energy produced was 3474.64 kWh of electricity and
9321.28 kWh of thermal energy. The average energy produced was 291.99 kWh of
electric energy and 784.27 kWh of thermal energy. In the case of Mexicali, the highest
amount of energy was produced in July, with a total of 515.16 kWh of electric energy
and 1424.39 kWh of thermal energy. The lowest amount of energy produced was
in December, at 177.69 kWh of electric energy and 448.88 kWh of thermal energy.
The total energy produced was 4367.32 kWh of electric energy and 11,747.89 kWh of
thermal energy. The average energy produced was 363.94 kWh of electric energy and
978.99 kWh of thermal energy.
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Figure 6. Energy per month for the locations of (a) Cuernavaca and (b) Mexicali.
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5. Parametric Study

The objective of the parametric study is to analyze the impact of geometric characteris-
tics on the behavior of the model. The intention is to present information that will facilitate
the choice of dimensions for an experimental prototype. In accordance with the studies
presented by Calise [28] and Yazdanifard [25], it was considered appropriate to vary the
values of the following parameters: the length of the pipe inside the SRC-PVT, the width of
the faces of the SRC-PVT, the diameter of the pipe inside the SRC-PVT, and the mass flow
of the HTF. The last parameter does not correspond to a geometrical characteristic of the
SRC-PVT. Nevertheless, in practice, it is a widely used parameter as it allows for regulation
from the system.

In order to develop the parametric study, the values indicated in Table 1 (boundary
conditions), Table 2 (design parameters), and Table 3 (general parameters) were considered.
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In establishing the ranges of variation of the geometric parameters analyzed and the mass
flow, the typical dimensions of commercial receivers (solar panels and conventional solar
collector pipes) were taken into account. This information is further detailed in the study
by Tagle-Salazar [2].

5.1. Parameter Variations and Model Behavior

The objective of the parametric study is to analyze the impact of geometric charac-
teristics on the behavior of the model. In light of the findings presented in the works
of Calise [28] and Yazdanifard [25], it was deemed appropriate to vary the values of the
following parameters: the pipe length inside the SRC-PVT, the width of the SRC-PVT faces,
the pipe diameter inside the SRC-PVT, and the HTF mass flow. This last parameter does
not correspond to a geometrical characteristic of the SRC-PVT. Nevertheless, in practice, it
is a widely used parameter as it allows for the regulation of thermal energy extraction from
the system. The variation ranges of the parameters were established by taking into account
the dimensions of the model in its validation and the dimensions of commercial receivers
(solar panels and conventional solar collector pipes), as presented by Tagle-Salazar.

e Figure 7 illustrates the temperature of the PV, absorber, and HTF outlet, as well
as the electrical and thermal power and efficiency when varying the parameter of
SRC-PVT pipe length. The value of this parameter in the validation is 10 m, which
is comparable to the length of commercial receivers typically used in conventional
collectors (approximately 8 m). To investigate the impact of varying pipe lengths, a
range of +/—3 m was considered, resulting in a range of 7 m to 13 m.
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Figure 7. Results when varying the length of the pipe: (a) Temperature, (b) Power, and (c) Efficiency.

e  Figure 8 illustrates the temperature of the PV, absorber, and HTF outlet, as well as the
electrical and thermal power and efficiency when varying the SRC-PVT face width
parameter. The value of this parameter in the validation is 6 cm. The solar panels
have a width of 3 cm, while the diameter of a conventional SRC glass tube is 12 cm.
Therefore, the operating range assigned to this parameter is from 3 cm to 12 cm.
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Figure 8. Results when varying the width of the face: (a) Temperature, (b) Power, and (c) Efficiency.
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Temperature (°C)

Temperature (°C)

Figure 9 shows the temperature of the PV, absorber, and HTF outlet, as well as the
electrical and thermal power and efficiency when the pipe diameter parameter of
the SRC-PVT is varied. The value of this parameter in the validation is 3 cm. The
diameters of heat pipe collectors range between 8 mm and 14 mm while the diameter
of a PTC inner tube can reach up to 9 cm. For this study, a range of 1.5 cm to 9 cm was
deemed appropriate.
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Figure 9. Results when varying the diameter of the pipe: (a) Temperature, (b) Power, and (c) Efficiency.

Figure 10 illustrates the temperature of the PV, absorber, and HTF outlet, as well as
the electrical and thermal power and efficiency when varying the HTF mass flow
parameter. The value of this parameter in the validation is 0.15 kg/s. A brief con-
sultation [41-43] revealed that the mass flow ranges for CPVT and PVT systems
typically fall within the range of 0.02 kg/s to 0.18 kg/s. This range was adopted for
the parametric study.
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Figure 10. Results when varying the mass flow of HTF: (a) Temperature, (b) Power, and (c) Efficiency.

5.2. Analysis of the Behavior of the Model

Figure 11 illustrates the comparative analysis of the initial and final values of power
(electrical and thermal) when the analyzed parameters are increased. The percentage
variation between the respective power values is also presented.

It is evident that the parameter exhibiting the most significant influence on the elec-
trical power is the length of the pipe, with a percentage variation of 83.92%. An
increase in the length of the pipe and the mass flow of HTF has a favorable impact on
thermal power, with values rising from 1.21 kW to 2.22 kW and 1.54 kW to 1.72 kW,
respectively. Conversely, an increase in the width of the face and the diameter of the
pipe has a detrimental effect on thermal power, with values declining from 1.86 kW to
1.72 kW and 1.74 kW to 1.52 kW, respectively.

With respect to thermal power, the parameters that exhibit the greatest impact are the
length of the pipe and the diameter of the pipe. These values represent percentage
variations of 86.34% and 35.69%, respectively. An increase in the length of the pipe, the
width of the face, and the diameter of the pipe results in an enhancement of thermal
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Figure 11. Initial and final power of the parameters evaluated, as well as their percentage variation:

power, with values rising from 3.7 kW to 6.9 kW, 4.85 kW to 5.3 kW, and 5.23 kW to
7.1 kW, respectively. Conversely, an increase in the mass flow of HTF has the opposite
effect, reducing thermal power from 5.4 kW to 5.3 kW.

e  Figure 12 illustrates the comparative analysis of the initial and final values of efficiency
(electrical and thermal) when the analyzed parameters are increased. The percentage
variation between the respective efficiency values is also presented.
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It has been observed that the width of the faces, the diameter of the pipe, and the
mass flow of HTF are parameters that have an impact on the electrical efficiency,
with percentage variations of 7.75%, 12.57%, and 12.01%, respectively. An increase
in the mass flow of HTF results in an improvement in electrical efficiency, with a
corresponding rise from 0.16 to 0.18. Conversely, increases in the length of the pipe,

95

Mass flow




Energies 2025, 18, 356

the width of the face, and the diameter of the pipe have a detrimental impact on
electrical efficiency, with a corresponding decline from 0.18 to 0.17, 0.19 to 0.17, and
0.18 to 0.15, respectively.

e In consideration of thermal efficiency, the parameter with the most significant impact
is the diameter of the pipe, exhibiting a percentage variation of 35.69%. The length of
the pipe is notable for its minimal impact, exhibiting a nearly imperceptible percentage
variation of 0.32%. The enhancement in the width of the face and the diameter of the
pipe contributes to an improvement in thermal efficiency, with values increasing from
0.50 to 0.55 and 0.54 to 0.74, respectively. Conversely, an increase in the mass flow of
HTF has a detrimental effect on thermal efficiency, with an observed decrease from
0.56 to 0.55. However, this reduction is not particularly pronounced.

6. Conclusions

The performance of PTC solar collectors coupled to the SRC-PVT is particularly suscep-
tible to variations in incident radiation and temperature. Such variations can be analyzed
from the boundary conditions using the parameters of DNI, GHI, ambient temperature,
and the HTF inlet temperature. In addition, a study of these variations can be conducted
by taking into account the geometrical characteristics of the SRC-PVT and the mass flow, as
these parameters are found to determine the use of incident radiation and heat transfer to
the HTE, respectively.

The case study allowed the performance of the collector to be analyzed over the specified
boundary conditions, which correspond to the particular meteorological conditions experienced
in the locations of Cuernavaca and Mexicali. This study yielded the following results:

1. For Cuernavaca, the model demonstrated reduced variations per month in electrical and
thermal power production (387.93 kWh to 239.38 kWh and 1036.11 kWh to 641.26 kWh);

2. For Mexicali, the model presented higher variations per month for thermal and
electrical power production (515.16 kWh to 177.69 kWh and 1424.39 to 448.88 kWh);

3. It has been established that thermal energy production is higher than electrical energy
production. However, it is more susceptible to variations caused by DNI, ambient
temperatures, and the daylight hours of the month;

4. The average electrical efficiencies for both locations were found to be 0.196 and 0.198,
respectively. This finding suggests that the PV stage, despite its comparatively lower
production capacity, is less prone to fluctuations in environmental conditions.

The parametric study facilitated the identification of the design parameters exerting
the most significant influence on collector performance. These parameters correspond to
the geometric characteristics of the SRC-PVT and the mass flow, and their analysis yielded
the following results:

e  The pipe length exerts the most significant influence on the electrical and thermal
power output (1.21 kW to 2.22 kW and 3.7 kW to 6.9 kW, respectively);

e  The mass flow facilitates the enhancement of electrical power and efficiency (1.54 kW
to 1.72 kW and 0.16 to 0.18, respectively), while concurrently preventing a significant
reduction in thermal power and efficiency (5.4 kW to 5.3 kW and 0.56 to 0.55);

e Itis evident that the accurate calibration of the HTF mass flow has the potential to
enhance electrical power and efficiency without substantial compromise to thermal
power and efficiency.

e  The results of the case study provide a foundation for analyzing the viability and
performance of the collector under study in locations in Mexico with conditions
analogous to those presented. The parametric study provides a foundation for the
sizing and construction of an experimental prototype of the studied collector. In
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accordance with the aforementioned points, the script of the mathematical model
developed is provided, so that interested researchers can carry out their own studies.
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Nomenclature and Subscripts

Acronyms

CPV/T Concentrated PhotoVoltaic/Thermal

CSP Concentrated Solar Thermal Power

DNI Direct Normal Irradiance

EES Engineering Equation Solver

GHI Global Horizontal Irradiance

MATLAB MATrix LABoratory

HTF Heat Fluid Transfer

PTC Parabolic Trough Collector

PV PhotoVoltaic cell

PVGIS PhotoVoltaic Geographical Information System
SRC-PVT Solar Receiver Collector—PhotoVoltaic Thermal
TRNSYS Transient System Simulation Tool

Symbols

Ag P Aperture area, m?

Apy Photovoltaic area, m?2

Cp,HTE Specific heat of HTF, J/kg x K

CRprc Concentration ratio of PTC

GpNI Direct Normal Irradiance, W/m?

TAM,j,. Electrical coefficient of incident angle modifier
Ppy Photovoltaic power, W

QCond,ubsfsub Conductive heat transfer from absorber to substrate, W
eond, PV —sub Conductive heat transfer from photovoltaic cell to absorber, W
qmmbs Convective heat transfer from absorber, W

Geonvpack,prc ~ Convective heat transfer from the back face of PTC, W
q conv, front,PTC Convective heat transfer from the front face of PTC, W

Dconv, PV Convective heat transfer from photovoltaic cell
JyTE Heat fluid transfer power, W

9ra d.abs Radiative heat transfer from absorber, W

Dra APTC Radiative heat transfer from PTC, W

Drad PV Radiative heat transfer from photovoltaic cell, W
Dol abs Solar irradiance absorbed by absorber, W

sl PTC Solar irradiance absorbed by PTC, W
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Qsol PV Solar irradiance absorbed by photovoltaic cell, W
Toaps Temperature of absorber, °C

Tprc Temperature of concentrator, °C

Tiputr  Temperature of heat fluid transfer inlet, °C
Tourgrr Temperature of heat fluid transfer outlet, °C

Tpy Temperature of photovoltaic cell, °C
Toup Temperature of substrate, °C

Helec Electrical efficiency

Hopt Optical efficiency

npy Photovoltaic efficiency

m Thermal efficiency

€ Heat transfer effectiveness

MYTE Mass flow, Kg/s
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Abstract: In recent decades, the use of photovoltaic (PV) modules as a source of elec-
tricity has grown significantly, driven largely by government incentives and regulatory
advancements. However, merely installing these systems does not ensure optimal energy
production, as maximizing solar energy capture requires additional measures. This study
examines the impact of dirt accumulation on PV modules, focusing on a system installed
at the School of Engineering of the Federal University of Minas Gerais (UFMG) in Belo
Horizonte, Brazil. The research involved visual and thermographic analyses, as well as
an evaluation of the I-V and P-V curve behavior for specific system arrays, which were
cleaned during the 2024 dry season. Electrical parameters were compared between the
dirty and cleaned states of the system, and the soiling ratio (SR) was calculated, ranging
from 0.91 in the most affected case to 0.93 in the least affected.

Keywords: dirt accumulation; photovoltaic (PV) modules; qualitative analysis; quantitative
analysis; I-V curve; P-V curve

1. Introduction

Photovoltaic (PV) solar energy is an increasingly prominent method of energy genera-
tion worldwide. According to the International Energy Agency (IEA), global renewable
energy capacity increased by approximately 507 GW in 2023—nearly 50% higher than
the previous year [1]. In Brazil, this growth is evident through the rising number of PV
modules installed across various regions.

A significant portion of this growth in Brazilian territory can be attributed to poli-
cies and incentives established through regulations overseen by the National Electric
Energy Agency (ANEEL). The agency began this process with Normative Resolution (RN)
No. 482 [2], which has since undergone several updates, culminating in the current version,
RN No. 1098, issued on 23 July 2024 [3].

When deciding to install a PV system, consumers should consider factors beyond
regulations and initial operational conditions. Environmental factors, which contribute
to the natural electrical wear of the equipment [4], are critical variables that affect the
performance and longevity of any electrical component.

The module is a key component of a PV project, responsible for capturing solar radia-
tion and converting it into electrical energy. Primarily made of semiconductor materials,
the module features a multilayer structure [5], organized as follows:
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¢  Front cover: made of resistant and transparent glass, it has the function of protecting
against the external action of the environment;

¢  Encapsulation: made of Ethylene-Vinyl Acetate (EVA), consisting of a double layer
of insulation on the front and back, which coats and insulates the semiconductor
material [5];

* PV cells: responsible for converting solar radiation into electricity through the pho-
toelectric effect. Made of a semiconductor material, silicon, with monocrystalline,
polycrystalline, or even a thin film structure, its terminals are interconnected by
metallic conductors of copper, aluminum, or silver [6];

*  Rear cover: lower layer of the modules with low thermal resistance for support
purposes, made of polymer or acrylic;

¢ Junction box: electrical connection point for PV cells for the purpose of connection or
association with other electrical points in the system.

The estimated useful life of a PV module is typically around 25 years. By the end
of this period, its efficiency is expected to decrease by approximately 15%, depending on
the manufacturer and the specific technology used [7,8]. However, this level of energy
conversion efficiency is achieved only under conditions favorable to energy production.
The efficiency testing of PV modules adheres to the standards set by IEC 61730-2 [9], which
include evaluating electroluminescence (EL) to simulate conditions such as humidity and
infrared (IR) exposure. These tests account for various temperature scenarios and assess
factors like hot spots and light-induced degradation (LID).

The installation environment plays a crucial role in energy generation, and accurately
assessing its impact on the PV module is essential for ensuring reliability, component
integrity, safety during installation and use, as well as maximizing return on investment.
Key environmental factors that contribute to losses and negatively affect productivity
include variations in solar radiation, high operating temperatures of the modules, humidity,
and the dust accumulation on the PV modules [4,10].

To illustrate the research data, the Tesla Experimental Photovoltaic Plant was used
to demonstrate the effects of dirt, as the plant is strategically positioned for study due to
its proximity to mining operations in neighboring cities and the urban nature of its own
location. According to 2022 data from the Brazilian Institute of Geography and Statistics
(IBGE) [11], Belo Horizonte is the sixth most populous municipality in the country.

It is estimated that there are regions where dirt, either directly or indirectly, causes
losses of approximately 4-5% in just the year 2023 [12]. Therefore, given the initial context
in which a photovoltaic module is tested and exposed to the environment throughout
its useful life—often undergoing minimal maintenance—this study aims to investigate
the impact of dirt and its effects on a system over the years. For this purpose, the Tesla
Experimental Photovoltaic Plant, operational since 2016, was used as the object of study.

The main contributions of this paper are:

e To use the TESLA Experimental Photovoltaic Plant as a case study to elucidate the
effects that the environment, particularly dirt, can have on a photovoltaic system
exposed over the years without proper maintenance.

e To present a qualitative analysis of the photovoltaic modules studied to identify
and validate the impact of dirt, thereby strengthening the reference literature for
subsequent studies.

*  To demonstrate, through quantitative analysis, the large-scale benefits of cleaning, as
well as to determine the appropriate intervals for periodic maintenance, aiming to
ensure the optimal performance of the system.

This paper is organized into the following sections: Section 2 provides a theoretical
overview of loss factors, with a particular focus on dust accumulation, which is the main
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subject of this research and is further explored in the following section. Section 3 discusses
the system under study and the methodology used for analysis. Section 4 presents the
results obtained, followed by a discussion of these findings in Section 5. Finally, Section 6
offers the conclusion, summarizing the key takeaways from the study.

2. Analysis of Environmental Factors in PV Panels

In this paper, dirt is defined as the accumulation of particulate matter on PV modules,
also referred to as dust accumulation. This buildup directly impacts electrical performance
by continuously interfering with the absorption, scattering, and/or reflection of solar
radiation. As a result, it reduces the amount of solar energy effectively absorbed by the PV
module [13,14].

Research on this topic began in 1942 in the United States, when Hottel and Woertz
linked the dust accumulation on solar collectors to a decrease in electrical performance.
After three months of study, they estimated a performance drop of 4.7% due to soiling [15].

The production of electrical energy from PV modules is primarily influenced by
temperature and solar irradiation. Ideal operating conditions are defined by standards
and manufacturers, typically set at a PV cell temperature of 25 °C, an air mass of 1.5 AM,
and a solar irradiation of 1000 W/m? [16]. However, due to environmental variability,
maintaining these conditions consistently throughout the entire operational period is
not possible.

Dirt accumulation on the modules is a variable that progressively reduces the efficiency
of the system’s electrical energy generation. This accumulation can also cause irreversible
damage, such as accelerating the formation of hot spots, which may lead to the burning of
internal module components [17,18]. An illustration of this effect is presented in Figure 1,
where the lighter areas highlight regions with higher temperatures compared to the cooler,
darker areas in blue. These variations occur within a module exposed to identical irradiance
conditions [19]. Furthermore, the figure qualitatively demonstrates the distribution of
dirt on the module. Prolonged exposure to rain and wind results in non-uniform dust
accumulation, particularly concentrated at the right and lower edges.

Figure 1. Example of a PV panel with hot spots.

The years of operation of a PV system, coupled with lack of regular maintenance
such as periodic cleaning, can lead to the appearance of several visible defects. These
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include darkening of the EVA resin (browning), discoloration along the edges, and the
formation of darkened lines (snail trails). Additionally, there are less visible issues, such as
electrical mismatch, which is associated with high temperatures and accumulated dirt on
the modules [20]. These defects and nonconformities are illustrated in Figure 2, captured
during a visit to the Tesla PV Experimental Plant, which will be detailed in the next section.

Figure 2. Non-conformities present in PV cells.

The influence of individual cells on the performance of a PV module is significant, as
the cell that absorbs the least amount of radiation determines the overall generation current
of the module. When a system contains multiple damaged cells across various modules,
the power output of the entire system can be severely impacted, leading to a substantial
reduction in the overall efficiency of the project.

Dirt-related losses can vary significantly depending on the location of the study and
the period of the analysis. As such, estimated loss values can differ widely. Desert environ-
ments or areas with high levels of air pollution generally experience more substantial losses
and greater cleaning requirements. The literature reports losses ranging from 0.3% [21]
to 1% [22] per day, with annual losses reaching up to 14% [14]. For a six-month period, a
reduction of up to 80% is considered [21]. Therefore, it is critical to thoroughly assess the
environment to ensure optimal performance of a PV system.

Understanding the particulate matter that typically accumulates on PV modules
is crucial to determine the optimal cleaning frequency for the system. A related study
conducted semi-quantitative tests to identify the primary chemical components present on a
Tesla PV experimental plant. The analysis revealed that the most prominent elements in the
collected samples included magnetite, hematite, clinochlore, alabandite, and quartz [23,24].

The compounds present are characteristic of the local urban environment and origi-
nated primarily from activities such as mining in the vicinity, civil construction, and natural
soil erosion [23]. Magnetite and hematite, in particular, are materials known for their high
emissivity, which means that they have a significant ability to emit energy through thermal
radiation [25,26]. This characteristic suggests that these compounds contribute to heat
retention in PV modules, potentially impacting their performance.

Urban environments and areas near mining zones have been previously studied
and deserve attention for demonstrating a significant influence on the concentration of
particulate matter suspended in the air, as well as requiring more frequent cleaning [18].
In these regions, suspended materials with approximate sizes of PM10 and PM2.5 have
been described.

The composition of these particles is a separate study due to their interaction with the
module surface. Deposition depends on factors such as installation geometry, sedimen-
tation velocity, particle size, relative humidity, and precipitation. The effects of smaller
particles are more harmful due to their strong adhesion to surfaces, making them harder to
remove using natural agents, and their ability to cover the affected surface more uniformly.
Conversely, larger particles tend to absorb and reflect more sunlight [18,27,28].
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A study carried out on a PV plant located in a soccer stadium in Belo Horizonte,
Brazil—just 1 km from the site of this research—examined not only the chemical com-
pounds present in the modules but also the influence of rainfall on mitigating the impact of
dirt. The study found that significant rainfall (>5 mm) played a significant role in reducing
dust accumulation. During dry periods, the maximum power output was reduced by 13.7%,
while after rainfall, this reduction was only 6.5% [24]. The inclination of the PV modules is
another key factor that influences dust accumulation. Particulate materials tend to gather
in specific areas of the modules, with the distribution largely determined by environmental
factors such as wind, rain, and dew [21].

The influence of anthropogenic factors was exemplified through a study conducted in
an urban area, where, during road repair work near the analyzed system, generation losses
increased to 2.59% per day compared to 0.32% prior to the repairs [17].

A commonly used technique to identify issues caused by dust accumulation is the use
of thermal or infrared imaging. Ref. [29] analyzed a PV plant located in Betim, a city close to
the case study of this paper, using thermal imaging. It was found that 12.7% of the modules
exhibited overheating points. The losses attributed to dirt were estimated to be 22.25%.

In Brazil, two standards are recommended for thermographic evaluations: NBR
15424 [30], which defines key terminology, and NBR 16292 [31], which outlines the proce-
dures for safely conducting measurements using thermal images. The use of this evaluation
method can indicate not only hot spots but also the distribution of dust accumulation on
the PV modules, which may be uniform or non-uniform.

In addition to qualitative assessments, which include visual inspections and the use of
thermal cameras, a quantitative analysis of the impact of dirt is essential to estimate system
losses. It directly affects the module’s I-V (current vs. voltage) and P-V (power vs. voltage)
curves, which are essential indicators of the system’s electrical performance.

These curves use PV module parameters such as maximum output power (Pax),
maximum output current (I;;4x), maximum output voltage (Viuax), open-circuit voltage
(Voe), and short-circuit current (Is.). Figure 3 utilizes the experimental data used in this
paper to illustrate, through simulation, the impact of dirt on the referenced curves of a
module. The clean module’s ideal operating condition is represented by the brown and
green curves, where the maximum power point is achieved. In contrast, the curves in
orange and blue represent the module’s performance when the modules are dirty. Here,
it is evident that the maximum operating point is not reached, and the curves exhibit
deformations due to the reduced ability of the module to capture irradiance effectively [4].
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Figure 3. Comparison of I-V and P-V curves for clean and dirty PV module.
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Performance Evaluation Coefficients of a PV System

The performance ratio (PR) is a key metric that represents the relationship between the
energy generated under ideal conditions and the actual energy produced, providing insight
into a system’s efficiency. To measure the impact of dirt on a PV system, equations derived
from international standards, such as IEC 61724, are employed [32]. In these calculations,
the reference yield (Y;) and final yield (Y) are essential parameters. This metric is crucial
for estimating the actual energy generated, correlating it with the dust accumulation on
PV modules, and determining whether system maintenance and cleaning are necessary to

optimize performance [33]. y
g

PR =~
Yy
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Measuring the short-circuit current of a PV system is crucial to evaluate the impact of
energy efficiency losses in the system. This parameter, along with the maximum measured
power, is one of the most effective methods for determining the soiling rate (SR). It is
particularly advantageous because it does not require the direct removal of PV panels and
does not physically interfere with the installation [14].

SR is a relationship obtained at the panel output and is based on the irradiance
effectively received by the dirty panel (Ggj¢) and the clean one (Gj,qy,) [34], varying
between 0 and 1, considering SR = 1 the clean system [32].

Gairt
SR = dirt. @)
Gclean

According to IEC 60891 [35], which defines the procedures to be followed to measure
temperature and irradiance in the I-V curves in PV devices, the irradiance value G, for
dirty and clean panels is expressed as follows:

Gr = (1= a(Tu = Tup)]| Cref | 3

Isc,cal

where Is 1 and I o, are the measured and calculated irradiance, respectively. The tem-
perature coefficient of Iy is a. Ty and T, correspond to the measured and reference
temperature (25 °C). Gy is the ideal irradiance of 1000 W/ m?.

Through the relationship between the irradiance effectively received by the panel and
the SR for the dirty and clean panel, it is possible to obtain the soiling rate for short-circuit
current SRy, and for maximum power SRp, . [34].

Although many studies report the influence of dirt on photovoltaic modules, there
remains a gap regarding the impact of this factor over the years. This issue requires
attention, as dirt that strongly adheres over time is not easily removed by rain or wind.

A study conducted by the European Solar Test Installation (ESTI) investigated the
effects of dirt on 28 silicon modules exposed for approximately 30 years. According to the
authors, the results were non-uniform; however, the I-V curves were significantly affected
before cleaning and were almost fully restored after successive cleanings.

3. Tesla Photovoltaic Plant and Analysis Methods

The TESLA Power Engineering PV Experimental Plant, shown in Figure 4, was estab-
lished as a key component of a research and development (R&D) project, a collaboration
between the Federal University of Minas Gerais (UFMG) and the Bahia Electricity Company
(COELBA). UFEMG is located at Belo Horizonte, Brazil. This PV plant has been designed by
the Tesla Power Engineering Laboratory, a research laboratory of the school of engineering
of UFMG [36]. The plant began its operation in June 2016 and has an installed capacity
of 37 kWp.
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The plant was installed on the roof of the UFMG’s School of Engineering, approximate
location 19°52/10.81"” S 43°57'42.01” W. The orientation of the building in relation to the
geographic north, as well as that of the panels, is —7°, with a fixed inclination of the modules
of 25° [37]. The city of Belo Horizonte, Brazil, has a highland tropical climate, characterized
by distinct dry periods (autumn-winter) and rainy periods (spring-summer) [38]. In the
southern hemisphere, summer occurs between December and March, while winter is
concentrated between June and September.

Figure 4. TESLA power engineering PV experimental plant.

The plant consists of 154 polycrystalline silicon panels, a technology distinguished,
among other factors, by the inclusion of a bypass diode in the junction box for protection.
The PV modules used in the plant are Yingli Solar model 245P-32b, with a power rating of
245 W. Table 1 presents the electrical specifications based on the manufacturer’s data [39].

Table 1. Yingli 245P-29b module parameters.

Peak power [Wp] 245
Max. power current [A] 7.6
Max. power voltage [V] 32
Short-circuit current [A] 8.22
Open circuit voltage [V] 40.8

Efficiency [%] 15.23

Since the plant was designed to meet academic scenarios, three different inverter
models were chosen to investigate different performances. The panels are divided as
shown in Figure 5 [40]. In this work, the impacts on the S1, F1, F2, and P2 arrangements
are analyzed, whose connection diagrams are highlighted in green in Figure 5.

The first array corresponds to SMA inverter model STP12000TL-20 [41]. The second
one is connected to Fronius inverter model IG Plus 150V-3 [42], while the third array uses
PHB inverter model PHB20KNDT [43]. The respective electrical parameters, as provided
by the manufacturers, are displayed in Table 2. The arrays are divided as follows:

*  Array 1 (SMA inverter in purple): 45 panels, 3 parallel arrangements of 15 panels in series.

*  Array 2 (Fronius inverter in orange): 50 panels, 5 parallel arrangements of 10 panels
in series.

*  Array 3 (PHP inverter in black): 57 panels, 3 parallel arrangements of 19 panels in series.

* Non-listed panels: two isolated modules, not connected to any of the inverters, in-
tended for specific studies.

The TESLA PV Plant is equipped with a meteorological station and a small reference
cell. These instruments measure irradiance and ambient temperature to which the system
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is exposed. The data collected from these measurements were used to support this research.
To estimate the performance of the TESLA PV Experimental Plant in its current state of
operation, qualitative and quantitative evaluations were used.
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Figure 5. Panel distribution scheme by inverters.

Table 2. Inverters parameters.

Parameter SMA FRONIUS PHB
Peak power [kW] 12 10 20
MPPT voltage range [V] 150-800 230-250 200-950
Max. input voltage [V] 1000 600 1000
Max. input current [A] 22 46.2 22
Number of DC inputs 2 6 4
AC output voltage [V] 400 400 380
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3.1. Qualitative Analysis

The qualitative analysis of a PV plant relies on visual inspection to evaluate the impact
of dirt on energy losses. This methodology uses thermal cameras to detect the presence of
hot spots within the installation and to assess the distribution of dirt on the modules.

For this study, an infrared camera, model 160 from the manufacturer Flir [44], was
used. Measurements were taken in accordance with the previously presented standards,
both before and after cleaning. Table 3 presents the compiled camera data.

Table 3. 160 infrared camera parameters.

Infrared detector 25 micron pitch
Thermal sensitivity 0.1°Cto25°C
Measuring range —20°Cto 350 °C
Thermal resolution 32,400 pixels
Spectral range 7.5t0 13 pm
Visual image resolution 2.3 Megapixels
Picture modes Thermal, visual, fusion

3.2. Quantitative Analysis

The quantitative analysis aims to numerically quantify the approximate losses of the
plant. The data were recorded using an I-V and P-V curve tracer, model PVA 600 PV
Analyser, manufactured by Solmetric [45]. The parameters of the tracer are presented
in Table 4.

Table 4. PVA 600 PV Analyser tracer parameters.

Current measurement range 0to 20 Ay,
Voltage measurement range 0 to 600 V,,
Minimum short circuit current 1 Age
Minimum open circuit voltage 20 Vg,
Measurement points per stroke 100
PV modules Up to 420 modules
Operating temperature 0°Cab0°C

To use the equipment, a computer with the tracer software installed is required to
enable wireless communication with the irradiance and temperature sensors. The PVA 600
PV Analyzer must be connected directly to the module, or in this case, to the array being
analyzed, using MC4 connectors. The use of the device is exemplified in Figure 6. It is
possible to observe the direct connection of the equipment being made in Figure 6b, the
communication of the sensors in Figure 6¢, the temperature sensor fixed to the bottom of
the module in Figure 6d and the irradiance sensor in Figure 6e in the module next to the
arrangement being tested.

Data acquisition began in May 2024, after the local rainy season, to account for the
reduced influence of humidity on the modules and the increased concentration of particu-
late matter. The plant had not undergone maintenance for at least 6 years. According to
data from the Brazilian National Institute of Meteorology (INMET) [46], the last significant
rainfall in the region occurred on April 18, with 36 mm of rain. As a result, testing started
on May 9 with visual inspections, and the first cleaning took place on May 13.

The data were collected both when the panels were dirty and after cleaning, always
between 11 am. and 1 p.m. This time frame was chosen because it experiences less

variation in temperature and irradiance, with levels concentrated between 900 and 1000
W/m?.
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For data collection, the methodology involved site visits for visual inspection of
the modules, infrared camera recording, and data measurement using a curve tracer.
Measurements were conducted both before and after each cleaning session following this
approach: prior to cleaning, hot spots were identified through qualitative assessment and
quantitative data collection. After cleaning, new qualitative and quantitative measurements
were performed to facilitate a comparative analysis of the results.

Figure 6. PVA 600 PV Analyser plotter in operation.

Among the various cleaning methods available in the literature, wet cleaning was
selected, utilizing cloths and/or materials with soft bristles combined with water to remove
and rinse the panels [29]. Three rounds of cleaning were carried out to achieve better
results, considering the long period of exposure and the lack of maintenance of the system.
The cleanings took place at intervals of 6 to 8 days.

4. Results

Figure 7 illustrates the various stages of dust accumulation on the panel belonging to
the F1 arrangement. In the first stage, shown in Figure 7a, the dirt exhibits strong adhesion
and was recorded in March 2024 during an initial visit to the TESLA PV Experimental
Plant following a period of heavy rainfall. By May 13 (Figure 7b), the dirt had a dust-like
appearance. Figure 7c,d depict the stages of dust accumulation between cleanings, where
gradual deposition and formation of dirt are visible, including traces of water caused by
dew formation.
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Figure 7. Different stages of dirt on the PV Module.

Another critical aspect relates to the integrity of the modules. While some issues
were observed during the initial visits, the defects became more evident after maintenance,
revealing how dirt exacerbates these imperfections.

Among the observed nonconformities, including hot spots, browning, snail trails, and
discoloration, it was found that 26.7% of the modules in the arrangement connected to
the SMA inverter exhibited some form of imperfection. The Fronius inverter arrangement
showed a higher percentage, with 45% of its modules affected. Similarly, the arrangement
connected to the PHB inverter had 42% of its modules exhibiting these defects. The
analysis of the arrangements individually will be presented below so that the results can
be better visualized.

4.1. Arrangement S1

Using an infrared camera for qualitative analysis, the distribution of dirt on the PV
modules in the S1 array, connected to the SMA inverter, was assessed. Figure 8 provides a
comparison, showing the modules before cleaning, on the left, and after three rounds of
cleaning, on the right.

According to data from the plant’s meteorological station, the environmental condi-
tions on May 9 and 28 at around 12:00 p.m. were relatively consistent, with temperatures
averaging 27 °C. However, the qualitative assessment depicted in the Figure 8 highlights
the effectiveness of dirt removal from the modules. Despite this, some hot spots persisted,
such as the one observed on the right side of the lower module. This indicates that while
cleaning improves overall module performance, underlying defects remain unaffected.

" Hot spot

(a) Dirty module (b) Clean module

Figure 8. Comparison of thermal images of array S1.

Regarding the quantitative analysis, supported by the numerical data obtained
through the curve tracer, the resulting curves are illustrated in Figure 9. This figure
demonstrates the comparison of the S1 array’s performance before maintenance, shown on
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the left, and after three rounds of cleaning, shown on the right. The I-V curves, depicted in
red, and the P-V curves in blue were generated using the tracer’s software, highlighting
the impact of cleaning on the array’s electrical performance.
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Figure 9. I-V and P-V curves for arrangement S1. Blue line: array P-V curve. Red line: array I-V
curve. Yellow dot: array maximum power point. Purple dots: ideal I-V points.

The software estimates an ideal performance by considering previously input system
parameters, including module specifications, quantity, inverter details, and location charac-
teristics. This estimate is depicted with purple points representing ideal current tracking
and a green zone indicating the optimal power operation range, highlighted by a yellow
point. After proper cleaning, an improvement and adjustment of the curve can be observed,
remaining closer to 8.22 for a longer duration—a value specified by the manufacturer as
the standard operating short-circuit current. The numerical values obtained by the tracer
indicate that the maximum power of the arrangement increased from 2389 W to 2708 W
and the short-circuit current varied from 8.25 A to 8.36 A.

When analyzing the Soiling Ratio (SR), the key metric for determining the dust ac-
cumulation on the modules, the calculated value for the dirty state was SRy, = 0.93, and
after the complete cleaning of the arrangement, the SR became 1.02, being within the values
estimated according to the literature.

However, SRp,, , despite showing an increase, going from 0.77 to 0.85, a relative gain
of 11.28%, still remained below the estimated value, indicating that some modules may
have suffered permanent damage to their physical structure.

4.2. F1 and F2 Arrangement

Similar to the previous arrangement, the qualitative inspection yielded promising
results for arrangements F1 and F2, as illustrated in Figure 10. A comparison was conducted
between the modules that underwent the dirt removal process and those in arrangement F3,
which remained consistently dirty. The results revealed a notable temperature difference of
up to 7.5 °C at the panel’s base, along with a visible change in the coloration of its structure.
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Figure 10. Comparison of arrangements F1 and F2: (a) thermal picture; (b) arrangements F1 (clean)
and F2 (dirty).

The curve analysis also shows a positive improvement, with measurements taken at
irradiances of 1029 W/m? and 944 W/m?, respectively. Figure 11 displays the comparison
between the clean and dirty systems. Initially, the current (shown in red) exhibited slight
ripples, which improved after cleaning, along with an increase in both current and voltage
at the maximum power point. Additionally, the module’s operating temperature, measured
using the sensor, decreased from 55.6 °C to 43.3 °C.

According to data from the local station on the measurement days, the ambient tem-
perature was 26.2 °C and 23.8 °C, respectively. During the study period, which coincided
with the autumn—winter season, the region experienced relatively stable climatic condi-
tions, with no significant fluctuations in temperature, irradiance, humidity, or wind. As
a result, the primary factor influencing the results was the maintenance performed on
the system. After normalizing the irradiance values, it was concluded that there was a
reduction of approximately 15% between the initial and final operating temperatures of the
reference module.
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Figure 11. I-V and P-V curves for the F1 and F2 arrangements. Blue line: array P-V curve. Red line:
array I-V curve. Yellow dot: array maximum power point. Purple dots: ideal I-V points.

The resulting analysis indicates that the maximum power increased from 1667 W to
1730 W, while the short-circuit current varied from 7.11 A to 8.07 A. The value of SR, was
positive, increasing from 0.92 to 1.02. As in the previous case, the analysis on the power
soiling rate remained below expectations, with the initial SRp,  being 0.39 and the final
SRp,,, being 0.46.
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4.3. Arrangement P1

During the visual inspection of the P1 arrangement, it was observed that the modules
located at the ends had a greater accumulation of dirt compared to the others. This was
likely due to the effects of wind over the years. As a result, the decision was made to
perform the thermal analysis at this specific location. As shown in Figure 12, the results
demonstrated an improvement similar to the other cases, with a significant reduction in
dust accumulation.

In Figure 13a, deformities in the curves are evident, consistent with the previously
identified non-uniform dirt distribution pattern. In Figure 13b, after the complete removal
of dirt, there is a noticeable reduction in the deformation of the I-V curve, with values of
I;c remaining constant, close to 15 A, for a longer duration until reaching the maximum
power point. This improvement is significantly beneficial for the inverter, as it indicates

less difficulty in aligning the current and voltage, thereby ensuring more efficient power
operation at the maximum power point.
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Figure 12. Comparison of thermal images of array P1.
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Figure 13. I-V and P-V curves for the P1 arrangement. Blue line: array P-V curve. Red line: array
I-V curve. Yellow dot: array maximum power point. Purple dots: ideal I-V points.

Unlike the other systems analyzed, the P1 arrangement has a higher I, which is a
result of compliance with an internal project at the TESLA laboratory. Nevertheless, the
analysis of the soiling rate can be conducted in the same manner as with the other systems,
and the results obtained were equally consistent.

Based on the qualitative evaluation, SR;_ improved from 0.91 to 1.02. However, as

observed in the other arrangements, SRp, , - did not reach the expected value of 1, remaining
at a maximum of 0.72 for the clean system.
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5. Discussion

Based on the qualitative analysis, the visual inspection revealed that all arrangements
exhibited losses related to degradation over time, which were exacerbated by the prolonged
period of exposure without maintenance. The removal of dirt resulted in a reduction in
the operating temperature of the modules and a notable improvement in performance
parameters. This improvement aligns with findings in the literature, where chemical
compounds such as magnetite and hematite are known to cause high heat retention, further
aggravating the degradation process.

In the quantitative analysis, which primarily focused on the SR factor that assesses
the dirt present on the modules, all the configurations examined achieved a dirt rate of 1,
considered the ideal value. The recovery of this factor, coupled with the export in the I-V
curve, demonstrates the effectiveness of cleaning in regenerating SR, even for systems
exposed to environmental conditions over the years.

However, when analyzing the SRp,, , none of the studied arrangements achieved
values corresponding to 1, with results remaining at 0.85, 0.46, 0.46, and 0.72 for the S1,
F1, F2, and P1 arrangements, respectively. This indicates that environmental factors are
causing direct losses in the maximum power output of the module. The power reduction
can be explained by the action of the bypass diode, which is present in silicon modules.
This protective mechanism operates when shading and localized heating occur; however,
as shown in the analysis, some areas experience permanent heating, leading to a decrease
in the module’s efficiency. It is also important to note that all arrangements exhibited
non-conformities.

A comparison can also be made between the values obtained for SRp,, . and the P-V
curve of the arrangements. Arrangements F1 and F2 exhibit a lower soiling rate, which
results in a lower peak in the P-V curve compared to the other arrangements.

Given the importance of properly cleaning PV modules to prevent premature damage
and ensure optimal system performance, and based on the performance rate, it is recom-
mended that the modules undergo annual maintenance in August, considering the location
of the TESLA PV Experimental Plant.

The data analyzed indicate that in August, there is extended exposure to the local
dry period, which requires attention, as it promotes the accumulation of particulate matter
on the modules. Under these conditions, the recommended performance ratio (PR) is
approximately 72.8%. The dry period typically ends with sporadic rains in November,
which, if greater than 5 mm, should help maintain the effects of cleaning. The rainy season,
concentrated from January to March, will likely lead to a gradual decrease in PR until the
next scheduled maintenance in August.

The data clearly demonstrate the need for periodic maintenance to avoid long-term
damage to the system, with the maintenance frequency being dependent on the environ-
ment the PV modules are exposed to. This necessity is further supported by the restoration
of the short-circuit current, the improvement in the I-V curve for all studied arrangements,
as well as the reduction in operating temperature and the improvement in parameters such
as the irradiance effectively captured by the module and the performance rate.

Over the long term, regular annual maintenance should help restore the TESLA PV
Experimental Plant to optimal operating conditions, compensating for losses in maximum
power output.

6. Conclusions

In light of the increasing demand for PV solar energy for both small and large-scale
generation, this study emphasizes the importance of regular maintenance to ensure opti-
mal system performance and mitigate long-term losses, in addition to demonstrating the
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effectiveness of cleaning in restoring the parameters of systems exposed to prolonged envi-
ronmental conditions, as evidenced by the reestablishment of the I-V curves, the analysis
highlights the critical role of maintenance in maintaining optimal system performance.

The gradual accumulation of particulate matter on the modules directly impacts sys-
tem performance over time. As dirt accumulates, it reduces the system’s ability to capture
irradiance, which is crucial for efficiently converting solar energy into electrical power.

Only installing a PV system does not ensure maximum efficiency throughout its
lifespan. Natural wear and tear on electrical components can be significantly exacerbated
by inadequate maintenance. This is evident through the evaluation of the soiling rate,
which serves as a crucial indicator of system performance degradation.

The results indicate that the soiling rate SR, for the analyzed arrangements ranged
from 0.91 to 0.93 when measured with the modules in a dirty state. After successive
cleanings, the SR consistently returned to its ideal value, as measurements were taken
immediately following the cleaning process. Moreover, thermal imaging proved effective
in visualizing dust accumulation on the modules. The quantitative analysis further demon-
strated a reduction in operating temperature post-cleaning, a critical factor that directly
impacts the energy generation efficiency of the system.

The soiling rate analyzed in terms of power (SRp,, ) for the three cases remained
below the estimated value, indicating that prolonged exposure to environmental factors,
without proper periodic maintenance, may have caused irreversible damage to the electrical
components of the cells.

The analysis methods employed were based on established regulations and literature,
aligning with expectations, particularly concerning the performance of SRy . For other
aspects, the same theoretical framework was used to justify the system’s performance in
relation to SRp,,,..
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Abstract: Capacity expansion models for electricity grids typically use deterministic opti-
mization, addressing uncertainty through ex-post analysis by varying input parameters.
This paper presents a stochastic capacity expansion model that integrates uncertainty
directly into optimization, enabling the selection of a single strategy robust across a de-
fined range of uncertainties. Two cost-based risk objectives are explored: “risk-neutral”
minimizes expected total system cost, and “risk-averse” minimizes the most expensive
5% of the cost distribution. The model is applied to the U.S. Midwest grid, accounting for
uncertainties in electricity demand, natural gas prices, and wind generation patterns. While
uncertain gas prices lead to wind additions, wind variability leads to reduced adoption
when explicitly accounted for. The risk-averse objective produces a more diverse generation
portfolio, including six GW more solar, three GW more biomass, along with lower current
fleet retirements. Stochastic objectives reduce mean system costs by 4.5% (risk-neutral) and
4.3% (risk-averse) compared to the deterministic case. Carbon emissions decrease by 1.5%
under the risk-neutral objective, but increase by 3.0% under the risk-averse objective due
to portfolio differences.

Keywords: uncertainty; risk; demand variability; renewable adoption; carbon emissions;
capacity expansion

1. Introduction

Electricity generation contributes significantly to climate change, accounting for 25%
of global carbon emissions [1]. Electricity is also economically significant, e.g., generating
USD 380 billion in revenue in 2016 in the U.S. and affecting the profitability of many
industrial sectors [2]. Efforts are underway around the globe to decarbonize electricity
systems. Federal, state, and provincial governments grant tax credits to select technologies,
set targets for renewable energy adoption (renewable portfolio standards (RPS) [3]), and
implement carbon taxes [4]. A variety of energy system models are used to inform future
energy trends and decarbonization policies with differing scope and spatial scales. In
the U.S,, policy-linked modeling efforts are generally centered on government agencies,
national laboratories, and electric utility companies, which often utilize these models for
their integrated resource plans (IRPs). The National Energy Modeling System (NEMS),
coordinated by the Energy Information Administration (EIA), is a complex multi-module
model that simulates the entire U.S. energy system, including electricity infrastructure, used
as the basis for the EIA Annual Energy Outlook [5]. Other examples include the Regional
Energy Deployment System Model (ReEDS) by the National Renewable Energy Laboratory
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(NREL) [6], Regional Economy, Greenhouse Gas, and Energy (REGEN) by the Electric
Power Research Institute [7], and there are also commercial tools such as ProMod [8],
EGEAS [9], Polaris [10], Plexos [11], and AURORA [12].

The capacity expansion of the power system in the models above is optimized such
that the generators and infrastructure are chosen to minimize the total system cost to meet
future demand. In most of the models listed above, the inputs to the capacity expansion
model are deterministic: the output is a single set of generators and infrastructure that
minimizes discounted system costs when faced with a set of deterministic inputs. Therefore,
the models assume that decisions are made under perfect information, i.e., parameter values
are fixed, and there is one generation plan that minimizes system costs.

Energy system futures are difficult to predict, and a real or hypothetical social planner
should be concerned about lowering risk. Many parameters driving electricity system
profitability are highly uncertain, including future fuel prices, technology prices, and
policies. Uncertainty is typically treated by re-running the model with a set of alternative
scenarios for future parameter values, followed by the comparison of model outcomes with
different input assumptions [13]. There are two limitations to this approach. First is that
the probabilities of alternative parameter values have not been well characterized, and
thus the likelihood of different outcomes is unclear. Second, utility decision-makers are
well aware that drivers are uncertain, and presumably account for this to some degree in
choices for capacity expansion. It is thus well recognized that electricity system models
ought to account for uncertainty and how uncertainty affects build decisions. This is
increasingly important when resource planners are looking to rapidly transform the grid
towards carbon neutrality.

Decision-making under uncertainty can be mathematically formulated using stochastic
optimization on capacity expansion models [14,15]. In general, the idea is to characterize
modeling inputs as distributions, then consider optimization objectives that account for the
resulting distributions in outcomes. The goal is to find an expansion plan that optimizes
an expected (but not specific) outcome. One approach to achieve this is stochastic linear
optimization, which represents uncertainty as discrete scenarios with probabilities at
various stages within the planning horizon, though still fundamentally constrained as
a linear problem. For example, the Tools for Energy Model Optimization and Analysis
(TEMOA) model [16] uses stochastic linear programming [17-20] for optimization with
uncertainty. In this method, uncertain future outcomes are encoded as specific scenarios
in an event tree with an assigned likelihood of occurrence. Other methods include robust
optimization, probabilistic (chance-constrained) programming, fuzzy programming, and
stochastic dynamic programming [21,22].

Metaheuristic search algorithms are often used in solving stochastic systems, espe-
cially when the derivative information is complex to formulate [23]. Some of the popular
metaheuristic search optimization methods are particle swarm, genetic algorithm, simu-
lated annealing, neural networks, and pattern search methods. To recount some examples
of the application of metaheuristic search algorithms in energy systems modeling, [24]
uses particle swarm optimization for identifying the placement of PV and wind turbines
in a distributed grid network. Ref. [25] combines engineering principles and economics
to maximize electric utility revenues in the European context, using metaheuristic search
techniques; [26] uses a nonlinear programming approach for generating capacity expansion
planning, with an objective to minimize the total cost consisting of investment cost plus
generation cost for a multi-year planning horizon.

Stochastic optimization is growing in popularity, with research efforts focused on both
improvement in the computational methods and applications to new research questions
or topic areas. Prior work has applied different versions of stochastic optimization of
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electricity systems to understand how uncertainty interacts with optimal design choices. In
ref. [27], Alvarez uses a two-stage mixed-integer linear programming approach with an
IEEE 31-bus system to optimally dispatch generators, including storage. The author finds
that the stochastic strategy saves 4% on overall costs and is better at retaining operational
contingencies. In ref. [28], stochastic dual dynamic programming and Markov chains
are used to study the optimal operation of microgrids containing renewables, thermal
generation, and storage that can trade with the macrogrid. The authors find that cost
reductions can be up to 70% when compared with a deterministic model of future prices,
demand, and renewable generation. An integrated energy hub that includes electricity,
heat, demand response, and electric vehicles is modeled in [29], and a slime mold algorithm
is used to search for optimal operational strategies against uncertainty in both generation
and demand. This work also uses a conditional value-at-risk (CVaR) approach to model
risk aversion. A new computational method is developed in [30], which combines a
distributionally robust optimization approach with a Stackelberg game for an energy hub
that includes thermal and renewable generation, heating and cooling loads (including heat
storage), and electric vehicle charging. Their computational approach improves on both
computation time and convergence to optimal values, relative to traditional methods.

Stochastic optimization is inherently computationally intensive. As mentioned earlier,
various mathematical and metaheuristic methods are available to solve complex stochastic
problems in power systems, which are often multi-period and nonlinear. Our approach
leverages nonlinear methods to achieve faster solve times, making it more practical for
modelers to incorporate stochasticity into their analyses, considering uncertainties across
multiple input parameters.

We demonstrate the method with a case study of capacity expansion of power genera-
tors for the Midcontinent Independent System Operator (MISO) region. The MISO grid
portfolio snapshot considered in this study features a balanced mix of fossil fuel energy
resources and wind energy, making it an ideal case to analyze the impacts of uncertainty
in natural gas prices and the variability of renewables. The analysis also incorporates
uncertainty in electricity demand. While the case study focuses on the MISO region, the
methodology is flexible and can be adapted to other regions or countries with similar
energy mixes, or facing comparable challenges in managing uncertainties in their long-term
input assumptions.

The uncertainty in natural gas prices is treated with a mean reversion model, with
historical data informing the mean and fluctuations. The uncertainty in wind generation is
treated by applying historical hourly wind patterns in MISO to the model. Other driving
variables, such as technology costs, learning rates, and discount rates, are deterministic.
Technological progress is treated with an endogenous component via adoption in MISO,
and this experience curve model leads to a nonlinear optimization problem. The result
is a set of generator builds and retirements that minimizes the stochastic objective. The
expansion of transmission and distribution infrastructure is not treated in the model, which
effectively assumes that it is built to match the resulting generation capacity.

The method contribution of this work lies in developing a general and flexible ap-
proach to integrating uncertainty into capacity expansion decisions without the constraints
or specialized expertise associated with linear programming techniques. While computa-
tionally intensive, this approach enables the incorporation of stochasticity into capacity
expansion models and the evaluation of risk-based objective functions. Importantly, the
method is agnostic to the complexity of the underlying operation model, whether linear or
nonlinear. The proposed method can be applied as long as the electricity system model
can accept inputs such as fuel prices, capacity build/retirement decisions, and similar data
while producing operating costs as outputs. Additionally, the framework accommodates

120



Energies 2025, 18, 1283

any set or form of uncertain inputs and objective functions, providing a versatile tool for
decision-making. Alternative approaches, such as stochastic dual dynamic programming
or Bender’s decomposition [31,32], might offer greater computational efficiency but often
require substantial restructuring of existing models. By contrast, this approach is particu-
larly valuable to resource planners and practitioners for integrating uncertainty into their
existing models without significant modifications. Furthermore, the robust technology
choices identified through this method can be further analyzed within traditional determin-
istic models, yielding an overall robust plan with technology decisions tailored to varying
levels of risk appetite.

For contributions in application, we investigate how accounting for three important un-
certainties (demand, natural gas prices, and wind variability) influence capacity /retirement
choices in a major real-world balancing region (MISO). There has been work addressing
demand and gas price uncertainties using a stochastic linear approach [15] but, as will be
seen, wind variability is a critical factor affecting renewable adoption. There is prior work
investigating effects of wind variability on generator investment decisions, e.g., [33], but it
is important to consider the effects of uncertainty in a main alternative to wind (natural
gas). By including uncertainties that influence wind (variability), gas (price fluctuations),
and both (demand), we can parse the combined effect on generator mix outcomes. One
important caveat is that we only consider the building and retirement of generators in this
case study, assuming that transmission is built to accommodate. In principle, the need
for transmission affects build decisions, which is partially accounted for in some existing
models [34,35]. However, the approach that we demonstrate can be expanded to consider
transmission expansion, along with the generation decisions.

2. Materials and Methods

The model has several levels that interact with each other, as shown in Figure 1, which
are explained below in the order of their operation.

Dispatch model (A in Figure 1): At the core of the framework is the dispatch model,
which determines whether a set of generation technologies can meet demand and estimates
the variable costs of doing so. This model operates on an hourly resolution, simulating the
operation of the electricity system to meet demand.

Long-term assessment model (B in Figure 1): Building on the dispatch model, the
long-term assessment model evaluates the discounted expected electricity system costs of
an investment plan over a 30-year planning horizon. It incorporates fixed costs, capital
costs of new power plants, and variable costs over time from the dispatch model. To
address computational limitations and maintain practical resolution, the dispatch model
runs for one representative year out of every five during the 30-year horizon.

Sampling model (C in Figure 1): The sampling model integrates the dispatch model
and the long-term assessment model to handle uncertainty. It runs the combined models
through a random sample of uncertain inputs, including fuel prices, electricity demand,
and wind availability. This process produces an output distribution of the discounted total
cost of electricity service for a given generation expansion plan, akin to a Monte Carlo
analysis. The framework also incorporates endogenous changes to key variables: capital
costs, based on technology-specific learning rates, and technology builds between periods.
The endogenous treatment of variables can be extended to other input variables.

Optimization-objective evaluation model (D in Figure 1): The output distributions
from the sampling model are aggregated into a single value using the risk preferences of
the decision-maker or investor. This aggregation allows for decision-making based on a
clearly defined objective. The optimization objective can also be adapted to other criteria
depending on the specific goals of the analysis.
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Repeatedly runs long-term assessment model with different
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Figure 1. Framework for determining the optimized investment plan under uncertainty of inputs from
2020 to 2050 across the Midcontinent Independent System Operation (MISO) region. The sampling
model (C) runs the long-term assessment model (B) over a random sample of input variables to
calculate the distribution of the expected total cost of electricity for different stochastic inputs using
fixed costs and the dispatch model (A) for variable costs. The optimization—objective evaluation
model (D) produces a single cost value from the distribution of system costs for the optimization,
based on the user-defined objective. This study uses conditional value-at-risk (CVaR) to assign a
risk-adjusted value from the distribution of outputs from the cost model. The decision model (E) first
uses genetic algorithm, then pattern search once the genetic algorithm finds an optimal neighborhood,
to identify investment plans that minimize CVaR, given the uncertainty-driven distribution from C
and the objective defined in A. An existing dispatch model can be used as is with this framework by
calling on the relevant subfunctions in the long-term assessment model (B).

Decision model (E in Figure 1): Finally, the aggregated evaluation is passed to the
decision model, which determines the optimal generation expansion plan based on the
selected objective and risk preferences.

The decision model begins with a genetic algorithm search to identify the best set of
generation technologies to build from 2020 to 2050, aligning with the decision-maker’s risk
preferences. The results from the genetic algorithm are then refined using a pattern search
optimization to achieve an optimal solution. Additional numerical optimization techniques
were also tested, as detailed in the Supplementary Information. Table S3 compares methods
such as particle swarm, genetic algorithm, hybrid1 (genetic algorithm + pattern search,
used in our main results), and hybrid2 (genetic algorithm + pattern search + simulated
annealing), assessing costs and run times.

The hybrid approach proved effective, combining the global exploration capabilities
of genetic algorithms with the local refinement of pattern search. While genetic algorithms
excel at navigating complex fitness landscapes, they do not always guarantee convergence.
To address this, the pattern search solver uses the genetic algorithm’s results as a starting
point, enabling faster and more precise local optimization. This combination balances
efficiency and accuracy, though other techniques may be suitable depending on the problem
and computational resources [36—42].

Heuristic methods like genetic algorithms efficiently manage computational time
while accounting for uncertainties. During the evolution process, fitter solutions repeatedly
emerge across iterations after being tested with random input samples, reducing compu-
tational demands. This approach avoids the linearization of uncertainty variables in the
model. However, the parameters of the numerical techniques and the sample size of input
distributions must be carefully tuned and tested to ensure consistent convergence. In this
article, an “investment plan” refers to the quantities of each generation technology to build
in each five-year period from 2020 to 2050, which defines the optimization space.
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The dispatch model (A in Figure 1) can be replaced with any other black box model
that can estimate the variable cost.

2.1. Inputs

Inputs to the model can be broadly categorized into stochastic and deterministic
inputs. The stochastic inputs to the model are the distribution of expected natural gas
prices, distribution of expected electricity demand as a function of season and hour-of-day,
and random variations in wind profiles based on historical data. The model is capable of
incorporating other uncertainties such as expected future subsidies, weather patterns, the
distribution of capital costs, or RPS constraints, but we do not consider them in the current
work. The deterministic inputs are expected capital costs, discount rate, and technology
learning rates (but not future technology costs, which depend on adoption within each
model run), as summarized in Table 1.

Table 1. Summary of the inputs and data sources used in the stochastic model (EIA = U.S. Energy
Information Administration, NREL = National Renewable Energy Laboratory).

Deterministic Inputs Source Note

Capital cost of new
power plants

Discount rate EIA [43], NREL [44] 5%

Fixed and operating cost of new

EIA [43] Shown in Table 2

EIA [43] Shown in Table 2
power plants
Fixed and operating cost of . Supplementary
existing plants eGrid [45] Information, Section 52
Heat rate of new technologies EIA [43] Shown in Table 2
Heat rate of existing plants eGrid [45] Infofrizlsilc?;nesreliirgn s1
. . IEA [46], EIA [47], .
Learning rates (single factor) Rubin et al. [48] Shown in Table 2
Existing power plant fleet eGrid [45] In fofrlllqzlt)ilc‘)arr?esr;ign s]
Fuel prices EIA [49] Shown in Figure 2
Carbon emissions of eGrid [45] Supplementary

existing plants Information, Section S1

Solar variability (hourly
capacity factors)

Supplementary

NREL [50,51] Information, Section S3

Stochastic inputs Source Note

Natural gas prices Simulated Ilustrated in Figure 3

Illustrated in

Demand Simulated Figures 4 and 5

Historical variations

Wind profiles NREL [50,51]

Ilustrated in Figure 6

2.1.1. Deterministic Inputs

This section covers the deterministic inputs used in the model, as summarized in
Table 1. The model uses the existing portfolio of generation in the studied area, including
the age, efficiencies, emissions, and generation capacities of each plant from the eGrid
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database [45] to define the starting point for future portfolios. Sample data from the eGrid
database are shown in the Supplementary Information, Section S1.

New Power Plant Characteristics

New generation technologies and their corresponding capital cost, fixed cost, and
efficiencies are considered based on the EIA’s estimates used for modeling the NEMS
electricity market module [52], shown in Table 2. Overnight capital costs are considered,
excluding the financing/interest during the construction and development of the power
plants. The discount rate in the model is 5% [44,53].

Table 2. Cost and efficiency characteristics of new generation technologies considered in the study,
based on estimates from the U.S. Energy Information Administration [13]. All the costs are expressed
in 2016 USD. Capital costs are overnight costs that exclude interest during the construction and
development. The capital costs are for the year 2016 and the future capital costs are estimated ac-
counting for technological progress through learning rates. (CCS = carbon capture and sequestration,
CC = combined cycle, CT = combustion turbine).

Capital Fixed Cost Operating Heat Rate Learning
Technology Cost (2016 (2016 Cost (2016 (Btw/kWh) Fuel Rate
USD/kW)  USD/kW)  USD/MWh) (%)
Coal with CCS 4983 69 7.02 1070 Coal 8.3
Natural gas CC 962 10.80 3.47 6450 Gas 14
Natural gas CT 875 17.30 3.47 9900 Gas 15
Biomass 3757 110 5.46 13,500 Biomass 11
Wind 1622 47 0 0 Wind 12
Solar 1812 22 0 0 Solar 23
Nuclear 5822 99.17 2.27 232,930 Uranium 2

Capital Costs with Technological Progress

Rapid growth, competition, and technology improvements lead to cost reductions
over time in a process described generally as “technological progress.” Learning rates
describe these cost reductions. The learning rates (LR) assumed in this study are based
on the average learning rates observed from the literature review by Rubin et al. in their
study [48], as given in Table 2.

The learning coefficient ‘«’ determines the capital cost of the technologies in any given
year (CC;) based on the cost during the previous year (CC;_1), the global capacity of the
technology during the previous year (P;_1), and the current cumulative capacity after
the new additions globally (P;) (Equation (3)). The coefficient ‘a” is determined from the
learning rate of the technologies, which specifies the cost reduction rate as the technology’s
capacity doubles (LR) [54] (Equations (1) and (2)). The total installed capacity of the
technology is determined based on the global level projections from the EIA data [47]
and the local capacity additions in MISO, meaning that learning is endogenous within
the model. The percentage change in capital cost over time for each tech is shown in
Supplementary Information, Figure S3.

LR=1-2% 1)

_ In(1-LR)
T The) @
CC; = CCy_4 (;;) 3)
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where

Subscript t—given year t
LR—Ilearning rate

o—learning rate coefficient
P—cumulative global capacity
CC—capital cost

Fuel Prices

Fuel prices of coal, uranium for nuclear power, and oil are treated as deterministic
and are taken from the EIA database [49], shown in Figure 2, with units expressed in
USD/MMBtu.

25

5~ = Natural Gas |
Biomass
Coal
0 . . o Uranium |
2020 2025 2030 2035 2040 2045 2050

Year

Figure 2. Fuel prices of coal, natural gas, uranium, and oil used in the deterministic scenario. The
x-axis represents the year, and the y-axis represents the fuel price in USD per million British thermal
units. All fuel prices except natural gas are based on U.S. Energy Information Administration
data [49]. For natural gas, prices for the deterministic scenario are set to the mean of the distribution
in stochastic scenario (see the Distribution of Natural Gas Prices section).

Solar Output

We estimate the hourly generation profiles of solar energy across various locations in
MISO using the Eastern Solar Integration Data [51]. This dataset consists of meteorological
data, 5 min resolution of solar power production, and capacity factors. We consider thirty
potential locations in the midwest region and the corresponding hourly wind output per
MW. The average of solar energy output (MWh/hour) per unit MW across these locations
is used to generate the hourly variations in solar capacities considered in the study. Unlike
wind, solar generation is not treated as a stochastic input in the model for two reasons: it
is a less important input because the model does not choose much solar in any scenario
(MISO has far more wind than solar), and focusing on three stochastic inputs allows us
to more clearly explain the effects of each variable. Refer to Supplementary Information,
Section S3 for more details.
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2.1.2. Stochastic Inputs

In order to model the effects of uncertainty, the model requires some form of distribu-
tion of possible future values for each input whose uncertainty is considered. In this case
study, we have chosen plausible methods for generating distributions of natural gas fuel
prices, electricity demand, and wind variability that we use as inputs to the model along-
side the deterministic inputs described above. To aid with interpretation and explanation,
we only model uncertainty for natural gas price, electricity demand, and wind. It should
also be noted that each of these three stochastic inputs takes a different form, designed to
capture the realistic uncertainty /variability in that specific input. This poses no difficulty
in our modeling approach: wind uncertainly comes from a set of prior year wind patterns,
natural gas uncertainty follows a mean reversion time series with correlation between
periods, and demand patterns are created by combining historical daily demand patterns
with presumed growth rates over time.

Distribution of Natural Gas Prices

Volatility in natural gas prices demonstrate mean reversion and seasonality [55]. Mean
reversion is the tendency of natural gas prices to revert to a long-term equilibrium value
after fluctuations due to extreme weather, supply, or demand surges. Seasonality is the
cyclic variation over the seasons because of the cyclic changes in demand [55]. In the
current model, we consider only the annual variations using the Ornstein-Uhlenbeck mean
reversion process [56]. Historical variations in the Henry Hub natural gas spot prices since
1986 are used to estimate future uncertainties [57].

The Ornstein-Uhlenbeck process is a variation of the Markov process, i.e., the fu-
ture value is independent of the past but depends upon the present value [9]. Further
information on the Ornstein—Uhlenbeck process and our application is provided in the
Supplementary Information, Section S5. The simulated time series of natural gas prices is
shown in Figure 3.
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Figure 3. Natural gas Henry Hub spot prices from 1990 to 2018 and sample simulated price scenarios
with uncertainty cone from 2018 to 2050. The x-axis represents the year, and the y-axis represents
the natural gas price in USD per metric million British thermal units. Ornstein-Uhlenbeck mean-
reversion process is used to create stochastic natural gas prices as an input to the long-term assessment
model. Each colored dotted line indicates one possible sample price trajectory until 2050. Three out
of a thousand samples are illustrated in the figure.
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Stochastic Electricity Demand

We construct stochastic electricity demand over a year by multiplying normalized
hourly demand values from historical data with a random annual average demand from a
pre-defined distribution for the years 2020-2050 at five-year intervals. A simple Brownian
motion is used to build a distribution of annual average demand. Further information on
the modeling of stochastic demand is provided in the Supplementary Information, Section
S6. The distribution of annual growth in demand is provided in Figure 4, and a sample of
intra-annual random hourly demand patterns for two example days during the summer is
provided in Figure 5. The model considers all 8760 h in the year, and demand profiles for
two sample years are shown in Supplementary Information, Section S6, Figure S4.
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Figure 4. Uncertainty cone of average annual load growth from 2015 to 2050. The x-axis represents
the year, and the y-axis represents the annual average hourly demand in gigawatt hours. Each colored
dotted line indicates one possible average growth trajectory until 2050. Three out of a thousand
samples are illustrated in the figure.
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Figure 5. Four random samples of hourly load patterns for two summer days in the year 2035. The
x-axis represents the hour, and the y-axis represents the hourly demand in gigawatt hours. The
samples are created from multiplying a random point of annual demand growth distribution from the
year 2035 with a random normalized hourly load pattern over a year from the historical data. Similar
profiles are created at 5-year steps from 2020 to 2050 for 8760 h for every Monte Carlo simulation.
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Wind Variability

We estimate the hourly generation profiles of wind energy across thirty locations
in MISO using the Wind Integration National Database (WIND) toolkit [50] for the past
10 years. We average the wind output (MWh/hour) per unit MW across thirty potential
locations for each year from the past ten years to generate different samples of hourly
variations in wind as shown in Figure 6.

T T T T

0 1 1 1
0 10 20 30 40

Hours

Figure 6. Four random samples of hourly wind output for two example days during the summer.
The x-axis represents the sampled hours, and the y-axis represents the normalized wind output per
unit megawatt of capacity. Each color represents one sample year of data describing the historical
wind generation observed in the Midcontinent Independent System Operator (MISO) region.

2.2. Sampling Model

The sampling model (C in Figure 1) calculates a distribution of discounted expected
total system costs for meeting load over the next 30-year horizon, given a specific invest-
ment plan over 30 years from 2020 to 2050. In this model, we consider a random sample of
fifty different load profiles, and natural gas prices for each iteration of the genetic algorithm
search and pattern search. For a scenario with wind uncertainty, we also consider a random
sample of historical wind profiles along with the other stochastic variables.

2.2.1. Dispatch Model for Variable Costs

The lowest level of the cost model is a dispatch routine that uses simple rules to
determine the variable cost of electricity generation over a year [58]. Due to the need to run
many scenarios, both for the sampling model and the genetic algorithm search, there are
limitations on computational time. Therefore, the dispatch model is limited to choosing the
generation in each hour based on the marginal cost of operation for 8760 h in a year. We
run the model for all the hours in a year to accurately capture the effects of variability of
wind and solar energy.

The economic dispatch model is run with an objective of producing electricity at a
minimum operating cost using linear optimization. The generators run with ramping
constraints, shown in Equations (6) and (7). The total variable cost (VC) of the electricity
generation is the marginal cost (MC) incurred by the power plants to produce electricity
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e summed over every hour in a year, as shown in Equation (9). We do not include more
sophisticated electricity system elements, such as transmission constraints, startup time,
and spinning reserves. However, the modular nature of the model permits upgrading to a
sophisticated dispatch model without changes to the modeling framework.

The dispatch model uses the EPA’s eGrid database for the current fleet of power plants
for electricity generation [45], and the new generation fleet is added based on the inputs
from the decision model and the plant characteristics from EIA data (Table 1) [43]. The
marginal cost (assumed as bid price) of operation for each power plant is calculated based
on the heat rate [45], and the subsequent fuel costs as given in Equation (4).

USD Price; ¢
MCiny (MWh) = HRp 500+ O&Me S
Objective function:
minimize C;p,; = ZMCi,h,p,t %€t )
p
Subject to:
RD,
ei,h,p,t 2 ei/(h_l)rp/t o W * Pp’ (6)
RU,
ei,h,p,t S eil(h_l)rplt + 100 * Pp’ (7)
erp >0, t < 8760 (8)
VCit =) Cins )
h,t
where

Subscript h—hour

Subscript t—given year

Subscript i—ith Monte Carlo run

Subscript p—power plant

P—mnominal capacity of power plant (MW)

e—energy output in hour h (MWh)

MC—marginal cost of operation of a power plant (USD/MWh),
HR—heat rate (Btu/kWh)

Price—average spot price of fuel (USD/MMBtu)
O&M—operations and maintenance cost of the power plant (USD/MWh)
RDp—ramp down rate of power plant p (% of MW /h)
RUp—ramp up rate of power plant p (% of MW /h)

VC—total variable cost

This study does not model imports of electricity from regions outside of MISO and
penalizes the model with a cost of USD 10,000/MWh for any unserved energy.

2.2.2. Long-Term Assessment Model

The long-term assessment model calculates the discounted expected total system costs
(Equation (11)) for meeting load over a 30-year horizon. The first step is to calculate the
total system cost for each year (TC), which is a summation of capital cost of new power
plants after taking into account technological progress (CC), fixed cost, and variable cost
from the dispatch model (VC) (Equation (10)).

Total system cost (USD) = capital cost + fixed cost + variable cost

10
TCi,t = CCy+ FCr + VCl-,t (10
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where

Subscript t—given year
Subscript i- ith Monte Carlo run
CC—capital cost (USD)
FC—fixed cost (USD)

VC—total variable cost (USD)

The model operates in 5-year intervals. The start year is 2015, and the costs of in-
termediate years are interpolated based on the costs estimated at 5-year intervals from
2020-2050.

Cashflow

We assume a discount rate (1) of 5% and calculate the total discounted cost of the
electricity service (C) using the 2016 USD value, as shown in Equation (11) from the total
cost of electricity service (TC) estimated for each year from 2020-2050.

2030 TC: ¢
L

G = it
1 t=2015 (1+ r)(t_Y)

(11)

where

Subscript i—ith Monte Carlo run
C—discounted present value of the cost
TC—total cost

r—discount rate, 5%

t—given year

Y—reference year, 2016

2.2.3. Sampling Method

To include the effects of future uncertainties, we run the long-term assessment model
iteratively with random combinations of natural gas prices, load, and wind and the output
is a distribution of discounted total system costs. We consider a sample size of fifty, which
takes about 16 h to solve on a system with Intel I9 10900K chip, with 10 cores and 20 threads.
The run times vary depending upon the processor. Through a trial-and-error method
using different sample sizes, a sample size of fifty, along with the tuning of other genetic
algorithm parameters, gave optimal solutions. Also, evolutionary algorithms such as
genetic algorithm run iteratively, and the fitter individuals/least cost solutions appear
repeatedly many times across the iterations to determine the optimized results (i.e., the
best solutions).

2.3. Deterministic Approach for Comparison

We compare the stochastic and deterministic approaches by running the model with
deterministic inputs rather than the distribution for demand, natural gas price, and wind
stochasticity. For this, the mean of the stochastic input distributions is used as a determinis-
tic input to provide a fair comparison. The purely deterministic approach does not include
any uncertain variables, and the output of the cost model is a single discounted total system
cost of electricity service for an investment plan over 30 years from 2020 to 2050. The
genetic algorithm and pattern search is applied in the same way as in the base case model,
but is now searching for an investment plan that minimizes the single deterministic system
cost figure rather than a distribution of costs.
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2.4. Optimization—Objective Evaluation Model

The optimization—objective evaluation model in this study uses the conditional value-
at-risk (CVaR) method to aggregate the distributions of net present costs from the cost
model to a single value based on risk preference. For a risk-neutral scenario, the decision
model minimizes the mean of the distribution, which is equivalent to a CVaR at 0%. For a
risk-averse scenario, CVaR is set at 95%, meaning that the decision model is attempting to
minimize the mean of the most expensive 5% of scenarios, which is a plausible goal for a
risk-averse decision-maker (Equation (12)).

n C
Z(i: Cl\[/)z(x)R *n) 1

DCcyqr (USD) = ————
CVaR
(1 — 10% ) *n

after arranging C; in ascending order (12)

where

Subscript i—ith Monte Carlo run

Subscript n—total Monte Carlo runs

C—discounted present value of the cost

DC—total discounted electricity cost based on CVaR

The choice of CVaR value directly affects the optimization outcomes. Lower CVaR val-
ues prioritize solutions with lower average costs across all scenarios, favoring investments
that perform well under typical conditions. In contrast, higher CVaR values focus on mini-
mizing potential losses in worst-case scenarios, leading to more conservative investment
plans against extreme uncertainties. By adjusting the CVaR value, the decision-maker can
explore a spectrum of trade-offs between cost efficiency and risk mitigation, tailoring the
optimization to specific risk preferences and system requirements [59]. While CVaR is used
in the current study, the optimization objective can be any other metric as a function of
distribution of system costs or other outputs.

2.5. Decision Model Genetic Algorithm Search Plus Pattern Search

The decision model first uses genetic algorithm optimization to minimize the risk-
adjusted output (average cost or CVaR at 95%) from the optimization—objective evaluation
model. The genetic algorithm is good at rapidly identifying a set of reasonably fit solutions
using a heuristic optimization algorithm derived from natural selection processes. The
genetic algorithm iteratively modifies a population of individual solutions—in our case,
investment plans. The default population size is 200 in the global optimization toolbox in
the MATLAB R2017b version used in the model. The decision variables are the capacities
(in MW) of each generation technology to be built from 2020 to 2050 at 5-year intervals,
i.e., quantities of seven technologies to be built over seven periods (49 decision variables).
Other parameters of the genetic algorithm, such as function tolerance (average relative
change in the best least cost solution) and crossover fraction (to specify the fraction of the
next generation produced by crossover), are tuned through cross-validation techniques.
We use a heuristic initialization method, which seeds the initial random investment plan
with a solution from the deterministic analysis and the rest with the random plans, as
generated by the algorithm. After the genetic algorithm search, we use pattern search
to ensure that a detailed search is completed around the most promising solutions. This
algorithm iteratively finds a sequence of neighboring points around a least cost solution,
until the objective function either decreases or remains the same from each point in the
iteration to the next.

There are no environmental or renewable energy policies (e.g., renewable portfolio
standard, emissions pricing) included as constraints, though these are perfectly compatible
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with the model structure. Supplementary Information, Section S5 provides a more detailed
description of the objective function, and all the constraints used in the optimization. For
more information on the genetic algorithm and its tuning, refer to the Supplementary
Information, Sections S6-S8 (for the specific implementation in this research) and the
MATLAB website (for general information about the method and application) [60].

2.6. Retirement

In reality, the retirement of power plants is case-specific and depends on several factors
such as wholesale electricity prices, inefficiency, costs of operation, and environmental
regulations [61]. In 2017, most of the retirement decisions in MISO were due to uneconomic
power plants [62].

In the current study, the economics of power plants is based on the cost of operation
every five years. The model endogenously retires the power plants by allowing the
optimization algorithm to choose positive or negative capacity additions. Positive additions
denote a new generation capacity of that technology, and negative additions denote the
retirement of the power plants for a specific fuel type. For negative capacities, power plants
with the highest annual cost of operation per unit nameplate capacity for a given fuel type
are assumed to be the least economical to operate, and are retired until the retired capacities
equal the negative capacities from the genetic algorithm. The total cost of electricity service
is then calculated for the resultant investment plan.

2.7. Reporting the Investment Plan, Unserved Energy, and Distributions of Cost and Emissions

Distributions of discounted total system costs, unserved energy, and emissions of
the resultant investment plans for different risk preferences are presented in Section 3
below. Probability distributions of system costs are plotted with two primary comparisons:
deterministic versus uncertain stochastic scenarios, and risk-neutral versus risk-averse
scenarios. The distributions are calculated by running the resultant investment plans for
different risk preferences through the long-term assessment model and the Monte Carlo
model. A fixed sample distribution of natural gas prices, demand, and wind energy is
assumed for all the investment plans and run through 1000 Monte Carlo simulations, which
provides a distribution of output discounted total system costs and emissions. This fixed
sample ensures a fair comparison between scenarios.

3. Results

This work presents an alternative method for capacity expansion modeling in MISO
under uncertainty of input load, natural gas prices, and wind. First, we present the
results of the stochastic approach for the reference case. Second, a comparison is made
between the outcomes of deterministic and stochastic approaches. Next, we compare the
unserved energy of all the three cases. In the end, a summary of all three objective functions
is presented.

3.1. Stochastic Scenario

The base case stochastic scenario is the risk-neutral scenario that minimizes the mean
of the distribution of discounted, long-term electricity system cost. For this risk-neutral
scenario, the capacity mix by 2050 is 43% wind (113 GW), 30% natural gas (79 GW), 19%
coal (49 GW), 5% solar (13 GW), and 3% all other fuels (9 GW) (Figure 7, top).
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Figure 7. 20202050 generator capacity mix (gigawatts) (top figure) and generation (terawatt hours)
(bottom figure) in the stochastic risk-neutral scenario (objective = minimize mean of cost distribution),
using the mean natural gas prices and demand values from the input distributions. Colors of the
bars indicate the generator type. (Gas CT = gas combustion turbine, Gas CC = gas combined cycle).

The energy mix that results from the capacity mix described above depends upon
specific natural gas prices, demand, and wind generation profiles. While the capacity
mix was chosen using stochastic inputs, calculating the energy mix requires specific fixed
inputs. We use mean natural gas prices, demand, and wind variability values from the
input distributions to find that wind dominates the energy generation mix in 2050 at 51%
of total electricity, followed by coal (30%), natural gas (11%), and all other fuels at 8%
(Figure 7, bottom).

3.2. Comparing Deterministic and Stochastic Scenarios

Relative to the deterministic optimization, the risk-neutral scenario adds 18 GW of
additional natural gas combined cycle capacity, 8 GW of additional gas turbines, but 8 GW
less wind capacity by 2050. We noticed that if wind is modeled as deterministic (with a
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fixed and known annual pattern) while demand and natural gas price are kept as stochastic,
the risk-neutral optimizer chooses more wind generation than in the deterministic case.
When wind generation, natural gas prices, and demand are all varied, the uncertainty
regarding wind generation outweighs the importance of natural gas price uncertainty.
Overall, wind capacity and generation are greater than natural gas-based capacity and
generation in both deterministic and stochastic scenarios.

These results should be interpreted with caution, considering that they depend on
factors such as resource availability in the area, the risk appetite of the modeler, and overall
technology choices. The authors emphasize that these findings are intended to illustrate
the results and sensitivity to various risk appetites, highlighting the importance of incorpo-
rating stochastic elements into models for grid planning purposes. Grid planners should
consider these variations and uncertainties as part of their comprehensive modeling efforts.

Probability distributions of discounted total system costs of the investment plans
illustrate the likelihood of different long-term system costs when subjected to input distri-
butions of natural gas, demand, and wind variations. Figure 8 compares the probability
distributions of these costs. The results show that the mean system cost of the deterministic
scenario is higher than the risk-neutral scenario by USD 23 billion (5%). The mean system
cost of the distribution for the risk-neutral scenario is USD 486 billion, and there is a lower
likelihood of expensive system costs than for the deterministic scenario (Figure 8). The
CVaR at 95% (the average of the 5% most expensive outcomes) for the risk-neutral scenario
is USD 514 billion, versus USD 599 billion for the deterministic scenario. Overall, the
risk-neutral scenario optimizes better for the expected distribution of load, natural gas
prices, and wind variations than the deterministic approach, which does not consider this
variability when it chooses an optimal system. This is not particularly surprising, consider-
ing that only the risk-neutral optimizer is designed to account for these uncertainties. But
the magnitude of the differences is notable: a 5% difference in average long-term system
cost and a 15% difference in the worst-case scenarios.

0.25 - i
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Mean 486 Billion USD
0.2 CVaR 514 Billion USD .

Probability
o
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o
-
T

Deterministic
Mean 509 Billion USD

0.05 - -
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450 500 550 600 650 700
Total System Cost (2016 Billion USD)

Figure 8. Probability distribution of discounted total system cost of electricity for risk-neutral and
deterministic scenarios, generated when the resultant investment plans are run through a sample of
1000 random natural gas prices, demand, and historical wind variations. The x-axis represents the
total discounted system cost of electricity in billions of USD, and the y-axis represents the probability.
Colors represent the scenarios. The risk-neutral scenario is optimized for conditional value-at-risk
(CVaR) at 0% (mean of the input distribution) and the deterministic scenario is optimized for average
input values (not distributions).
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3.3. Comparing Risk-Neutral and Risk-Averse Scenarios

4

In this section, results are compared for different risk preferences. The “risk-averse”
scenario attempts to minimize the CVaR at 95% (the mean of the most expensive 5% of
outcomes), and the “risk-neutral” scenario attempts to minimize the CVaR at 0% (mean of
the entire system cost distribution). Probability distributions of discounted total system
costs for the different risk preferences show that the mean cost of the risk-averse scenario is
slightly higher than the risk-neutral scenario by USD 1 billion. The risk-averse scenario’s
CVaR value at 95% is USD 511 billion, lower than the risk-neutral scenario’s CVaR value at
95% of USD 514 billion (Figure 9).

0.12 - 1
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>
= 0.08 -
S Risk-neutral
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E 0.06 | CVaR 514 Billion USD Mean 487 Billion USD
o CVaR 511 Billion USD

°
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440 460 480 500 520 540
Total System Cost (2016 Billion USD)

Figure 9. Probability distribution of the discounted total cost of the electricity system for risk-neutral
and risk-averse scenarios. The x-axis represents the total discounted system cost in billions of USD,
and the y-axis represents the probability. The risk neutral scenario is optimized for conditional value-
at-risk (CVaR) at 0%, which is the mean of the distribution. The risk averse scenario is optimized for
CVaR at 95%.

Relative to the risk-neutral optimizer, the risk-averse scenario proposes higher capacity
additions of solar capacity by 6 GW, biomass by 3 GW, and lower additions of wind by
12 GW, fewer gas turbines by 8 GW, and a lower retirement of coal, by 2050. Minimizing
the probability of high system costs generally shifts the preferred system towards diversifi-
cation: greater use of lightly used resources and slightly lower deployment of wind and
natural gas generation, which tend to dominate in any scenario.

3.4. Unserved Energy

In this section, results of unserved energy are compared between all the scenarios.
The boxplots in Figure 10 shows a median unserved energy of less than 0.5 TWh for all
scenarios, which is less than 0.5% of the average annual demand. For all the modeled
time periods, the mean unserved energy of the deterministic scenario is higher than the
stochastic scenarios. We also observed similar trends for unserved energy costs.
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Figure 10. Boxplot of unserved energy (not produced by MISO generators, purchased at cost of USD
10,000/ megawatt hours) comparing the deterministic, risk-neutral, and risk-averse scenarios. Deter-
ministic scenarios have higher unserved energy values due to not accounting for high-demand /low
wind generation scenarios. The x-axis represents the year, and the y-axis represents the unserved
energy in terawatt hours. Colors represent different scenarios. (MISO = Midcontinent Independent
System Operator).

3.5. Summary of Results

Between the three optimization goals described in this work, the deterministic scenario
has the lowest capacity additions, a higher mean system cost, and highest high-risk values
because it neither optimizes for the expected distribution of load, gas prices, and wind
variability, nor considers high-risk scenarios. Since the penalty of unserved energy at USD
10,000/MWh is much higher than energy costs under uncertain natural gas prices, the risk-
neutral scenario adds more dispatchable natural gas (of both types) than the deterministic
scenario to address the uncertainty in demand and wind variability. Therefore, the amount
of unserved energy is much lower for the stochastic scenarios than the deterministic
scenario. The risk-averse scenario adds the highest solar capacity of all the scenarios. It
also adds the most natural gas combined cycle capacity of all the scenarios. The cumulative
capacity additions in all three scenarios are plotted in Figure 11.

Figure 12 shows the cumulative distribution function of emissions for all three sce-
narios by the year 2050, given uncertainty in the three examined stochastic variables. The
results show that the average emissions are close for all three scenarios, but lowest for the
risk-neutral scenario at an average of 260 kg/MWh, second for the deterministic scenario
at an average of 264 kg/MWh, and highest for the risk-averse scenario at 272 kg/MWh
(Figure 12). However, the distributions in each value are more interesting: each of the
three vary by more than a factor of two, driven mainly by uncertainty about total electric-
ity demand in the future. The risk-neutral and risk-averse scenarios have more variable
emissions levels than the deterministic one because they both build greater amounts of gas
generation. This means that they have a greater ability to trade-off between coal and gas
generation depending on the prevailing natural gas price, which is uncertain and variable.
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Figure 11. Scatter plot of cumulative additions of different generation technologies by 2050, compar-
ing the deterministic, risk-neutral, and risk-averse scenarios. The risk-averse scenario is optimized
for conditional value-at-risk (CVaR) at 95% and risk-neutral scenario is optimized for CVaR at 0%
of the system cost distribution. The x-axis represents the generation technologies, and the y-axis
represents the cumulative capacity additions (or retirements as negative values) in gigawatts. Colors

represent different scenarios.
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Figure 12. Cumulative probability distributions of the output emissions for deterministic, risk-neutral
and risk-averse scenarios by the year 2050. The x-axis represents the emissions in kg/megawatt hours
and the y-axis represents the cumulative probability. Colors represent the scenarios. The risk-neutral
scenario is optimized for conditional value-at-risk (CVaR) at 0% and risk-averse scenario is optimized
for CVaR at 95%.

A summary of the results comparing the deterministic, risk-neutral, and risk-averse

scenarios is shown in Table 3.

137



Energies 2025, 18, 1283

Table 3. Comparison of summary results for three model cases. Results are obtained with heuristic
optimization, meaning that there is small variability in results depending on run. Therefore, all
results show the mean of ten runs. (CVaR = conditional value-at-risk).

Discounted CVaR@95% Ave:rage 2050 Totall Capacity
Model Total System (2016 Billion Emissions of Wind and
Case Cost (2016 USD) Factor Solar by 2050

Billion USD) (kg/MWh) (GW)
Deterministic 509 599 264 134
Risk-neutral 486 514 260 126
Risk-averse 487 511 272 120

4. Discussion

This work develops a flexible approach for integrating stochastic factors and alterna-
tive objective functions into capacity expansion modeling, which allows use of “black box”
operation/production cost models that are time-intensive or unavailable for modification.
The flexibility does come at a computational cost: the requirement that the operation model
underneath the capacity expansion model must be run iteratively, depending upon the size
of the input distributions.

For the case study of MISO, results show that accounting for uncertainty in decision-
making reduced the adoption of wind power in both risk-neutral and risk-averse cases.
In contrast, running the model without wind variability led to increased wind power
adoption, suggesting that the impact of wind variability in reducing adoption outweighs
the influence of natural gas price variability, which favors wind. Despite lower wind
capacity, the risk-neutral case results in lower carbon emissions than the deterministic
scenario, driven by the operation of new, efficient natural gas plants replacing older units.
However, if emission constraints were strictly enforced, the model would likely favor
dispatchable, low-emitting resources to account for wind variability. This highlights a key
area for future research, exploring how emission limits interact with the need for firm,
low-carbon generation in the presence of renewable variability.

There are unresolved questions on the applicability of the approach in more complex
situations. Stochastic models are more computationally intensive than deterministic ones.
In our application, the optimization, run on a personal computer, was manageable with
three stochastic inputs for capacity expansion of generators in MISO. The case study model
did not include expansion of transmission and distribution, storage, or demand-response,
all of which increase computational complexity. It is not clear yet what combination of
optimization technique and increased computing power will enable which additions to be
computationally feasible. As with other meta-heuristic optimization, run-times depend
on the specific approach applied and there is risk of being caught in a local minimum (see
Supplemental Information S12 for related results on this topic). Due to the flexibility they
introduce, storage and/or demand response could change the current result that stochastic
decision-making reduces wind adoption.

This said, the additional functionality to analyze cost risk represents, we argue, an im-
portant feature of real-life capacity expansion decisions. The usual deterministic approach
assumes that the grid is built with perfect foresight of fuel prices, technology prices, and
demand. Decision-makers who plan grids do have some knowledge of future uncertainties
that can inform the way that these uncertainties are modeled. For example, natural gas
prices and demand are certain to be more volatile than the marginal costs of operating wind
and solar power plants, though the generation patterns of the latter result in uncertainty of
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their own. Grid buildout decisions ought to account for this knowledge of the future by
considering cost risk in addition to minimizing average expected cost.

5. Conclusions

This work demonstrates the importance of incorporating stochastic factors and al-
ternative objective functions into capacity expansion modeling, especially in the context
of uncertain future energy scenarios. By applying this approach to the MISO region, the
study highlights significant trade-offs between deterministic, risk-neutral, and risk-averse
optimization strategies. The deterministic scenario, while simpler and computationally
less intensive, fails to account for uncertainties in natural gas prices, wind variability, and
electricity demand, resulting in higher system costs and unserved energy.

The stochastic scenarios, particularly the risk-neutral case, achieve lower system costs
and emissions on average by incorporating uncertainty into decision-making. This comes
at the expense of reduced wind power adoption due to wind variability but is offset by the
deployment of efficient natural gas plants. The risk-averse scenario prioritizes reducing
extreme cost outcomes, leading to higher capacity additions of natural gas and solar, but
results in slightly higher average emissions compared to the other scenarios.

The results show that deterministic approaches oversimplify real-world decision-
making by neglecting uncertainties that significantly impact cost, emissions, and resource
mix. Stochastic modeling adds complexity but enables a more realistic assessment of cost
risk, better aligning with the uncertainties faced by decision-makers. However, the compu-
tational intensity of stochastic models and the omission of key factors such as transmission,
storage, and demand response suggest that further research is needed to enhance the
practicality and applicability of this approach to broader, more complex systems.

In conclusion, this study emphasizes that future capacity expansion decisions should
account for both average costs and cost risks, leveraging stochastic approaches to address
the inherent uncertainties in fuel prices, renewable variability, and demand. This flexibility
not only improves the robustness of energy planning, but also highlights opportunities for
further exploration, particularly in integrating emission constraints and low-carbon, firm
generation resources in the presence of renewable variability.
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Abstract: The control methods of energy systems can be categorized into grid-following
and grid-forming types. The grid-following control method relies on grid synchronization
and is prone to stability issues in weak grid conditions. By contrast, the grid-forming
control method exhibits synchronous machine characteristics, providing voltage support
to the system, but potentially introducing stability risks under strong grid conditions.
Constructing a grid-following and grid-forming hybrid renewable energy plant can effec-
tively enhance the system’s support capability and ensure reliable operation. However, the
interactions among multiple inverters are complex, and traditional modeling methods are
inadequate to meet the modeling requirements for such systems. To effectively address this
problem, this paper presents a reduced-order modeling method that simplifies the complex
system into a simple system consisting of an equivalent grid-following, an equivalent
grid-forming, and grid impedance through frequency decoupling and the aggregation of
similar inverters. Furthermore, this study employs both the Nyquist stability criterion and
the harmonic characteristic analysis method to elucidate how the capacity ratio between
grid-following and grid-forming affects system stability.

Keywords: grid-following; grid-forming; renewable energy plants; reduced-order
modeling method; stability analysis

1. Introduction

In response to the increasing strain on conventional energy supplies and the worsening
environmental crisis, the transition to low-carbon power systems is accelerating, with
renewable energy playing an ever-growing role in the grid [1]. While the integration of
wind, solar, and other renewable sources helps mitigate environmental issues, it also poses
new challenges to the safe and stable operation of power systems [2].

Renewable energy control methods are primarily classified into grid-following (GFL)
and grid-forming (GFM) types. The GFL method synchronizes with the grid using the phase
locked loop (PLL) [3] and depends on system voltage sources to maintain synchronization at
the point of interconnection. However, it only passively adapts to grid conditions, offering
limited support in weak grid environments, ultimately reducing system stability [4,5]. By
contrast, the grid-forming (GFM) method exhibits damping and inertia characteristics
similar to synchronous machines, allowing it to actively provide voltage support to the
grid and maintain a higher stability margin under weak grid conditions [6,7]. However,
it is prone to stability issues in strong grid environments [8]. Grid-following and grid-
forming systems are suited to different grid conditions. By combining both types within
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a single system, the application range of inverters can be expanded, ensuring stability
even when impedance fluctuates significantly due to changes in operating modes or load
conditions. The hybrid application of grid-following and grid-forming can be realized
through switching, integration, or hybrid control methods. The mode-switching approach
automatically switches the control mode based on the detected grid impedance, though this
transition may introduce unknown stability risks [9]. The control-loop integration method
merges the control mechanisms of both types of inverters within the controller, which
integrates their characteristics; however, this increases the difficulty of system characteristic
analysis [10]. The hybrid control method, which parallels grid-following and grid-forming
systems, not only improves the reliability of inverter operation but enhances flexibility
in renewable energy plants [11]. The inclusion of grid-forming can resolve the issue of
insufficient stability margin in grid-following renewable energy plants under weak grid
conditions. In [12], the impedance characteristics of grid-following and grid-forming
systems are compared using impedance modeling by Xu et al. Under weak grid conditions,
the negative damping frequency range of the grid-forming system is narrower, and its
amplitude characteristic is lower, compared to the grid-following system. When the two
systems are hybridized, the negative damping frequency range is reduced, effectively
enhancing system stability. This issue has been qualitatively explained from the perspective
of a short-circuit ratio, suggesting that the grid-forming system, when modeled as a voltage
source, enhances system strength and leads to an equivalent increase in the short-circuit
ratio, as discussed in [13,14].

The aforementioned studies analyze the stability of grid-following and grid-forming
two-machine systems through modeling. However, in renewable energy plants, multiple
inverters of different types coexist. Traditional modeling methods can lead to overly
complex models, making it challenging to fully capture the characteristics and interactions
of each inverter. Meanwhile, neglecting certain parameters may introduce errors, reducing
modeling accuracy and compromising the reliability of system analysis. In [15], Sun et al.
developed a sixth-order transient model for photovoltaic-storage systems, and its stability
was analyzed using the region of attraction. Nonetheless, the model’s high complexity and
computational burden make it difficult to apply to renewable energy plant modeling. Some
studies reduce the system order at the control level, such as Akwasi et al., who adopted new
control methods for model simplification. In [16], the reduced-order Luenberger observer
(ROLO) is applied to a grid-forming inverter control. The ROLO simplifies the model while
preserving key dynamics and reduces computational complexity. However, as a method
that removes the PI controller, it requires further experiments and validation. Meanwhile,
in [17], Du et al. proposed a model reduction method for inverter-dominated microgrids
by simplifying the external area model, which reduces computational complexity while
preserving key dynamic responses under disturbances. However, the model includes
only grid-forming inverters, without considering interactions between different types. In
addition, although the dynamic performance was verified, no effective stability assessment
method for multi-machine systems was provided. In [18], Rosso et al. derived the transfer
function of a multi-machine system, and the stability of a grid-following and grid-forming
hybrid system was evaluated using the p analysis method. This approach, based on
multivariable control theory, facilitates the assessment of robust stability under various
conditions. The lack of a clear physical interpretation, however, limits the ability to conduct
further mechanism analysis of the system. In [19], a hybrid system support index was
introduced by Wang et al. to address the qualitative stability analysis of renewable energy
plants, characterizing the stability of hybrid systems. The inclusion of a grid-forming
inverter adds a polynomial with positive coefficients to both the hybrid short-circuit ratio
and the support index. Nevertheless, the calculation of these indicators depends on
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accurate system parameters, their general applicability and adaptability still need further
verification. In [20], an impedance-based composite grid modeling method was proposed
to construct the admittance matrix of a renewable energy plant with multiple inverters.
The system’s stability was determined using eigenvalue analysis. This approach, though,
ignores the interactions between inverters, which compromises the accuracy of the model.
Additionally, solving the eigenvalues of high-order matrices is a challenging task, adding
complexity to the method. In [21], a model reduction method for grid-forming inverters
based on frequency-domain perturbation operators is presented. It simplifies stability
analysis and effectively identifies factors affecting single-machine impedance. However,
the method is not extended to renewable energy plants. Overall, the existing modeling
methods are relatively complex and fail to account for the interactions between inverters,
making it difficult to accurately reflect the impedance characteristics of grid-following and
grid-forming hybrid renewable energy plants.

In a nutshell, this paper addresses the issues of high complexity and low versatility
in existing modeling methods for renewable energy plants by constructing reduced-order
models for grid-following and grid-forming hybrid renewable energy plants. It also
explores the capacity ratio problem of two types of inverters in these plants from the
perspectives of the harmonic suppression using the Nyquist stability criterion and harmonic
analysis methods. Additionally, the conclusions drawn from the analysis are validated
through simulation. Finally, the research findings of this paper are summarized.

2. Topology and Control Block Diagram of Grid-Following and
Grid-Forming Hybrid Renewable Energy Plants

This section presents the hybrid system topology and control block diagrams for
both grid-following and grid-forming inverters. The grid-following inverter uses a phase-
locked loop to measure the point of common coupling, employing closed-loop control
to synchronize with the grid’s voltage and frequency. The grid-forming inverter, on the
other hand, actively controls system frequency and voltage. In weak grid environments, it
mimics synchronous machine behavior, providing inertia and damping support to maintain
system stability.

2.1. Topology of Renewable Energy Plant

The capacity of renewable energy plants typically ranges from 100 MW to 1000 MW,
significantly larger than single-machine systems, and the greater number of inverters
further increases modeling complexity. As technology advances, grid-following and grid-
forming hybrid renewable energy plants have emerged, enabling stable operation under
varying short-circuit ratios. However, the complex interactions among inverters pose
additional challenges for modeling and stability analysis. Figure 1 illustrates the topology
of a grid-following and grid-forming hybrid renewable energy plant, comprising converter
groups, transformers, transmission lines, and an AC power grid.

In renewable energy plants, inverters convert direct current power into alternating
current power, which is more suitable for transmission. Grid-following and grid-forming
hybrid renewable energy plants incorporate both grid-following inverters and grid-forming
inverters. Grid-following inverters perform well and maintain good stability in strong
power grids, while grid-forming inverters provide better stability under weak power grid
conditions. By combining the advantages of both types of inverters, such hybrid renewable
energy plants can achieve stable operation even when the short-circuit ratio of the power
grid changes. The following study focuses on the modeling and stability analysis of this
type of inverter.
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Figure 1. Topology diagram of the grid-following and grid-forming hybrid renewable energy plant.

2.2. Control Structure of Grid-Following/Grid-Forming Inverter

The control block diagrams for grid-following and grid-forming systems are shown in
Figures 2 and 3. The grid-following inverter utilizes a phase-locked loop (PLL) to achieve
synchronization by detecting the grid phase. In Figure 2, L1, L,, and C; represent the filter
inductors and capacitors, Lg is the grid inductance, 1,y is the port voltage, i,y is the port
current, igref and iqref are the reference values for the d-axis and g-axis currents, u4,f and
Ugref are the reference values for the d-axis and g-axis voltages.
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Figure 2. Control diagram of the grid-following inverter.
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Figure 3. Control block diagram of the grid-forming inverter.
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The grid-forming inverter uses virtual synchronous generator control (VSG), as shown
in Figure 3. In this diagram, L;, Ly, and C; represent the filter inductors and capacitors;
Umabc is the bridge arm voltage; 1, is the grid connection point voltage; i, is the grid
connection point current; Pger and Qset are the rated active and reactive powers; P and Q
represent the active and reactive power generated by GFM; | represents inertia; Dp and Dq
are the active and reactive damping coefficients; 1 and 1 are the rated voltage RMS value
and the output voltage RMS value; K is the reactive inertia coefficient; 8 and Ey, are the
output power angle and output voltage RMS value of the VSG; L, and Ry are the virtual
inductance and virtual resistance, which together form the virtual admittance. The control
loop consists of active power, reactive power, virtual admittance, and current loops.

3. Reduced-Order Modeling Method for Grid-Following and
Grid-Forming Hybrid Renewable Energy Plants

The grid-following and grid-forming hybrid renewable energy plant represents a
promising solution that aligns with the current trends in energy development. However,
conventional modeling methods are often complicated, lack general applicability, and
are difficult to adapt to the stability analysis requirements of such hybrid systems. To
overcome these limitations, this paper proposes a model order reduction method tailored
for grid-following and grid-forming hybrid renewable energy plants. The equivalent
admittance matrices of the grid-following and grid-forming inverters are derived, and the
accuracy of the proposed model is verified through comparison between calculated and
measured results.

3.1. Modeling of Grid-Following/Grid-Forming Inverters

The impedance method is based on harmonic linearization theory [22]. By injecting
a harmonic signal into the terminal voltage and measuring the corresponding harmonic
current at the grid connection point, the system’s impedance model can be derived. In
the grid-following and grid-forming hybrid renewable energy plant, transformers and
transmission lines result in phase angle discrepancies between the terminal voltages of
different types of inverters. Therefore, when calculating the impedance models for grid-
following and grid-forming inverters, it is essential to account for the phase of their
respective terminal voltages. Frequency coupling effects exist in both grid-following and
grid-forming inverters. When a positive-sequence voltage with frequency f,, is injected at
the grid connection point, it generates a positive-sequence current component at f}, and a
negative-sequence current component at f,-2f1 [23]. Taking the grid-forming inverter as
an example, when a positive-sequence disturbance signal is injected into phase-a of the
terminal voltage, the time-domain expressions for the voltage and current are as follows:

ua(t) = Uy cos(2mfit + @u) + Up cos(27fpt + @up) + Un cos(27fnt + @un)

. 1
ia(t) = Iy cos(2mfit + @;) + Ip cos (27 fpt + @ip) + In cOS(27fnt + @in) @

The above expressions are transformed into the frequency domain, and the expressions
are as follows:
), f=%xf
Uy =
Uy, f==%f
L, f=%h @
ia=1q Ip, f==%f
In/ f::l:<fp_2f1)

In Equation (2), U; = (Uy/2)e %, U, = (Up/2)e P, I} = (I/2)et%,
I, = (Ip/2)e %P and I, = (I,/2)e*%n; Uy, U, represent the fundamental voltage and the
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amplitude of the positive-sequence disturbance voltage; I1, Ip, I, represent the amplitudes
of the fundamental current, positive-sequence disturbance current, and negative-sequence
disturbance current; ¢y represents the initial phase angle of the fundamental voltage; ¢up
represents the initial phase angle of the disturbance voltage; ¢; represents the initial phase
angle of fundamental current; ¢;p, and @i, represent the initial phase angles of the positive-
sequence disturbance current and the negative-sequence disturbance current. Based on
the control block diagrams of grid-following and grid-forming inverters, the admittance
models incorporating the terminal voltage phase angle can be derived as follows:

Up_grL(s)| _ |YiigrL(s) Yai_grL(s)| |Ip_crL(s) 3)
Uy_GrL(s) Y12 crL(s) Yoz grL(S) | | In_GFL(S)
Up_grm(s)| _ |Yii_aem(s) Ya1_arm(s) | [ Ip_crm(s) @)
Un_crm(s) Y12 .cem(8)  Y2o_crm(s) | | In_crm(s)

In Equation (3), Yll_GFL(S)/ YZ]_GFL(S)/ YZZ_GFL(S)/ and YlZ_GFL(S) represent the
impedance expressions for the grid-following inverter, as detailed in Appendix A,
Equations (A2)—(A5). Similarly, in Equation (4), Y11_grm(S), Y21_crm(S), Y22 grm(s), and
Y12 Ggrm(s) correspond to the impedance expressions for the grid-forming inverter, provided
in Appendix A, Equations (A14)-(A17).

3.2. Overview of Reduced-Order Modeling Methods

The grid-following and grid-forming hybrid renewable energy plant is a highly com-
plex system. If the entire plant is modeled directly, the model complexity becomes extremely
high, as shown in [24], and you would need to spend a significant amount of time handling
this complex matrix, which could even lead to a dimensional explosion. In the topology
shown in Figure 1, directly modeling a grid-following and grid-forming hybrid renewable
energy plant with i grid-forming inverters and j grid-following inverters results in an
impedance model of order (2i + 2j) X (2i + 2j), as given in Equation (5). Asiand j increase,
the difficulty of analyzing the impedance model rises significantly. Therefore, reducing the
model order is essential to simplify the analysis of impedance characteristics.

Up_crmi (8) Y11 grmi(s) Y21 Grmi(s) I, Grm(8)
Uy,_crmi(s) Y12 grmi(s) Y22 Grmi(S) In_crvi (s)
Up_crij(s) Yi1_crj(s) Yaigr(s) | | Ip_crij(s)
Uy_crij(s) Y11 _crij(s) Yaigr(s)] L In_Gruj(s)

During the plant modeling process, if the impedance of inverters and transformers is
known, their series and parallel connections can be determined based on their electrical
interconnections, ultimately establishing the impedance model of the grid-following and
grid-forming hybrid renewable energy plant. As shown in Equation (5), the admittance
matrix of inverters contains coupling terms. When inverters are connected in series with
transformers and transmission lines, coupling effects alter the impedance of both the
inverters and the lines. These changes also occur between inverters and the grid. Neglect-
ing such effects will introduce errors in the impedance matrix, affecting the accuracy of
stability analysis.

Based on the above analysis, implementing an appropriate model order reduction
in the modeling process of grid-following and grid-forming hybrid renewable energy
plants can significantly simplify the impedance model. At the same time, considering the
coupling effects between inverters and other components helps maintain the accuracy of
the modeling results.
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The flowchart of the reduced-order modeling method is shown in Figure 4. First, based
on the impedance models of grid-following/grid-forming inverters, transformers, and
transmission lines, the admittance model of inverters with collector lines is derived, while
also taking into account the coupling effects between the inverters and the transmission
lines. Next, inverters of the same type are categorized and aggregated to obtain the
equivalent admittance matrices for grid-following and grid-forming inverters. Finally, the
system is connected to the grid, and the equivalent admittance matrices for grid-following
and grid-forming inverters are derived, while considering frequency coupling effects both
among inverters and between inverters and the grid. This model reduction approach
maintains accuracy, while simplifying the renewable energy plant into a simple circuit,
where the equivalent grid-following and grid-forming inverters operate in parallel with
the power grid. The following sections provide a detailed analysis of this model reduction
approach based on specific system models.

(7 Inverler groups ~ Ttensformers  Lines | (" 7 7 Tnverters with Collector Lines _| Start
RS () KRGO
o e L T || e
(S (G )—1 EGEN @D | [
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Figure 4. Schematic diagram of model order reduction: (a) topology evolution diagram of renewable
energy plants; (b) flowchart of the model order reduction method.

3.3. Detailed Description of Reduced-Order Modeling Methods

Referring to the flowchart in Figure 4, the first step is to calculate the admittance matrix
of inverters with the collection line. As shown in Figure 5, when the inverter is in series
with the line, the coupled current flows through the collection line, creating a current loop.
The collection line impedance affects the inverter’s admittance, so it is essential to account
for these coupling effects during the derivation to ensure the accuracy of the results.

Hp

Y12 1{s-2je)

n

Figure 5. Frequency coupling between the inverter and the collection line.

In Figure 5, Y11 1(s), Y12 1(s), Y22 1(s), and Yp; 1(s) represent the admittance matrix
of the inverter in an ideal grid system, while Zj 4(s) is the sum of the line impedance and
transformer impedance. According to Ohm’s law, Y = U/I, the admittance matrix of the
inverter operating in stand-alone mode is given by the following:
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modified. The admittance matrix of the inverter with collection line is as follows:

_ip1a(s)

up(s)
inil((i)
fnft )
Un (s

lpz 1(5)
“un(s)

(6)

After the collector lines are integrated, the coupling paths within the system are
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Based on the relationships shown in Figure 5 and Ohm’s law, I =
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between current and voltage can be expressed as follows:

ip1.1(s) = —up(s) Y11 1(5)

ip2.1(8) = —un(s) Y12 1(s — 2jw)
in1_1(s) = —up(s)Ya1_ 1(5)

in21(8) = —un(8)Y20_1(s — 2jw)

up(s) = ZLS(S [lpl 1( ) + Zp271( )}
un(s) Zis (S 2] )[lle (S) + Z‘pZJ (S)]

@)

U x Y, the relationship

®)

Based on Equation (8), the inverter admittance matrix considering frequency coupling

can be obtained through the following calculation:

the collection line incorporating these coupling effects can be expressed as follows:

quu (s) =

Y11_coupling(5) = Y11(8) —
Y21 _coupling(8) = Ya1(s) —
Y22_coupling (8) = Y22(s) —
Y12_coupling (8) = Y12(s) —

Y12 1(5—2jw)Ya1 1(s)

YLb S— 2]w)+Y22 1(5 2]&1)
Yoo 1(s=2jw) Yz 1(s)

Yis(s— 2Jw)+Y22 1(s—2jw)
Vo1 1(s+2jw) Y12 1(5)

YLS S+2](4J)+Y11 1(s+2]w)
Y11 1(s42jw)Y1p 4 (s)

Yis(s4+2jw)+Y11_1(s+2jw)

©)

In Equation (9)1 Yllfcoupling(s)r YZLcoupling(S)r Y227c0upling(5)r and Ylchoupling(S) denote
the inverter admittance matrix considering frequency coupling. The admittance matrix of

= Yis (S )

Y21 _coupling (s)

Y 1_coupling S) YLS (S )
=Yis (S )

Ylchoupling (S )
Y227couplir1g (S ) Y S (S)

(10)

In Equation (10), Yll_Lscoupling(S)/ YZl_Lscoupling(S)/ Y22_Lscoupling(s)/ and YlZ_Lscoupling(S)
denote the collection line admittance matrix considering frequency coupling. Since
the inverter and collection line impedance are in series, the admittance is given by

YLscoupling(s) X Ycoupling(s)/ [YLscoupling(s) + Ycoupling(s)]- The admittance ma-

trix for the series combination of the collection line and inverter can be derived from
Equations (9) and (10), as follows:
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Y (s) = [Zrs(s=2jw) Y11 1(5) Yo 1(s—2jw)+Y11 1(5) = Z1s(5) (s=2jw) Y12 1 (5—=2jw) Yo1 1(s)]
1equ [1+Y2271(s_zjw)ZLs(s_zjw)+ZLs(S)YHJ(5)+ZLS(s_zjw)ZL}s/(s)YlLl(S)Yzzfl(s_zjw)_ylzfl(S_ij)YZLI(S)ZLS(S_ij)ZLs(S)}
_ 21 18
Vatequ(s) = 15755 (szjw)ZLs(szjw)nLZLs(s)YnJ(s)+Zequ(szjw)%/Ls(s%Y)lLl ()Y 1(5—250) Y12 1(5—20) Y1 1(5)Z1s (5—20) Z1s (5)]
_ 12_1(8
Vi2equ (s) = (14111 (s+2jw) Zis (s+2w) +Z1s (5) Y22 1(8) +Y22_1(5) Z1s (54-2j0w) Zis (5) Y11 _1 (512j0) —Yo1_1(5+2w) Zps (s42j0) Y12 _1(5) Zs ()]
Y (s) = [Z1s(s+2jw) Y 1(5)Y11 1(5+2jw)+Ya) 1(8) —Zps (5+2jw) Yo 1(s+2jw) Y12 1(s)]
22equ [14+Y11 1 (s+2jw) Zis (s+2jw) +Z1s(5) Yaz_1(5) + Y22 1(5) ZLs (5+2jw) Z1s (5) Y11_1(5+2jw) —You_1(5+2jw) Z1s (5+2jw) Y12 1(5) ZLs(5)]

In the Equation (11), Y11equ(s), Y12equ(8), Y21equ(s), and Y2oequ(s) represent the admit-
tance matrix of the inverter with the collection line.

According to the flowchart in Figure 4, after deriving the inverter admittance matrix
with the collection line, the system can be simplified to multiple parallel inverters connected
in series with the grid. In the plant, inverters are categorized into grid-following and grid-
forming based on their control methods. Aggregating inverters with the same control
method helps reduce the order of the admittance matrix. However, coupling effects exist
both among inverters and between inverters and the power grid. Therefore, these coupling
effects should be considered when deriving the equivalent grid-following and grid-forming
admittances. Figure 6 illustrates the coupling relationships between positive and negative
sequence voltages, as well as their corresponding currents in the renewable energy plant.
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Figure 6. Frequency coupling relationship in the renewable energy plant.

In Figure 6, Zg(s) represents the power grid impedance matrix, while Y71equk(s),
Y21equk(8), Y22equk(s), and Y1pequk(s) denote the admittance matrices of inverters with the
collection lines. The voltage and current of each inverter in the coupling loop are related

as follows:
Z.pl_eunFMl (S) = —Up (S)Yll_eunFMl (S)
Z.p2_eunFM1 (S) = —Un (S)Y12_eunFM1 (S - ij)
in1_equGFM1 (8) = —p(8)Y21_equGrmi (s)
in2_equGFM1 (8) = —n(8)Y22 equGrmi (5 — 2jw)
(12)
ip1_equGFLj(s) = —up(8)Y11_equGrrj(s)
ip2_equGFLj(S) = —un(8)Y12_equGrLj(s — 2jw)
In1 eunFLj(S) = —Up (S)Y2LeunFLj(S)
in2_equGFL;(8) = —1n(8)Y22_equGFLj(s — 2jw)
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By aggregating inverters of the same type, their admittances are summed, yielding

the following:
Z ipl_eunFMk (S) = —Up (S) 2 Yll_eunFMk(s)
k=1 k=1
i
Z eunFMk ) = —Un (S) Z YlZfeunFMk(S - 2]60)
k=1 k=1
Y in1_equarmk(s) = —up(s) ) Yo1 equarmk(s)
k=1 k=1
i i
Y in2_equarmk () = —un(s) Y Yoo equarmk(s — 2jw)
k=1 k=1
2 ipl_eunFLk (S) = —Up (S) 2 Yll_eunFLk (S)
k=1 k=1
2 ipieunFLk(S) = —Mn(S) 2 YlZfeunFLk<S - ij)
k=1 k=1
) ]
Z lnLeunFLk(S) = —Up (S) Z YZLeunFLk(S)
k=1 k=1
. ] .
Y in2_equGrLk(s) = —un(s) ) Yoo equarik(s — 2jw)
k=1 k=1
Up (S) = E lpl eunFMk + 2 1p2 eunFMk + Z lpl eunFLk + 2 1p2 eunFLk( )}

un(s) = Zg(s — 2jw) ): in1_equGFMk () + Z in2_equGFMK(S) + Z inl_equGFLk(S) + Z in2_equGFLK (5)]
k=1 k=1 =1 k=1

According to Figure 6, the calculation formulas for the equivalent grid-following and
grid-forming models can be expressed as follows:

i i
D ipl_eunFMk(s ) + X Z'p2_eunFMk(s)

ir_Grm(S) P =
Yep arm(s) = — £= = —
ep_ ( ) up(s) ' up(s>‘
! i
i ) inl,eunFMk(S) + X inzfeunFMk(S)
Yen GEM(S) = — in GeM(S) _ k=1 k=1
en_ Un(s) l un(i) )
1 + i S
v (s) ip_GrL(S) g p1_equGFLK(S) k§1 p2_equGFLK (5)
GFL(S) = — =—
- ip(s) ' up(s)
! i
i Y. in1 equGFLK(S) T L in2 equGFLK(S
g () e e
en_GFL un(s) o (5)

Based on Equations (13) and (14), the admittance matrix expressions for the equivalent
grid-following and grid-forming inverters can be derived as follows:
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j i
k21 Y21_equGFLK(S) + k21 Y21_equGFMKk ()

j j
Yep_GFL(S) = k; Y11_equGFLk — kzl Y12_equGFLK (S — 2jw) - ; p
B - kgl Y2)_equGrLk (5 — 2jw) + k21 Y22 equGrmk (s — 2jw) + Yy (s — 2jw)

j i
kzl Y12_equGFLk (8) + k21 Y12_equGEMK (S)

j j
Yen GFL(S) = k21 Y2 equGFLK — k21 Y21 _equGrLk (S +2jw) -

Y Y11 equerik(s +2jw) + ¥ Y11 equermk (s + 2jw) + Yg(s + 2jw)
& , s (15)

i i
k21 Y21_equGFLk(S) + k21 Y21_equGrMmk (5)

i i
Yep_GEM(S) = kzl Y11_equGFMK — kzl Y12_equGFMk (5 — 2jw) - p
- B kzl Y22_equGFLk (S — 2jw) + k21 Y22_equGrMk (5 — 2jw) + Yg(s — 2jw)

j i
121 Y12_equGFLk (S) + 121 Y12_equGFMK ()

i i
Yen_GEM(S) = k; Y22 _equGFMK — kzl Y21_equGFMKk (S + 2jw) - ; p
- B k; Y11 _equGFLk (S + 2jw) + kzl Y11_equarmk (5 + 2jw) + Yg(s + 2jw)

In Equation (15), Yep_GFL(S), Yen_GFL(S), Yep_GRMm(S), and Yen_Gpm(s) represent the ad-
mittance matrices for the equivalent grid-following and grid-forming systems. After a
reduction in order, the grid-following and grid-forming hybrid renewable energy plant
can be simplified to a simple system containing only the equivalent grid-following and
grid-forming systems. The topology is shown in Figure 7.

r > Yep_GFM(s)
equivalent 4—J Yen_crvies)
GFM(1 —i)
)
equivalent
GFL(1—j) Yep_cris)
- / _| Yen_GFL(s)

PCC

Figure 7. Reduced-order circuit diagram of the grid-following and grid-forming hybrid renewable
energy plant.

3.4. Model Validation
3.4.1. Inverters Parameter Design

The admittance matrix is measured using the harmonic injection method. A hybrid
renewable energy plant consisting of two grid-following inverters and two grid-forming in-
verters was built in Matlab/Simulink2023a, where harmonic signals of different frequencies
are injected at the point of common coupling (PCC), and the resulting harmonic currents
are measured. The admittance at each frequency is calculated accordingly. The admittance
at each frequency is calculated using the following equation: Y[f] = u[f]/i[f], where u][f]
and i[f] are the measured harmonic current and the voltage at the PCC. By comparing the
measured admittance values with the calculated results, the accuracy of the model order
reduction method is verified.

Next, the parameter design of the grid-following and grid-forming converters is
introduced. The grid-following converter design refers to [25], while the main circuit
parameters of the grid-forming converter, including the LCL filter, remain the same. For
the grid-forming inverter, the most critical aspect lies in the parameter regulation of the
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active power loop, which can be simplified into a typical second-order system. According
to the control block diagram of the active power loop and the power angle equation, the
closed-loop transfer function of the active power loop can be obtained as follows:

1
~ Js2 4 Ds + UgEy/ Xo

Gp(s) (16)
In the Equation (16), Uy represents the grid voltage, Ey is the initial voltage of the
GFM inverter, and Xj is the impedance between the initial voltage and the grid voltage.
By combining the typical control parameters of a second-order system, the inertia | and
damping coefficient D of the grid-forming inverter can be derived.
The parameters for the grid-following and grid-forming inverters are provided in
Tables 1 and 2.

Table 1. Grid-forming inverter parameters.

Parameter Value Parameter Value
Pn/MW 1 Ug./V 1000
Ug/V 220 Li/mH 0.04125
L,/mH 0.04125 C1/uF 982.44
Ls/mH 0.004125 Ly/mH 0.2475
D, 202.5079 T/ (kg.mz) 10.6583
Dq 10 K 0.1
Ly/mH 0.0016 Ry/Q) 0.05

Table 2. Grid-following inverter parameters.

Parameter Value Parameter Value
Pn/MW 1 Ug./V 1000

Ug/V 220 L,/mH 0.04125

L,/mH 0.04125 Cy/uF 982.44

Ls/m 0.004125 Ly/mH 0.2475
H; 0.00044 KppLL 253

Hy 0.0034 KipLL 16,016

3.4.2. Admittance Curve Comparison

During the modeling process, some studies simplify the calculation by neglecting the
coupling effects between the positive and negative sequences [26]. However, as discussed
earlier, this approach does not accurately represent the real coupling paths within the
system. Ignoring these effects and using the single inverter impedance as the actual
impedance of the inverter in the renewable energy plant leads to discrepancies between the
calculated and measured values, ultimately impacting the model’s accuracy and reliability.
A comparison of the calculated values of the equivalent grid-following and grid-forming
admittances, with and without considering coupling effects, demonstrates the importance
of frequency decoupling. As shown in Figure 8, the calculated values align perfectly with
the simulation results when coupling effects are considered. By contrast, ignoring coupling
effects leads to significant discrepancies between the calculated and simulated values. This
demonstrates the importance of incorporating coupling effects in impedance modeling.

The simulation validation of the proposed reduced-order modeling method confirms
that a grid-following and grid-forming hybrid renewable energy plant can be effectively
simplified into a system comprising a grid-following inverter, a grid-forming inverter,
and a grid. By following the reduction steps outlined in Figure 4, this simplified model
accurately captures the impedance characteristics of the inverters. This reduced-order
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method categorizes and aggregates different inverters, reducing the admittance matrix
of order (2i + 2j) x (2i + 2j) in Equation (4) to a 4th-order equivalent grid-following/grid-
forming admittance matrix. Additionally, the order of this equivalent admittance matrix
remains constant regardless of the number of inverters. The modeling process incorporates
coupling effects to ensure accuracy. By utilizing this reduced-order system, the stability
characteristics of the hybrid inverter system can be analyzed, significantly simplifying the
stability analysis. The following section will apply this reduced-order modeling approach
to assess the stability of grid-following and grid-forming hybrid renewable energy plants.

6
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Figure 8. Comparison plot of calculated and simulated admittance matrix values: (a) admit-
tance matrix ignoring frequency coupling effects; (b) admittance matrix considering frequency
coupling effects.
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4. Stability Analysis of Grid-Following and Grid-Forming Hybrid New
Energy Power Plants

Grid-following and grid-forming hybrid renewable energy plants exhibit distinct
impedance characteristics compared to single-inverter systems, resulting in increased com-
plexity in their stability analysis and necessitating further in-depth investigation. The model
order reduction method presented earlier establishes a solid theoretical foundation for the
stability studies of such systems. In this section, representative case studies are conducted
by integrating the reduced-order model with various stability analysis approaches to sys-
tematically examine the underlying mechanisms through which grid-forming inverters
enhance the stability of renewable energy plants.

4.1. Stability Analysis Methods
4.1.1. Harmonic Characteristic Analysis Method

As power electronic devices, inverters are susceptible to harmonic distortion. The
harmonic characteristic analysis method, based on the impedance approach, enables the
examination of an inverter’s amplification or attenuation effects on harmonics, facilitating
an analysis of the system’s harmonic behavior across different frequencies.

The harmonic equivalent circuit for a grid-following inverter operating in isolation
is shown in Figure 9a, while the harmonic equivalent circuit for a multi-inverter system
is illustrated in Figure 9b. An oscillation source, Up(s), exists on the grid side. When the
inverter is disconnected, the harmonics at the grid connection point match those of the grid.
However, when the inverter is connected, the harmonics at the connection point change. A
lower harmonic content at the connection point is more favorable for the stable operation
of the inverter.

—
L}
+ Zg(s)
ZaFL{3) Ucripls) Up(s)

(@) (b)

Figure 9. (a) Harmonic equivalent circuit diagram of the grid-following system. (b) Harmonic
equivalent circuit diagram of the grid-following and grid-forming hybrid renewable energy plant.

To investigate the suppression or amplification of harmonics when grid-side oscilla-
tions are transmitted to the point of connection, the transfer function from the grid-side
harmonic voltage to the connection point can be calculated. As shown in Figure 9a, the
transfer function expression for a system consisting only of a grid-following inverter is

as follows: s )
s
G”GFLp _ ep_GFL 17
w o (©) Zg(s) + Zep_GrL(S) 47
GUGFLn Zen GFL (s) (18)

uy " (8) = Zg(S) + Zen_crL(S)

Based on Figure 9b, the transfer function for the harmonic voltage from the grid to the
point of connection in a grid-following and grid-forming hybrid system can be calculated

as follows:
GliGFLp Zep_GFM(S) | |Zep_GFL(S)

up(5) = Zg(s) + Zep_crm(s)||Zep_crL(5) "
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Z ()|1Zen_GrL(S)
G”GFLn 5) — en_GFM en_| 20
in ( ) Zg(s) + Zen_GFM (S) ‘ ‘Zen_GFL(S) ( )

The harmonic characteristic curve of the system is plotted based on Equations (17)—(20).

The amplitude—frequency curve illustrates how grid-side disturbances are transmitted to
the point of connection across different frequency ranges. An amplitude greater than
1 indicates that the disturbances are amplified at the point of connection, posing a risk of
instability, while an amplitude less than 1 indicates that the disturbances are attenuated.
If attenuation occurs over a wider frequency range, the control strategy demonstrates
stronger disturbance rejection capability, ensuring reliable operation even when grid-side
disturbances are present.

4.1.2. Nyquist Stability Criterion of Grid-Following and Grid-Forming Hybrid New Energy
Power Plants

Due to the voltage source characteristics of the grid-forming inverter, the three-port
network comprising the grid-following inverter, the grid-forming inverter, and the grid
can be simplified into a two-port network. In this configuration, the grid-forming inverter
operates in parallel with the grid, while the grid-following inverter is connected in series.
Figure 10 illustrates the equivalent circuit of the grid-following and grid-forming hybrid
renewable energy plant.

Zors)
Tar(s) ZarL(s) Un(s) ’\)

Figure 10. Equivalent circuit diagram of the grid-following and grid-forming hybrid new energy
power plant.

The equivalent grid impedance, denoted as Zsys(s) = Zgrum(s) | | Zg(s), represents the
parallel combination of the grid-forming inverter and the power grid. The equivalent
voltage after this parallel connection is represented as Up(s).

Based on the above analysis, the impedance ratio of the grid-following and grid-
forming hybrid renewable energy plant is given by the following:

Zsysp (s) Zep_GFM<S) | |Zg(5)

IRmixp(s> = Zep_GFL(S) - Zep_GFL(S) “

Zsysn (s) _ Zen_GFM (s)]] Zg (s)
Zen_GFL (S ) Zen_GFL (S)

In Equations (21) and (22), Zep,_rL(S) and Zep,_crm(S) represent the positive sequence

IR mixn (S) = (22)

impedances of the equivalent grid-following and grid-forming inverters, while Z¢, Grr.(s)
and Ze, grv(s) represent their negative sequence impedances, and Zg(s) is the grid
impedance. The stability of the system can be assessed by analyzing whether the Nyquist
plot of the open loop transfer functions, as shown in Equations (21) and (22), encircles the
point (-1, j0).

4.2. Capacity Ratio Analysis of the Grid-Forming and Grid-Following Hybrid New Energy
Power Plants

Grid-following inverters can effectively control harmonic content within a small range
under strong grid conditions, resulting in a higher stability margin for the system. However,
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in weak grid conditions, the stability margin of the inverters decreases, and the risk of
harmonic generation increases. To address this, increasing the capacity of the grid-forming
inverter in a dual-inverter system can improve the system’s stability [27]. In renewable
energy plants, the number of inverters is typically large, and interactions between inverters
are likely to occur. This conclusion may require further investigation.

The following section employs the reduced-order modeling method for grid-following
and grid-forming inverters to investigate how grid-forming inverters enhance the stability
of small grid-following inverters in weak grids. Four scenarios are analyzed, each with
a short-circuit ratio of 1.5. To provide a comprehensive assessment of the impact of
grid-forming inverters on grid-following systems, Scenario 4 includes two grid-forming
inverters with different parameter sets, both of which ensure stable operation in a weak
grid with a short-circuit ratio of 1.5. Table 3 outlines the inverter configurations for each
scenario, while detailed inverter parameters are provided in Appendix A.

Table 3. Parameters of four scenarios with different inverters.

Inverter 1 Inverter 2 Inverter 3 Inverter 4 Total Inverter Capacity
Scenario 1 GFL/1 MW GFL/1 MW GFL/0.5 MW GFL/1 MW 3.5 MW
Scenario 2 GFM/1 MW GFL/1 MW GFL/0.5 MW GFL/1 MW 3.5 MW
Scenario 3 GFM/1 MW GFM/1 MW GFL/0.5 MW GFL/1 MW 3.5 MW
Scenario 4 GFM/1 MW GFM/1 MW GFM/0.5 MW GFL/1 MW 3.5 MW

To gain a deeper understanding of harmonic suppression in the four scenarios, har-
monic characteristic curves were plotted for each case. As shown in Figure 11, when
the amplitude of the harmonic characteristic curve exceeds 1, it indicates that distur-
bances from the power source side are amplified as they propagate to the grid connection
point. Conversely, an amplitude below 1 signifies that disturbances are attenuated dur-
ing transmission. In scenarios where only the grid-following inverters are present, the
harmonic characteristic curve exceeds 1 within the 1-176.3 Hz range, indicating that the
grid-following inverters amplify harmonics in this frequency band. The harmonic charac-
teristic curves from Scenario 1 to Scenario 3 reveal that, as the grid-forming inverters are
introduced, disturbances in the low and medium frequency range are suppressed to vary-
ing degrees. Moreover, the suppression effect becomes more pronounced as the number of
grid-forming inverters increases. Nevertheless, the harmonic characteristic curve of Sce-
nario 4 shows that, when the grid-forming inverters with different parameters are present
in the system, harmonics around 50 Hz and 100 Hz increase significantly, highlighting
emerging stability issues among the grid-forming inverters. Both grid-following and grid-
forming control loops incorporate feedback mechanisms. Improved harmonic suppression
at the point of interconnection results in lower harmonic content in the feedback signals,
which in turn enhances system stability. In conclusion, from the perspective of harmonic
characteristics, the integration of grid-forming inverters improves the harmonic behavior
in the low-to-mid frequency range at the point of common coupling. In a grid-following
and grid-forming hybrid renewable energy plant, increasing the number of grid-forming
inverters under the same operating conditions significantly reduces harmonic content in
these frequency ranges. However, when grid-forming inverters with different operating
conditions are added, interactions between the inverters can lead to stability issues around
the power frequency.

To comprehensively analyze the impact of inverter configuration on a grid-following
and grid-forming hybrid renewable energy plant, impedance curves for the equivalent
grid-following and grid-forming systems were plotted for four different scenarios with the
same parameters. As shown in Figure 12a, with the increase in grid-forming inverters, the
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magnitude of the equivalent grid-following impedance gradually increases. In Figure 12b,
the impedance of the equivalent grid decreases. The phase margin at the intersection of
the equivalent grid-following and grid-forming impedances reflects the stability of the
system: PM = 180° — | Z(@sys — @GFL) | . As seen in Figure 13, from Scenario 1 to Scenario
3, with an increase in the grid-forming inverters, the intersection of the magnitude of the
equivalent grid-following impedance and the equivalent grid impedance shifts to the right.
The phase angle of the equivalent grid increases, while the phase angle of the equivalent
grid-following impedance decreases, causing the phase difference to decrease and the
phase margin to gradually increase. As seen in Scenario 4, with the addition of a grid-
forming inverter with different parameters from the previous ones, the intersection of the
equivalent grid-following and grid-forming impedances shifts to the left near 50 Hz. At this
point, the equivalent grid-following impedance lies within the negative damping region,
leading to system instability. In conclusion, from the perspective of impedance curves, the
addition of grid-forming inverters increases the magnitude of the equivalent grid-following
impedance and reduces the magnitude of the equivalent grid impedance. This causes the
intersection of the two impedance curves to shift to the right, thereby increasing the phase
margin and enhancing system stability. The stability improvement is more significant when
grid-forming inverters with the same operating conditions are added. However, when
grid-forming inverters with different operating conditions are introduced, the impedance
intersection shifts earlier, leading to a risk of system instability.
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Figure 11. Harmonic characteristics of different scenarios.

To analyze the stability of the four scenarios, the solid and dashed lines in Figure 14
represent the positive sequence and negative sequence Nyquist curves. In scenarios one and
four, the Nyquist curves pass through (—1, j0), indicating system stability. By contrast, the
Nyquist curves in scenarios two and three do not pass through (—1, j0), indicating system
instability. This result aligns with the previous stability analysis, which suggests that adding
grid-forming inverters with the same operating conditions to a grid-following system
improves system stability, while introducing different inverters poses a risk of instability.
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Figure 12. Impedance curves of different scenarios: (a) equivalent grid-following impedance curves
in the four scenarios; (b) equivalent grid impedance curves in the four scenarios.

To conclude, the addition of grid-forming inverters improves the harmonic content at
the grid connection point, reduces the control complexity of both the grid-following and
grid-forming inverters, and enhances the system’s disturbance rejection capability. From
the perspective of system impedance, the inclusion of the grid-forming inverters increases
the impedance of the equivalent grid-following inverter and decreases the impedance of the
equivalent power grid, shifting the impedance intersection to the right, while increasing the
stability margin. However, when multiple grid-forming inverters with different operating
conditions are present in the system, their interactions may introduce new stability issues.
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Figure 13. Phase margin under the different scenarios.
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Figure 14. Nyquist curves in different scenarios.
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5. Simulation Verification

To validate the conclusions in Section 4, simulation models for the four scenarios
were constructed under the condition of SCR = 1.5. The inverter current waveforms are
shown in Figure 15a. As depicted, the current waveforms in Scenario 1 and Scenario 4
exhibit significant oscillations, whereas those in Scenarios 2 and 3 remain stable. This
corresponds with the stability analysis presented in Section 4.2. Figure 15b analyzes the
harmonic content of the current. In Scenario 1, the dominant harmonics are 13.8 Hz and
86.2 Hz, while in Scenario 4, the dominant harmonics are 49 Hz and 51 Hz, which aligns
with the harmonic characteristic analysis from Section 4.2.
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Figure 15. Simulation results of four scenarios: (a) current curves of the four scenarios; (b) harmonic
analysis of the four scenarios.

Overall, the consistency between simulation experiments and theoretical analysis
demonstrates that the impedance matrix calculated via the reduced-order modeling method
effectively reflects the impedance characteristics of the grid-following and grid-forming
hybrid renewable energy plants, thereby enabling accurate stability assessments. Simu-
lation results across various scenarios further indicate that incorporating grid-forming
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inverters into renewable energy plants with multiple grid-following inverters can suppress
harmonics in the low and medium frequency ranges at the connection point, and reduce
the harmonic content in the feedback control loops of both inverter types. Adjusting the
impedance magnitudes of the equivalent grid-following inverter and the equivalent grid
indirectly enhances the system’s phase margin, thereby improving its overall stability.
However, if a grid-following and grid-forming hybrid renewable energy plant includes
multiple grid-forming inverters under different operating conditions, interactions among
these units may introduce new stability challenges.

6. Conclusions

This paper presents a reduced-order modeling approach for grid-following and grid-
forming hybrid renewable energy plants. By employing harmonic characteristic analysis
and the Nyquist stability criterion, this study examines how grid-forming inverters enhance
the stability of grid-following inverters in weak grid conditions. Additionally, this study
explores the capacity ratio between grid-following and grid-forming inverters in the plant.
The main contributions and conclusions are summarized as follows:

(1) For grid-following and grid-forming hybrid renewable energy plants, the pro-
posed reduced-order modeling method employs the aggregation of inverters with similar
control strategies and the decoupling of positive and negative frequency among differ-
ent components. This approach simplifies the complex renewable energy plant into a
straightforward system comprising an equivalent grid-following system, an equivalent
grid-forming system, and the power grid, thereby combining simplicity and generality
with accuracy.

(2) The incorporation of grid-forming inverters markedly reduces the harmonic content
in the low-to-medium frequency range at the grid connection point. In addition, by
increasing the magnitude of the equivalent grid-following impedance while decreasing
that of the equivalent grid impedance, the phase margin of the renewable energy plant
is indirectly enhanced, thereby improving the stability of grid-following inverters under
weak grid conditions. However, when multiple grid-forming inverters are present, caution
must be exercised, since interactions among them may give rise to new stability challenges.

In addition, one small limitation of this paper is that none of the content has been
experimentally validated in the laboratory. We will address this limitation in future work.
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GFM Grid-forming

GFL Grid-following

PLL Phase-locked Loop
VSG Virtual Synchronous Generator

163



Energies 2025, 18, 1752

Ly Filter Inductor

L, Filter Inductor

(] Filter Capacitor

Lg Grid Inductor

Uabe Point of Common Coupling Voltage
Iabe Point of Common Coupling Current
idref d-axis Reference Current

Iqref g-axis Reference Current

Udref d-axis Reference Voltage

Uqref g-axis Reference Voltage

Hy Voltage Conversion Coefficient

H; Current Conversion Coefficient
Kpwm  Pulse Width Modulation Coefficient
Umabe Bridge Arm Voltage

PWM  Pulse Width Modulation

0 Phase of the Point of Common Coupling
PI Proportional-Integral Controller

] Inertia of the Active Power Loop

Dp Droop Coefficient in the Active Power Loop
Pget Active Power Setpoint

P Active Power

Qset Reactive Power Setpoint

Q Reactive Power

Dq Droop Coefficient in the Reactive Power Loop
Ry Virtual Resistor

Ly Virtual Inductor

Ls Transformer Impedance

Ly Transmission Line Impedance

Pn Rated Power

wo Power Frequency

THD Total Harmonic Distortion
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Y21_GEM =
—{De A%, + (3eT190ir)Gi(s — jwo ) / [K(s — jwo )| KpwmHu/ (Ry + Lys)Kpwm Ts[—e 719 Hy (Dg—jH;e = 3%1e 1911y )] —
Gi(s — jwo)Hu/ (Ry + Lys)KpwmTs — skeHiC1Kpwm Ts — s2LoCy — 1} +
{Ee 391 + (3¢73997) Gy (s — jwo) / [K(s — jewo) | Kpwni Hu/
[Ry + Ly (s — 2jwo)] TsKpwm[—e 19 Hy (Dq—jHie~3%eti9u11)]} /
{Ee= 37Uy + (3¢7790)Gi(s — jwo) / [K(s — jwo) | KpwmHu / [Ry + Ly (s — 2jwo)] TsKpw (—jHu Hie~39u10) }
{De 39Uy + (3et190r)Gi(s — jwo) / [K(s — jwo) | KpwmHu / (Rv + Lys)Kpwm Ts (—jHu Hie =394 Uy ) — (A15)
Gi(S - ij)HiKpWMTS - SZkCLlHiclKPWMTS - SLl - SL2 - S3L2C1 Ll}
{DU; + (3¢1997)G;(s — jwo) / [K(s — jwo) | KpwmHu/ (Ry + Lys)Kpwm Ts ((Hu Hilly) } —
{ElI1 + (%e‘j‘PW)Gi(s — ]wo)/[K(s — jwo)]KPWMHu/[RV + LV(S — ijo)}TstWM(jHuHiul)—
G(s — jwo) H; TeKpwwm — (s — 2jwo)*ke Ly Hi Ly Cy TeKpyw — (s — 2jewg) L1 — (5 — 2jwo) Ly — (s — 2jewq) Lol Cy }/
{Ee=29vUy + ($e7199r)Gi(s — jwo) / [K(s — jwo) | KpwmHu/ [Rv + Ly (s — 2jwo )| TsKpwm (—jHuHie = 394) }
{De 39U, + (3etioir)Gi(s —jwo) / [K(s —jwo) KpwmHu/ (Ry + Lys)Kpwm Ts (—jHuHie =391y ) —
Gi(S - ij)HiKPWMTS - SszLlHiclKPWMTS - SL1 - SLZ - S3L2C1 Ll}

Y2 Grm =
—{Ket AL, * + (LeT190r) Gy (s +jwo) / [K(s +jwo) ] KpwmHu/ (Ry + Lys)Kpwm Ts[—e 194 Hy (Dg+jHie T 3%ie71Pu L )]
—Gi(s +jwo)Hu/ (Ry + Lys)KpwmTs — ke HiC1sKpwm Ts — LoCys® — 1}
H{MeTHRI "+ (3e90) Gy(s +jwo) / [K(s + jwo ) Kpwn Hu
/[Ry + Ly(s + 2jwo )| TsKpwm[—e 1% Hy (Dg+jHie ™3%ie %1, *) ]} /
{MU* + (%e*j‘Pvif)Gi(s +jw0)/[K(S —|—jw0)]KpWMHu/[RV + Ly(s+ 2jw0)]TstWM(—jHuHiU1*)
—G(s +jwo) H; TsKpww — (5 + 2jwo) ke L1 HiC1 TsKpwnt — (5 + 2jwo) L1 — (s + 2jewg) Lo — (5 + 2jewg) Lo Ly Cr } (A16)
 {KW* + (5e71%9)Gi(s +jwo) / [K(s +jwo) | KewnmHu/ (Ry + Ls) Kewm T (—jHu Hi Ui ) }
—{ MU, * A9 + ($e1190r) Gy (s +jwo) / [K(s +jwo) [ KpwmHu/ [Ry + Ly (s + 2jwo )] TsKpwwm (jHu Hie V325 Uy *) } /
{MU;* + (31190 ) G; (s +jwo) / [K(s +jwo ) KpwmHu / [Ry + Ly (s + 2jwo) ] TsKpwm (—jHu Hi Uy *)
—Gi(s +jwo) Hi TsKpwm — (s + 2jwo ) ke L1 H;C1 TeKpwit — (5 + 2jwo) L1 — (s + 2jwo) Ly — (s + 2jwo)>LaL1Cr }
{KUl* + (%e*j"’w‘r)Gi(s —|—](U0)/[K(S -‘r]'(do)}KPWMHu/(RV + Lvs)KpWMTS(—jHuHiLll*)}
+{KeF AP Uy * + (37179 ) Gi (s +jwo) / [K(s + jewo ) KpwmHu / (Ry + Lys)Kpwm Ts jHu Hie A9 U *)
—Gi(S +ij)HiKPWMTS - SzkcLlHiclKPWMTS - SL1 - SLZ - S3L2C1L1}

Y12.Grm =
—{Ket AL, * + (LeT190r) Gy (s + jwo ) / [K(s +jwo) ] KpwmHu/ (Ry + Lys)Kpwm Ts[—e 7199 Hy (Dg+jHie T A%ie 712411 )]
—Gi(s3)Hu/ (Ry + Lys)KpwmTs — keHiC15Kpwm Ts — LoCys* — 1}
+{Met 2L * + (Leti90r) Gy (s +jwo) / [K(s + jwo) | Kpwm Hu
/Ry + Ly(s + 2jwo )| TsKpwm [ —e 1?4 Hy (Dg+jH;e "9 e 71941, *)]} /
{MetAPaly* + (3190 ) Gy (s +jwo) / [K(s + jewo ) [ KpwmHu / [Ry + Ly (s + 2jwo)] TsKpwm (jHu Hie 7324 U7 *) }
{KetAPuUy* + (3e 190 ) Gi(s +jwo) / [K(s + jwo) | KpwmHu / (Ry + Lys)Kpwm Ts (jHu Hie 39U * ) (A17)
—Gi(S +jw0)HiKPWMTS - SZkCLlHiclKPWMTS - SL1 - SL2 — S3L2C1L1}
{KU;* + (377907 Gy (s +jwo) / [K(s +jwo) KpwmHu/ (Ry + Lys)Kpwm Ts (—jHu iUl *) }
—{MU;* + (5¢M947)Gi(s +jwo) / [K(s + jewo) KewmHu / [Ry + Ly (s + 2jwo )| TsKpwm (—jHu Hi U7 *)
—G(s3)H; TsKpywwmt — (5 + 2jwo)*ke L1 HiC1 TeKpwit — (5 4 2jwo) L1 — (s + 2jewo) Ly — (5 + 2jwo)*LaLiCr }/
{MetAPaly* + (3eM99)Gi(s +jwo) / [K(s + jwo ) [ KpwmHu / [Ry + Ly (s + 2jwo)] TsKpwm (jHu Hie P32 Uy *) }
{Ket 29l * + (3e71%9r) Gy (s +jwo) / [K(s +jwo) [ KpwmHu/ (Ry + Lys) Kpwm Ts (jHu Hie T30 Uy * )
—Gi (S +jw0)HiKPWMTS - SzkcLlH‘lclKPWMTS — SLl - SLQ — S3L2C1L1}

The grid-forming inverter parameters for the four scenarios are consistent with those
in Table 1, and the grid-forming parameters are shown in Table Al.

Table Al. Grid-following inverter parameters.

Parameter Value Parameter Value
Pn/MW 1 Uy /V 1000
Ug/V 220 Ly /mH 0.04125
L,/mH 0.04125 Cy/puF 982.44
Ls/mH 0.004125 Ly/mH 0.02475
H; 0.00044 KppLL 253
Hy, 0.0034 KipLr 104,104
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In Scenario 4, inverters 1, 3, and 4 are as shown in the table above, and the parameters
of inverter 2 are as follows.

Table A2. Parameters of inverter 3 in Scenario 4.

Parameter Value Parameter Value
Pn/MW 1 Ug./V 1000
Ug /V 220 Li/mH 0.04125
L,/mH 0.04125 Cy/uF 982.44
Ls/mH 0.004125 Ly/mH 0.02475
Dp 0.578594 I/ (kg.mz) 1.06583
Dq 10 K 0.1
Ly/mH 0.0008 Ry/Q) 0.0254

References

1. Dalala, Z.; Al-Omari, M.; Al-Addous, M.; Bdour, M.; Al-Khasawneh, Y.; Alkasrawi, M. Increased renewable energy penetration in
national electrical grids constraints and solutions. Energy 2022, 246, 123361.

2. Ranjan, M.; Shankar, R. A literature survey on load frequency control considering renewable energy integration in power system:
Recent trends and future prospects. J. Energy Storage 2022, 45, 103717.

3. Wen, B,; Boroyevich, D.; Burgos, R.; Mattavelli, P.; Shen, Z. Analysis of D-Q Small-Signal Impedance of Grid-Tied Inverters. IEEE
Trans. Power Electron. 2016, 31, 675-687.

4.  Huang, L; Xin, H.; Li, Z,; Ju, P; Yuan, H.; Lan, Z.; Wang, Z. Grid-Synchronization Stability Analysis and Loop Shaping for
PLL-Based Power Converters With Different Reactive Power Control. IEEE Trans. Smart Grid 2020, 11, 501-516.

5. Li, G; Chen, Y;; Luo, A.; Wang, H. An Enhancing Grid Stiffness Control Strategy of STATCOM/BESS for Damping Sub-
Synchronous Resonance in Wind Farm Connected to Weak Grid. IEEE Trans. Ind. Inf. 2020, 16, 5835-5845. [CrossRef]

6. Liao, Y,; Wang, X,; Liu, F,; Xin, K,; Liu, Y. Sub-Synchronous Control Interaction in Grid-Forming VSCs with Droop Control. In
Proceedings of the 2019 4th IEEE Workshop on the Electronic Grid (eGRID), Xiamen, China, 7-9 November 2019.

7. Shi, K.; Wang, Y.; Sun, Y,; Xu, P; Gao, F. Frequency-Coupled Impedance Modeling of Virtual Synchronous Generators. IEEE Trans.
Power Syst. 2021, 36, 3692-3700. [CrossRef]

8. Li, Y; Gu, Y.; Green, T.C. Revisiting Grid-Forming and Grid-Following Inverters: A Duality Theory. IEEE Trans. Power Syst. 2022,
37,4541-4554. [CrossRef]

9. Li,M,; Zhang, X.; Guo, Z.; Wang, ].; Li, F. The Dual-Mode Combined Control Strategy for Centralized Photovoltaic Grid-Connected
Inverters Based on Double-Split Transformers. IEEE Trans. Ind. Electron. 2021, 68, 12322-12330. [CrossRef]

10. Lima, L.A.M.; Watanabe, E.H. Hybrid Control Scheme for VSC Presenting Both Grid-Forming and Grid-Following Capabilities.
IEEE Trans. Power Deliv. 2022, 37, 4570-4581.

11. Han, E; Zhang, X,; Li, M.; Li, F; Zhao, W. Stability Control for Grid-Connected Inverters Based on Hybrid-Mode of Grid-Following
and Grid-Forming. IEEE Trans. Ind. Electron. 2024, 71, 10750-10760.

12. Xu, Y,; Nian, H.,; Kang, J.; Zhao, J.; Wang, Z.; Zhou, ]. Impedance-based Analysis of Potential Stability Risk Between Grid-Forming
and Grid-Following Wind Turbine Systems. In Proceedings of the 2021 6th Asia Conference on Power and Electrical Engineering
(ACPEE), Chonggqing, China, 8-11 April 2021; pp. 858-862.

13. Fang, Z.; Huang, Y.; Yan, W.; He, Z.; Wang, D.; Xiong, B.; He, Q.; Zhou, K. Stability Analysis of Grid-Forming and Grid-Following
VSCS in Parallel Connected to Weak Grid. In Proceedings of the 2024 IEEE 10th International Power Electronics and Motion
Control Conference, Chengdu, China, 17-20 May 2024; pp. 4992—-4996.

14. Yang, C.; Huang, L.; Xin, H.; Ju, P. Placing Grid-Forming Converters to Enhance Small Signal Stability of PLL-Integrated Power
Systems. IEEE Trans. Power Syst. 2021, 36, 3563-3573.

15.  Sun, H,; Lin, X;; Chen, S.; Ji, X;; Liu, D.; Jiang, K. Transient Stability Analysis of the Standalone Solar-Storage AC Supply System
Based on Grid-Forming and Grid-Following Converters During Sudden Load Variation. IET Renew. Power Gener. 2023, 17,
1286-1302.

16. Akwasi, AM.; Chen, H; Liu, ]. Grid Forming Inverters Using Reduced Order-Based Luenberger Observer for Power Control.
Electr. Power Syst. Res. 2025, 241, 111424.

17. Du, Y,; Lu, X,; Zhao, D. Model Reduction for Inverter-Dominated Networked Microgrids with Grid-Forming Inverters. In
Proceedings of the 2021 47th Annual Conference of the IEEE Industrial Electronics Society (IECON), Toronto, ON, Canada, 13-16
October 2021; pp. 1-6.

18. Rosso, R.; Engelken, S.; Liserre, M. Robust Stability Investigation of the Interactions Among Grid-Forming and Grid-Following

Converters. IEEE ]. Emerg. Sel. Topics Power Electron. 2020, 8, 991-1003.

167



Energies 2025, 18, 1752

19.

20.

21.

22.

23.

24.

25.

26.

27.

Wang, G.; Pei, W.; Xiong, J.; Li, Y. Analysis Method of Stability for Hybrid System of Grid-Following and Grid-Forming Converters.
Proc. CSEE 2025, 45, 25-38.

Gu, Y,; Li, Y.; Zhu, Y.; Green, T.C. Impedance-Based Whole-System Modeling for a Composite Grid via Embedding of Frame
Dynamics. IEEE Trans. Power Syst. 2021, 36, 336-345.

Xu, Y.; Cheng, Y. Reduced-Order Modeling of Grid-Forming Inverters Based on Frequency Domain Perturbation Operator. In
Proceedings of the 2024 IEEE Power & Energy Society General Meeting (PESGM), Seattle, WA, USA, 21-25 July 2024; pp. 1-5.
Cespedes, M.; Sun, J. Impedance Modeling and Analysis of Grid-Connected Voltage-Source Converters. IEEE Trans. Power
Electron. 2014, 29, 1254-1261. [CrossRef]

Rygg, A.; Molinas, M.; Zhang, C.; Cai, X. A Modified Sequence-Domain Impedance Definition and Its Equivalence to the
dg-Domain Impedance Definition for the Stability Analysis of AC Power Electronic Systems. IEEE ]. Emerg. Sel. Top. Power
Electron. 2016, 4, 1383-1396.

Ding, L.; Men, Y; Du, Y,; Lu, X,; Chen, B,; Tan, J.; Lin, Y. Region-Based Stability Analysis of Resilient Distribution Systems
with Hybrid Grid-Forming and Grid-Following Inverters. In Proceedings of the 2020 IEEE Energy Conversion Congress and
Exposition (ECCE), Detroit, MI, USA, 11-15 October 2020; pp. 3733-3740.

Ge, L; Tang, Y.; Zhu, L.; Chen, N.; Qu, L. Virtual Node Voltage Feedback Control Strategy for Inverters in Weak Grids. Proc.
CSEE 2024, 44, 8392-8405.

Zhao, Y.; Ye, H.; Yang, ]. Interaction and Stability Analysis Between Grid-Forming and Grid-Following Converters. In Proceedings
of the 2023 International Conference on Power System Technology (PowerCon), Jinan, China, 21-22 September 2023; pp. 1-6.
Wang, G.; Lyu, J.; Rao, Y. Small-Signal Stability Analysis of Hybrid Wind Farm with Grid-Following and Grid-Forming Wind
Turbine Generators. In Proceedings of the 2023 IEEE PELS Students and Young Professionals Symposium (SYPS), Shanghai,
China, 25-27 August 2023.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

168



‘ energies m\w

Review

Concentrated Solar Thermal Power Technology and Its
Thermal Applications

Chunchao Wu 12, Yonghong Zhao 12, Wulin Li "2, Jianjun Fan "2, Haixiang Xu 3, Zhonggqian Ling 3, Dingkun Yuan 3
and Xianyang Zeng 3*

Akesai Kazak Autonomous County Huidong New Energy Co., Ltd., Jiuquan 735000, China

SDIC Gansu New Energy Co., Ltd., Lanzhou 730070, China

College of Energy Environment and Safety Engineering, China Jiliang University, Hangzhou 310018, China
Correspondence: 06a0204057@cjlu.edu.cn

oW =

Abstract: The industrial sector accounts for approximately 65% of global energy consump-
tion, with projections indicating a steady annual increase of 1.2% in energy demand. In the
context of growing concerns about climate change and the need for sustainable energy so-
lutions, solar thermal energy has emerged as a promising technology for reducing reliance
on fossil fuels. With its ability to provide high-efficiency heat for industrial processes at
temperatures ranging from 150 °C to over 500 °C, solar thermal power generation offers
significant potential for decarbonizing energy-intensive industries. This review provides a
comprehensive analysis of various solar thermal technologies, including parabolic troughs,
solar towers, and linear Fresnel reflectors, comparing their effectiveness across different
industrial applications such as process heating, desalination, and combined heat and power
(CHP) systems. For instance, parabolic trough systems have demonstrated optimal perfor-
mance in high-temperature applications, achieving efficiency levels up to 80% for steam
generation, while solar towers are particularly suitable for large-scale, high-temperature
operations, reaching temperatures above 1000 °C. The paper also evaluates the economic
feasibility of these technologies, showing that solar thermal systems can achieve a lev-
elized cost of energy (LCOE) of USD 60-100 per MWh, making them competitive with
conventional energy sources in many regions. However, challenges such as high initial
investment, intermittency of solar resource, and integration into existing industrial infras-
tructure remain significant barriers. This review not only discusses the technical principles
and economic aspects of solar thermal power generation but also outlines specific recom-
mendations for enhancing the scalability and industrial applicability of these technologies
in the near future.

Keywords: concentrated solar thermal (CST); solar thermal energy; industrial heat; thermal
energy storage; renewable energy

1. Introduction

As the world pursues a low-carbon future, solar energy technologies are central
to global clean energy strategies [1]. Concentrated solar thermal (CST) is a key solar
technology that uses mirror-based optical systems to focus sunlight onto a small-area
receiver, converting it into high-temperature heat. This high-grade thermal energy can
then drive steam turbines for power generation or supply heat for industrial processes and
heating/cooling applications [2]. Unlike photovoltaics, CST inherently supports thermal
energy storage by storing hot fluids or materials, enabling a stable energy supply even
when the sun is not shining. This ability to dispatch solar energy on demand makes CST

Energies 2025, 18, 2120 https://doi.org/10.3390/en18082120
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especially suitable for large-scale, high-temperature applications that require reliability,
such as around-the-clock power generation or continuous industrial heating [3].

Recent years have seen remarkable advancements in CST technology, driven by in-
novations in materials, optics, and thermal storage. Solar receiver materials have greatly
improved; researchers have developed nano-engineered selective absorber coatings (in-
cluding multilayer “tandem” structures) that significantly increase solar absorption while
withstanding higher temperatures [4]. These advanced coatings reduce radiative heat
losses and maintain efficiency at operating temperatures well above 600 °C. In addition,
high-temperature alloys are being explored for receiver components; for example, high-
entropy alloys (HEAs) offer excellent creep strength and corrosion resistance at elevated
temperatures. A recent study demonstrated that a Fe-Mn-Ni-Al-Cr HEA can serve as a
durable receiver tube material, with its oxide layer acting as a high-efficiency solar absorber
coating. Such materials enable higher operating temperatures (>700 °C), which in turn
boost the thermal-to-electric conversion efficiency of CST systems [5].

Parallel progress in optical design and control has enhanced the solar collection
efficiency. Modern CST plants employ improved concentrator configurations (e.g., refined
heliostat field layouts and reflector designs) alongside smart control systems. Notably,
artificial intelligence (AI) and advanced wireless communications are being integrated into
heliostat control, dramatically improving solar tracking accuracy and reducing operation
costs. Al-driven calibration and predictive tracking can increase the overall reflectance
efficiency and reliability of heliostat fields [6]. These optical innovations ensure more
sunlight is delivered to the receiver throughout the day, even under wind or alignment
disturbances, thereby raising heat collection efficiency and system stability.

Advances in thermal energy storage (TES) are equally vital, since storage extends
CST operation beyond sunny hours. State-of-the-art CST plants use sensible heat storage
in molten salts (typically a nitrate salt mixture) to store several hours” worth of thermal
energy at high efficiency [7]. Research continues to improve molten salt formulations for
higher thermal stability and lower melting points. Beyond sensible heat, new latent heat
storage systems using phase change materials (PCMs) are being developed to exploit the
high latent heat during solid-liquid transitions, allowing compact storage of large energy
quantities. Meanwhile, thermochemical storage is an emerging frontier; high-temperature
reactions (reversible chemical cycles) can store solar heat in chemical bonds and release it
on demand, offering very high energy densities. Each of these TES approaches—sensible,
latent, and thermochemical—has seen significant R&D progress, and hybrid systems are
being designed to achieve both short-term and long-duration storage for CST. Efficient TES
integration has led to today’s CST plants providing up to 10-15 h of dispatchable power
after sunset. This progress in storage, coupled with incremental improvements in turbines
and heat transfer fluids (e.g., adoption of supercritical CO, cycles), has steadily increased
the overall efficiency and capacity factor of CST plants [8].

Crucially, CST is no longer limited to power stations in deserts; its application footprint
has broadened. Industries are increasingly adopting concentrated solar thermal systems to
provide process heat for manufacturing, mining, food processing, chemical production, and
other sectors [9]. High-temperature solar heat can drive processes like steam generation,
drying, and calcination, directly substituting for fossil-fuel boilers in some cases. This use
of CST for industrial process heat (also known as “solar heat for industrial processes”) not
only helps decarbonize heavy industry but is opening new commercial markets for CST
technologies [10]. The expansion into industrial heat and other thermal applications is
expected to increase production volume and bring economies of scale, further reducing the
costs of CST components. Additionally, CST systems have been demonstrated in building
heating and cooling contexts, for example, in solar-driven air conditioning or district
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heating, underscoring their versatility beyond electricity generation [11]. The growing
interest and deployments in these non-traditional sectors have accelerated CST’s path
toward wider commercialization and integration in the global energy mix.

This paper provides a comprehensive review of the current state of CST technology
and its thermal applications, highlighting recent progress and persisting challenges. We
begin by outlining the basic principles of CST and the main types of concentrator systems
(parabolic trough, central tower, linear Fresnel, and parabolic dish). We then examine the
latest developments in key technical areas—solar receivers and materials, heat transfer and
energy storage techniques—and discuss how these innovations are enhancing performance
and expanding CST capabilities. The current applications of CST in power generation,
industrial processes, and other sectors are surveyed to evaluate its commercial status.
Finally, we discuss future research directions and emerging opportunities, considering
what advances are needed to fully unlock CST’s potential. Through this review, we aim
to clarify CST’s role in a sustainable energy future and provide insights for researchers,
industry practitioners, and policymakers. Ultimately, continued innovation and deploy-
ment of CST technology will help foster the wider use of solar thermal energy in the global
energy transition.

2. Composition of Solar Thermal Power Generation Systems

CST technology focuses sunlight through reflectors, collectors convert light energy
into high-temperature heat energy, thermal storage systems store heat to ensure a stable
supply, and ultimately heat energy is converted into electricity through a power generation
system. The four work in tandem to achieve efficient and sustainable energy output.

2.1. Reflector

In a solar thermal power generation system, reflectors play a crucial role in capturing
and concentrating solar radiation onto the receiver, thereby improving the system’s energy
collection efficiency. Their primary function is to focus sunlight, generating high-density
thermal energy on the receiver’s surface. The efficiency and performance of the entire solar
thermal system are directly influenced by factors such as the reflector material and the
arrangement of the mirror field.

Reflectors can be categorized into four main types based on their material composition:
silver-coated glass mirrors, silver-coated polymer mirrors, aluminum mirrors, and stainless
steel mirrors. Figure 1 provides a visual representation of the classification of so-lar mirrors
according to their fundamental materials.

Reflector

! | ! !

Glass Polymer Aluminium Stainless steel
___ Reflector Reflector Reflector Reflector
Borosilicate Acrylic Anodized Austenitic
Soda-lime silica Polymethyl methacrylate aluminum Ferritic
Quartz Polyvinylfiuoride Aluminium foil Martensitic
Lead alkali Polycarbonate Pure aluminium Polished surface

Figure 1. Classification of solar mirrors [12].

Glass mirrors are among the most commonly used reflectors in solar thermal power
systems. When sunlight strikes the mirror, it reflects both heat and light to a designated
location. The glass surface can function as both the substrate and the protective cover layer.
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There are two types of glass mirrors based on the placement of the reflective coating.
A first-surface mirror is created by applying a highly reflective coating directly onto the
glass to enhance its optical performance. In contrast, a second-surface mirror has the
reflective material applied to the backside of the glass, which is then protected by a
paint coating [13]. An experimental study on silver-plating processes was conducted to
enhance the mechanical properties and environmental durability of glass mirrors. The
study found that a tantalum oxide coating provided excellent protection for silver reflectors.
In 1979, the glass division of the Ford Motor Company developed thin glass for heliostats
in concentrated solar power plants, where the silver-plated backside achieved a solar
reflectivity of 89.3% [14].

Silver-coated polymer reflectors are lightweight and offer greater design flexibility.
However, they have a shorter lifespan due to poor adhesion with silver when exposed to
water [15]. An aluminum-coated first surface polymer mirror was fabricated by depositing
an aluminum layer on a polycarbonate substrate. The focus of the research has been on
creating lightweight and durable reflectors. The study also demonstrated that these plastic
mirrors are resistant to extreme outdoor conditions, with a long-term reflectivity of up
to 88%.

Aluminum oxide is a commonly used reflective material in concentrated solar power
plants. Aluminum is the most abundant metal, relatively inexpensive, and widely used
as a non-ferrous metal. The solar reflectivity of aluminum reflectors typically ranges from
85% to 91% [16]. A composite mirror for parabolic solar concentrators was developed
using a magnetron sputtering technique. Efforts were made to enhance the reflectivity and
longevity of the mirror by applying a bilayer reflective coating of aluminum (Al) and silicon
dioxide (SiO,). The study also demonstrated high mirror-like solar reflectivity and excellent
protection against harsh environmental conditions by providing multiple protective layers.

Stainless steel is tough and does not require substantial thickness; however, its
main limitation is its low solar reflectivity. Although aluminum has a higher reflectiv-
ity than stainless steel, aluminum mirrors require a minimum thickness of 4 mm to be
self-supporting [17]. A reflector material was designed and fabricated that combined the
beneficial properties of steel and aluminum. The reflective layer was created by directly
evaporating aluminum onto the backside of a polyethylene terephthalate (PET) protective
layer. A 9 um aluminum foil substrate was then provided to support the reflectivity. To
prevent aluminum damage, an additional PET layer was applied, and a stainless steel plate
was pressed onto the back to enhance the strength of the reflector. A schematic diagram of
the aluminum-steel reflector manufacturing process is shown in Figure 2.

PET . Evaporated Al
Al foil e

PET

[291S-U0-Ty

Figure 2. Manufacture of aluminum-steel reflectors. A 20 nm layer of aluminium is evaporated on
a 25 um PET foil (1), the PET foil with evaporated aluminium, a 9 um rolled aluminium foil, and a
20 um PET foil are laminated together (2), a 4 um layer of glue is applied on a 0.5 mm thick sheet of
stainless steel (3), the PET/Al/Al/PET sandwich and the steel sheet is hot pressed together to form
the reflector laminate (4) [17].
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Reflectors are key components in solar thermal power stations, responsible for re-
flecting sunlight and concentrating it onto the receiver. The design of the reflector must
adapt to the position of the sun, ensuring that the solar rays are reflected as vertically as
possible onto the receiver. Additionally, to enhance reflection efficiency, the surface of the
reflector should be appropriately treated for reflectivity. This can be achieved through the
choice of materials for the reflector, such as glass mirrors, ceramic mirrors, metal mirrors,
self-cleaning high-reflectivity solar film materials, and sputtering targets.

2.2. Collector

A solar collector is a special type of heat exchanger that converts solar radiation into
the internal energy of a transport medium. Solar collectors are the primary components
of any solar energy system. They absorb incoming solar radiation, convert it into heat,
and transfer this heat to a fluid (usually air, water, or oil) that flows through the collector.
The collected solar energy is then directly transferred to hot water or space conditioning
systems or stored in a thermal storage tank, from which it can be extracted for use during the
night and/or on cloudy days. This chapter will introduce flat-plate collectors, compound
parabolic concentrators, and vacuum tube collectors, starting with their types.

A typical flat-plate solar collector is illustrated in Figure 3. When solar radiation
passes through the transparent cover and reaches the high-absorption blackened surface
of the absorber, most of the energy is absorbed by the plate and then transferred to the
heat transfer medium within the fluid pipes. This medium carries the absorbed heat away
for storage or direct use. To minimize conductive heat losses, the bottom surface of the
absorber plate and the sides of the housing are well insulated. The fluid pipes, responsible
for transporting the heat transfer medium, can either be welded to the absorber plate or
integrated directly into it. At both ends of the fluid pipes, a large-diameter manifold is
in-stalled to ensure efficient fluid circulation [18].

Glazing

Coverstrip

Extruded
section

—— Insulation

Absorber plate

Copper risers with selective finish

Figure 3. Pictorial view of a flat-plate collector [19].

The transparent cover plate serves to reduce convective losses from the absorber
plate by restricting the stagnant air layer between the absorber plate and the glass. It also
minimizes radiation losses from the collector, as the glass is transparent to the short-wave
solar radiation received by the sun, while being almost opaque to the long-wave thermal
radiation emitted by the absorber plate.

Flat-plate collectors are made with various designs and different materials. They have
been used to heat fluids such as water, water with antifreeze additives, or air. Their primary
goal is to collect as much solar energy as possible at the lowest total cost.

Glass has been widely used as a glazing material for solar collectors because it can
transmit up to 90% of incident short-wave solar radiation, while being almost opaque
to the long-wave radiation emitted by the absorber plate. Standard window glass and
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greenhouse glass have normal transmission rates of about 0.87 and 0.85, respectively. For
direct radiation, the transmission rate varies significantly with the angle of incidence.
Reflective coatings and surface texturing can also significantly improve the transmission
rate. Dirt and dust have minimal impact on the collector glass, and occasional rainfall is
usually sufficient to keep the transmission rate within 2-4% of the maximum.

Compound parabolic concentrators (CPCs) are non-imaging concentrators. They
are capable of reflecting all incident radiation onto an absorber over a wide range [20].
Winston [21] noted their potential as solar collectors. The use of two parabolically orien-
tated slots reduces the need to move the concentrator to accommodate changes in solar
orientation, as shown in Figure 4. Composite parabolic concentrators can accept incoming
radiation over a relatively wide range of angles. Through multiple internal reflections, any
radiation entering the aperture within the collector’s acceptance angle reaches the surface of
the absorber located at the bottom of the collector [22]. The absorber is available in a variety
of configurations. It can be cylindrical or flat, as shown in Figure 4. In the CPC shown
in Figure 4, the lower part of the reflector (AB and AC) is circular while the upper part
(BD and CE) is parabolic. Since the upper part of the CPC has little effect on the radiation
reaching the absorber, it is often truncated, resulting in a shorter CPC, which is also cheaper.
The CPC is usually covered with glass to avoid dust and other substances from entering
the collector, which reduces the reflectivity of the collector walls. These collectors are more
useful as linear or trough concentrators. The acceptance angle is defined as the angle at
which the light source can move and still converge on the absorber. The orientation of a
CPC collector is related to its acceptance angle (6c; in Figure 4) [19]. The way the collector
moves depends on its acceptance angle, which determines whether it can be stationary
or needs to track the sun. The long axis of a CPC collector can be orientated either in a
north—south direction or an east-west direction, with the aperture tilted at an angle equal
to the local latitude, pointing towards the equator [19]. When the long axis is orientated in
a north—south direction, the collector must face the sun continuously by rotating its axis,
as the collector receives a larger angle along the long axis and therefore does not require
seasonal tilt adjustment. If kept stationary, the collector will only receive radiation during
the periods when the sun is within the receiving angle. When the collector’s long axis is
orientated east-west, a slight adjustment of the seasonal tilt angle will allow the sun to
be captured efficiently through the larger acceptance angle. In this case, the minimum
acceptance angle should be equal to the maximum angle of incidence in the north-south
vertical plane when the collector needs to output.

B A C

Figure 4. Schematic diagram of a compound parabolic collector. (AB and AC) are the lower part
of the reflector in a circular configuration, and (BD and CE) are the upper part of the reflector in a
parabolic configuration [19].
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Traditional simple flat-plate solar collectors were developed for use in sunny and warm
climates. However, their benefits are greatly diminished under conditions of cold, cloudy,
and windy days. Additionally, weathering effects such as condensation and moisture
can lead to the premature degradation of internal materials, resulting in performance
deterioration and system failure. Vacuum tube solar collectors (tubes) operate differently
from other collectors on the market. These collectors consist of heat pipes sealed in vacuum
tubes, as shown in Figure 5.

Heat pipe
Manifold condenser

NI

<4— Fluid flow

Collector "
plate o
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o Heat pipe evaporator
Evacuated "
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Figure 5. Schematic diagram of an evacuated tube collector [19].

The vacuum tube collector primarily consists of heat pipes housed within vacuum-
sealed tubes. There are numerous variations of vacuum tube absorbers available on the
market [23]. Recently, a manufacturer has introduced a fully glass evacuated tube collector
(ETC), which could represent a significant advancement in reducing costs and extending
the system’s lifespan. Another variation of this collector is the Dewar tube, which uses
two concentric glass tubes, with the space between them evacuated to create a vacuum
jacket. A key advantage of this design is that it is entirely constructed from glass, allowing
heat to be extracted from the tube without the need to penetrate the glass shell, thereby
eliminating the potential for leakage losses. This design is also more cost effective compared
to single-shell systems [24].

In addition to the flat-plate, evacuated tube, and compound parabolic collectors
discussed earlier, concentrated solar collectors form the core of modern concentrated solar
thermal (CST) and concentrated solar power (CSP) technologies. These collectors use optical
devices to focus direct normal irradiance (DNI) onto a small receiver area, thereby achieving
very high operating temperatures (typically between 250 °C and 1000 °C). Depending on
the optical geometry and tracking configuration, concentrated collectors are categorized
into four main types (Figure 6): Parabolic trough collectors (Figure 6a) use linearly curved
mirrors that focus sunlight onto an absorber tube located at the focal line. A heat transfer
fluid (HTF), typically synthetic oil or molten salt, circulates through this tube to absorb
the concentrated thermal energy. PTC systems usually operate at temperatures between
300 °C and 400 °C, although advanced molten salt designs can reach 550 °C [25]. Central
receiver (tower) systems (Figure 6b) employ a field of heliostats (flat, sun-tracking mirrors)
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that reflect sunlight to a central receiver atop a tower. The concentrated energy heats a
working fluid—such as molten salt or air—circulated through the receiver. CRS systems
are known for achieving very high operating temperatures up to 1000 °C, suitable for
advanced thermodynamic cycles like supercritical CO; [26]. Regarding parabolic dishes
(Figure 6¢), these collectors are composed of a parabolic dish that focuses sunlight onto
a receiver at its focal point, often integrated with a Stirling engine or Brayton cycle for
direct power generation. Parabolic dishes offer the highest optical efficiency among all CSP
technologies and are ideal for modular and distributed applications [27]. And regarding
linear Fresnel reflectors (Figure 6d), LFR systems consist of long rows of flat or slightly
curved mirrors that focus sunlight onto a fixed receiver positioned above the mirror field.
Although the concentration ratio and thermal efficiency are generally lower than PTCs,
the simpler design and reduced structural requirements make LFR systems more cost
effective [28]. They are often used where land constraints and cost optimization are critical.
These systems are key enablers for high-efficiency solar thermal power generation and
high-temperature industrial heat supply.

(@) (b)

Receiver

Central Receiver

Heliostats

A e Bt

Figure 6. Several main types of concentrating solar power generation [29]. (a) Parabolic trough collec-
tors, (b) Central receiver (tower) systems, (c) parabolic dishes collectors, (d) linear Fresnel reflectors.

2.3. Heat Storage System

To address the need for on-demand power generation under variable solar conditions,
energy storage is essential. It enhances the reliability of renewable energy and helps manage
peak demand for solar power generation [30]. Thermal energy storage (TES) is one of the
key advantages of concentrated solar power (CSP); compared to battery storage, TES is
more cost effective and better suited for integration into the electrical grid [31]. Studies have
shown that CSP systems with energy storage can offer over twice the value of photovoltaic
power generation in certain contexts [32].

TES technologies include sensible heat storage, which raises the temperature of a
medium to store heat but has lower density, latent heat storage (PCM), which stores heat
through phase changes and offers higher density, and thermochemical storage, which
stores heat via reversible chemical reactions and has the highest potential for heat density,
although it is still in early development (Figure 7).
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Figure 7. The different categories of thermal energy storage include sensible heat, latent heat (or
phase change materials, PCM), and thermochemical storage [33].

With technological advancements, CSP plants are expected to transition from sensible
heat storage to latent heat storage, and eventually to thermochemical storage, in order to
achieve higher efficiency and greater energy storage capacity.

2.3.1. Sensible Heat Storage

Sensible heat exchangers can generally be divided into two types: solid and liquid.
There are also systems that combine both solid and liquid, such as fluid flowing through a
packed bed made of solid particles. The working principle of both solid and liquid sensible
heat exchangers is the same; heat is stored by raising the temperature of the material.

Molten salts are an ideal choice for high-temperature energy storage due to their high
energy density and low cost. The operational temperature of molten salts is limited by
their freezing point and corrosion issues, with freezing being the primary concern as it can
damage pipes and pumps. Therefore, auxiliary heaters are typically required. Common
molten salts include nitrates, nitrites, and carbonates, with mixed salts improving perfor-
mance, particularly by lowering the melting point. For example, NaNO3-NaNO;,-KNO3
(Hitec) and Ca(NOj3),-NaNO3-KNOj3 (HitecXL) are common commercial salt mixtures [34].
Ongoing research is focused on developing better molten salts, such as the quaternary salt
mixture (K, NaNO,, Cl, and NOj3) designed by Peng et al., and low-melting-point salts
(80 °C) presented by Zhao and Wu [35].

When using solid materials, packed bed structures are typically employed, with heat
storage and discharge occurring via a heat transfer fluid (HTF). If the HTF is gas (e.g.,
air), it is used solely for heat transfer; if it is a fluid, its heat capacity is comparable to that
of the solid material and can act as an auxiliary storage medium. Inexpensive options
include sand, gravel, or concrete. Sand and gravel are generally used as packing materials,
with some proposals for using a fluidized bed structure [36]. Concrete can be formed into
bricks to create a packed bed or can be used with heat transfer tubes running through large
concrete blocks [37]. To enhance the thermal performance of concrete and to be compatible
with finned HTF heat exchangers, concrete and castable ceramics with volumetric heat
capacities greater than 0.7 kWhth/m3 /K have been developed [38]. For high-temperature
applications, silica bricks, alumina bricks, and magnesia bricks are recommended, often
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paired with molten salts as HTFs [39]. Graphite has also been proposed as a sensible
heat storage material due to its excellent stability at high temperatures and high specific
heat capacity.

2.3.2. Latent Heat Storage

In latent heat storage systems, thermal energy is stored by inducing phase changes
in the storage material. The most common phase change is from solid to liquid, while
sol-id-to-solid transitions are occasionally used. Liquid-to-gas phase changes are rarely
employed due to the significant expansion and the need for strict pressure containment.

Metals and metal alloys are often proposed as Phase Change Materials (PCMs) due
to their high thermal conductivity and latent heat. While metals exhibit excellent prop-
erties, their high cost can be a drawback. Alloying metals with cheaper materials, such as
aluminum-silicon alloys, can reduce costs while maintaining good thermal performance [40].

To enable the widespread use of PCM-based thermal storage, cost-effective and high-
performance materials must be developed. Additionally, low-cost containers, heat exchang-
ers, and encapsulating materials compatible with PCM are needed to support efficient
charging and discharging processes. High-performance PCMs, suitable materials, and
efficient system design are crucial for the practical application of latent heat storage.

2.3.3. Thermochemical Heat Storage

Thermochemical TES stores thermal energy via reversible chemical reactions, where
heat input drives internal reactions, storing energy in chemical bonds [41]. The reverse
exothermic reactions are used for heat recovery and power generation. Common energy
storage processes include the following:

Metal hydroxide dehydration: energy is stored by dehydration, but the low thermal
conductivity of the materials limits the reaction rate [15].

Metal hydride dehydrogenation: Energy is stored by removing hydrogen, although
issues with poor heat transfer and slow reaction kinetics exist. However, doping elements
such as iron or nickel can increase the reaction rate [42].

Metal carbonate decarbonation: Energy is stored by removing carbon dioxide, typically
requiring high temperatures (>450 °C), making it suitable for future high-temperature
power plants [43].

Metal oxide redox: Energy is stored by reducing metal oxides. Although this process
is less studied, it holds significant potential for high energy density.

Thermochemical storage materials offer high energy density and, in theory, virtually
unlimited storage duration. However, challenges related to reaction reversibility, rates,
conversion efficiency, and economic feasibility must be addressed. Overcoming these
obstacles will improve CSP system performance and advance their integration into global
renewable energy networks.

2.4. Power Generation Systems

Power generation systems convert thermal energy into electricity, with traditional
plants using steam generators to produce high-temperature steam that drives turbines. A
key area of research is the development of technologies that directly convert thermal energy
into electricity, eliminating the need for intermediate mechanical conversion. Efficient, low-
cost direct conversion technologies could improve the scalability of solar thermal systems.

2.4.1. Thermal Engine Systems

A thermal engine is the system in a CSP plant that converts collected heat into electrical
energy. The traditional approach involves converting thermal energy into mechanical
energy via a thermodynamic cycle, which is then used to drive a generator for electricity
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production. The main characteristics, advantages, and challenges of various traditional

power generation systems are summarized in Table 1.

Table 1. Key features, advantages, and challenges of various traditional power generation systems.

Technology Type Description Advantages Challenges
. M1rr9rs focus. sunlight onto pipes, Mature technology, Requires large land area,
Parabolic Trough heating a fluid to produce steam . .
. : suitable for large-scale highly weather
Solar Power that drives a turbine for power .
power generation. dependent.

generation.

Solar Power Tower

Mirrors focus sunlight onto pipes,
heating a fluid to produce steam
that drives a turbine for power
generation.

High efficiency, capable of
generating power around

the clock.

High initial construction
cost, large land
requirements.

Flat mirrors concentrate sunlight

Low cost, suitable for

Lower efficiency,

Parabolic Dish Solar  onto a collector to generate steam . performance not as good
. : medium- to small-scale
Power that drives a turbine for power roiects as trough and tower
generation. projects. systems.
bid Parabolic dish mi trat . . . . .
Carbide arabonuc cIsh MIITors concentrate High efficiency, suitable for ~High maintenance, large
Concentrated sunlight to drive a Stirling engine s . 1
. distributed generation. initial investment.
System for power generation.

Solar Multi-Receiver
Collection System

Multiple heliostats focus sunlight
onto a high tower receiver, and heat
transfer drives a turbine for power

generation.

High efficiency, suitable for
large-scale generation, and

peak load management.

High cost, complex
technology, requires
precise tracking.

2.4.2. Direct Thermoelectric Conversion

The most active research areas in direct solar thermoelectric conversion are Solar
Thermoelectric Generators (STEGs) and Solar Thermophotovoltaic (STPV). A brief overview
of these two fields is provided below.

STEGs convert thermal energy into electrical energy through thermoelectric generators.

Due to the Seebeck effect, thermoelectric materials generate a voltage gradient under the

influence of a temperature gradient, which in turn produces a current and generates

electricity [44]. Thermoelectric generators are typically used for waste heat recovery, but

when coupled with solar energy absorbers, they can generate power from solar energy. A

typical configuration of a STEG is illustrated in Figure 8.

Thermoelectric Legs n-type

Solar Absorber

Heat Sink

Incident Sunlight

Current flow

B

Figure 8. Schematic of a solar thermoelectric generator (STEG) [33].
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Solar Thermophotovoltaic (STPV) systems absorb solar radiation to generate heat,
which is then converted into thermal radiation. This radiation is directed to a single-junction
thermophotovoltaic (TPV) cell, where it is converted into electricity. STPV’s advantage
lies in using frequency-dependent thermoelectric converters to achieve an ideal spectral
irradiation, resulting in higher conversion efficiency than direct solar irradiation. The
challenge is ensuring an effective intermediate absorption/re-emission process, so that the
spectral enhancement outweighs its negative impacts. A typical STPV system configuration
is shown in Figure 9.

solar
radiation

absorber
thermal emitter
Un-convertible convertible
photons photons

photovoltaic cell

Figure 9. Schematic of an STPV system [33].

The main challenge faced by STPV systems is the high-temperature requirement, as
they rely on converting thermal radiation into electrical energy. Even with the semicon-
ductors that have the lowest bandgap (around 0.5 eV), a blackbody spectrum temperature
of over 1000 °C is needed to achieve efficient conversion. Although 1000 °C is below the
melting point of many materials, constructing a highly efficient and reliable STPV system
remains a significant engineering challenge [33].

3. Types of Solar Thermal Power Generation
3.1. Trough Solar Power System

Among the various concentrated solar power (CSP) technologies, parabolic trough
solar power systems stand out as the most widely utilized solution. While CSP systems
encompass different types of concentrating collectors, the parabolic trough configuration
has garnered significant attention due to its proven effectiveness in large-scale power
generation. In this section, we focus on the parabolic trough solar power system, which
represents a key approach to harnessing solar energy in an efficient and scalable manner.

Parabolic trough solar power systems are currently the most widely utilized concen-
trated solar power (CSP) technology. The full name of this system is the parabolic trough
solar thermal power system, which typically consists of a concentrating collector, a heat
storage unit, a heat engine power generation device, and auxiliary energy systems (such
as boilers). It primarily comprises several parabolic trough-type concentrating collectors
arranged in series and parallel. These collectors harness solar energy to heat the working
fluid within the heat pipe, generating high-temperature steam that drives a turbine, which
in turn powers a generator to produce electricity [45]. The medium used (typically heat
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transfer oil or a nitrate mixture) is enclosed within a vacuum glass cover in the heating
tube. The concentration ratio generally ranges from 10 to 100. When oil is employed as the
heat transfer fluid, the maximum heat collection temperature can reach 400 °C. Conversely,
when a nitrate mixture is used, the maximum heat collection temperature can reach 700 °C.
The latter maintains superior thermal efficiency at high temperatures, resulting in a higher
power generation efficiency [46—48].

Parabolic trough concentrating collectors (Figure 10) are linear focusing collectors. A
large number of trough-type concentrators are typically connected in series and parallel
to form a concentrating collector array. One-dimensional tracking of solar radiation is
employed. The advantages of the trough system include its relatively simple structure,
low maintenance costs, potential for mass production, and compact size, which enables
easy installation and maintenance when arranged on the ground. However, due to the low
geometric concentration ratio of the parabolic concentrator and the relatively low collector
temperature, the thermal-to-power efficiency of the power subsystem in the parabolic
trough solar thermal power generation system remains relatively low. Consequently, it is
challenging for a pure parabolic trough solar thermal power generation system to further
enhance thermal efficiency and reduce power generation costs.

Absorber Tube
Working Fluid
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Figure 10. Schematic diagram of a parabolic trough concentrating collector [49].

To enhance the efficiency of the system and reduce costs, new materials and tech-
nologies are continuously being explored and implemented. In parabolic trough concen-
trated solar power (CSP), the selection of collector materials is crucial. In recent years,
studies [50,51] have highlighted the development of highly efficient nano-functionalized
absorber materials that can effectively utilize most of the radiation in sunlight. Despite
the nanoscale manipulation of the material, its photothermal conversion efficiency can be
significantly enhanced, thereby improving the overall system performance. Due to the
variability of light during the day and night, as well as under sunny and cloudy conditions,
existing parabolic trough CSP systems are increasingly being integrated with thermal
energy storage technology. By employing molten salt energy storage and other technolo-
gies [52], excess thermal energy collected during periods of optimal sunlight can be stored
for use during the night or on cloudy days, ensuring a continuous supply of electricity.

3.2. Tower Solar Power System

Applying solar power generation technology in the form of a tower provides a novel
method for generating electricity. Not only can it efficiently store thermal energy, but it can
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also operate at high temperatures. A solar power generation system primarily consists of a
power generation unit, a main control system, a heat storage tank, a receiver, and a heliostat
array. A specific number of heliostats (spherical mirror groups that automatically track the
sun) are positioned on the ground, with a solar collector tower constructed at an optimal
location within the heliostat array. The heliostats reflect solar energy into the collector at
the top of the tower, heating the working fluid to produce high-temperature steam that
drives a turbine for electricity generation [47]. The SDIC Gansu Akesai Huidong “Solar
Thermal + Photovoltaic” Project has a total installed capacity of 750 MW, with 110 MW
allocated to solar thermal power generation and 640 MW to photovoltaic power genera-
tion [29]. As illustrated in Figure 11, the solar thermal section includes 11,960 pentagonal
heliostats and a collection tower approximately 200 m high. Each heliostat is capable of
rotating to track the sun and reflect solar radiation onto the absorber at the top of the heat
collection tower.

TN N et ST

Figure 11. The tower system in Akesai Kazak Autonomous County Jiuquan, Gansu Province, China.

Due to the large number of heliostats in a tower power generation system, its concen-
tration ratio can reach 1500. Compared to a parabolic trough solar power generation system,
the concentration ratio of a tower solar power generation system is significantly higher.
The unique design allows the cavity temperature of its collector to exceed 1000 °C [53,54].
Due to its advantages in high concentration and high thermal conversion efficiency, a tower
solar power system can achieve high power generation capacity. This makes it highly
suitable for large-scale, high-capacity commercial applications. However, a tower solar
thermal power system requires a significant one-time investment, has a complex device
structure and control system, and incurs high maintenance costs [55].

Similarly, several emerging technologies are anticipated to be applied to tower power
generation systems. Gottsche et al. proposed a novel design utilizing a mini-mirror ar-
ray (10 x 10 cm), with each mirror mounted on a ball joint driven by a stepper motor
(Figure 12) [56]. The purpose of this design is to mitigate the adverse effects that strong
winds may have on the mirrors while reducing costs. However, the final optical perfor-
mance was not satisfactory.
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Figure 12. Schematic of mini-mirror array [56,57].

The hydraulic tracking system [58] utilizes a hydraulic structure to track the movement
of the sun, ensuring that the device is always positioned to receive the maximum amount
of sunlight. Additionally, the incorporation of a dual-axis tracking system and a high-
precision solar tracking algorithm will enhance both the efficiency and reliability of the CSP
system. Due to the higher temperatures in tower power generation systems, the application
of materials with high thermal conductivity and thermal stability has become essential.
High-entropy (HE) materials [59] have garnered widespread attention in recent years.
These materials possess excellent light-to-heat conversion capabilities and broadband light
absorption characteristics, enabling selective absorption of the solar spectrum, reducing
infrared light absorption, and minimizing heat loss.

3.3. Dish Stirling Solar Power Generation System

The dish Stirling solar power generation system is a solar energy system that uses
parabolic mirrors to concentrate sunlight for power generation. It primarily consists of
a parabolic dish, a receiver, a Stirling engine, and a generator. When sunlight hits the
parabolic mirror, the light is focused onto the receiver, heating the working fluid inside the
receiver to a high temperature. This, in turn, drives the Stirling engine to generate electricity.
This system can operate independently, serving as a small power source for off-grid remote
areas, or multiple units can be connected in parallel to form a small-scale solar thermal
power plant. The dish Stirling system is known for its high efficiency, modularity, and
ability to operate independently.

This technology converts solar thermal energy into rotational motion via the Stirling
cycle, with AC generators transforming mechanical energy into electricity [60]. After
accounting for power losses, the system can convert nearly 30% of the direct normal solar
radiation into electricity, achieving an efficiency of about 30% [61].

As early as 1988, Roelf [62] optimized the solar application of the STM4-120 Stirling
engine. The engine’s power output at 25 rpm was 1800 kW, with an efficiency of 40%
from heat input to shaft output. The use of a simple variable slotted piston stroke control
eliminated sealing and power control issues that previously plagued Stirling engines.

Singh et al. [63] designed, simulated, and optimized a solar Stirling engine. The study
found that the maximum thermal efficiency of the dish Stirling system at an absorber
temperature of 850 K was 32%. The energy and exergy efficiency of the dish Stirling
system were 17% and 19%, respectively, with the majority of the losses occurring at the
receiver. Mari et al. [64] addressed gaps in the mathematical modeling of the parameters
of the parabolic solar dish Stirling engine system, providing numerical equations and
simulations related to solar dish applications. Pheng et al. [65] reviewed the parabolic dish
Stirling system based on CSP technology, considering aspects such as performance, overall
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efficiency, dish position, and levelized cost of electricity. They also analyzed the technical
and high capital cost barriers to the practical application of parabolic dish systems.

Zayed et al. [66] developed a theoretical model based on optical geometry and thermo-
dynamic analysis for the solar dish Stirling system, considering the optical configurations
and energy balance of different system components. An optimization algorithm was imple-
mented using multi-objective particle swarm optimization to simultaneously maximize
output power and total efficiency, achieving a maximum power output of 23.46 kW and
an optimal overall efficiency of 30.15%. Subsequent research [67] conducted comprehen-
sive assessments of the following: design standards, geometric parameters’ optimization,
thermal performance analysis, thermodynamic optimization, and techno-economic aspects.

Typically, a solar thermal receiver is added to a parabolic solar dish to capture the
maximum concentrated solar radiation from the dish. Senthil et al. [68] experimentally
analyzed the improvement of the thermal inertia balance and heat storage capacity of a
solar thermal receiver using phase change materials (PCMs). The average energy and
exergy efficiency of the receiver reached 66.7% and 13.8%, respectively.

3.4. Fresnel Solar Thermal Power Generation System

The Fresnel solar thermal power generation system employs arrays of flat mirrors to
reflect sunlight onto a collector tube. It has a modest concentration ratio but is cost effective
and suitable for large-scale applications. The advantages of the Fresnel system include its
simple structure, high land utilization, ease of cleaning, and low cost.

In 1957, Baum et al. [69] first proposed modularizing parabolic trough mirrors into
flat mirror arrays. A tracking system with flat glass mirrors can reflect and concentrate
sunlight onto a fixed secondary concentrator. Francia et al. [70] implemented this concept
practically in a linear Fresnel concentrator system, achieving pioneering work with a
prototype featuring a dual-axis tracking system, laying the foundation for large-scale
applications of linear Fresnel reflectors (LFRs). Since then, researchers have extensively
studied the Fresnel solar thermal power generation system.

Feuermann et al. [71] introduced the concept of secondary concentrators by adding
secondary mirrors to the receiver to enhance concentration efficiency and reduce thermal
losses. The advent of compound parabolic secondary concentrators has significantly ad-
vanced the linear Fresnel solar thermal collection technology. Grena et al. [72] used molten
nitrate salt as the heat transfer fluid in a solar Fresnel linear concentrator. They introduced
a system designed to handle molten nitrate salts more effectively, with vacuum tube col-
lectors that can tolerate temperatures up to 550 °C. Through optical and thermodynamic
simulations, they found that, with an adequately precise tracking system, the efficiency loss
of the molten salt Fresnel system was about 10% to 20% compared to the trough system.
Taramona et al. [73] overcame the main limitations of previously proposed hyperbolic
secondary concentrators by proposing a new type of secondary concentrator made up of
several fixed flat mirrors at the same height. This setup established a new solar field model
and achieved a concentration ratio of up to 31% and optical efficiency up to 60%. Grena [74]
discussed the impact of optical geometry on linear Fresnel concentrators, the parameters
required to determine the geometry, and the main optical concepts. He also summarized a
ray-tracking program to simulate the mirror field and a fast calibration analysis method for
optimization and real-time calculation.

An important subsystem in LFR systems is the collector system. Currently, research
on the heat collection performance of linear Fresnel collectors is relatively limited, focusing
mainly on two areas: new heat transfer fluids and collector tube designs. Zhai [75] con-
ducted experimental and simulation studies on a Fresnel lens solar collector with vacuum
tubes and found that for water heating, when the inlet water temperature was 80-90 °C, the
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heat efficiency of the collector reached 9.80%, which was 90% higher than the commonly
used evacuated tube collectors. However, optical losses were the primary source of energy
loss, accounting for nearly 40% of solar radiation. Khan et al. [76] studied the effect of new
corrugated collector tubes with nanofluids on the energy efficiency of a novel dual-fluid
heat collection system and presented an optimization model for the corrugated collector
tube through simulation. Alamdari et al. [77] reviewed research on linear Fresnel solar
power generation systems over the past decade, emphasizing that various types of thermal
losses are key parameters affecting efficiency.

Each of the four CSP technologies mentioned above has its own set of advantages
and disadvantages, which can be evaluated based on the factors in Table 2. The table
presents the key technical characteristics of each technology, including their capacity
range, associated costs, efficiency percentages, and electricity costs (calculated using the
Levelized Cost of Electricity model). These factors play a crucial role in determining the
economic viability and performance of each CSP system, and they vary depending on the
system design, installation location, and solar radiation levels. For instance, systems with
higher efficiency tend to have lower electricity costs, but they might come with higher
initial installation costs. The comparison of these attributes allows for a comprehensive
assessment of the strengths and limitations of each CSP technology.

Table 2. The technical characteristics for CSP [78-86].

Power Cost of

Capacity  Installation . . . Thermal Loss Optical Efficiency
(MW) Cost Generation Electricity Coefficient Attenuation Rate
Efficiency (%) (USD/kWh)
Trough solar power High (significant (afer{S’cleactl1 ‘ll)el};akggtlion
& P 10-200 Low 13-18 0.17 radiation and y
system - and weather
conduction losses) -
variations)
Tower solar power 10-200 High 16-17 0.14 pr (highly efflglent Low (precllse optical
system light concentration) design)
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Power Generation 0.01-0.4 High 20-30 0.15 . & by
engine thermal environmental
System
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4. Application of Solar Thermal Systems in Industrial Process Heating

4.1. Energy Demand and Challenges in Industrial Process Heating

Industrial process heating accounts for a significant portion of global energy con-
sumption, with a major share of energy allocated to thermal applications across various
industries. These demands range from low to high temperatures, with the majority con-
centrated in the low- to medium-temperature range, particularly in sectors such as food
processing, textiles, chemicals, and paper manufacturing. However, the predominant
re-liance on fossil fuels, especially natural gas and oil, raises concerns about environmental
pollution, greenhouse gas emissions, and resource depletion. As the world shifts toward
more sustainable energy sources, renewable options, such as solar thermal energy, offer
substantial potential to meet industrial heating needs, particularly in regions with abun-
dant solar resources. However, the widespread adoption of solar thermal systems faces
challenges, including high initial costs and the intermittent nature of solar energy, which

185



Energies 2025, 18, 2120

necessitates the integration of energy storage solutions and hybrid systems for greater
economic feasibility and stability.

4.1.1. Energy Demand for Industrial Process Heating

Industrial process heating constitutes a major share of global energy consumption,
representing over 35% of total energy demand, with nearly 54% of industrial energy allo-
cated to thermal applications [19]. This demand spans a wide range of applications, from
low-temperature (<100 °C) to medium-temperature (100400 °C) and high-temperature
(>400 °C) needs. However, the majority of the industrial heating demand is concentrated in
the low- to medium-temperature range, particularly in industries such as food processing,
textiles, chemicals, and paper manufacturing. In these sectors, thermal energy is typi-
cally used for processes such as pasteurization, drying, cooking, bleaching, and dyeing.
For example, the temperature range for cleaning, pasteurization, and drying in the food
processing industry generally falls between 60 °C and 250 °C, while the thermal energy
requirements for cooking and drying in the paper industry typically range from 90 °C
to 200 °C. In the chemical and pharmaceutical industries, distillation, evaporation, and
reaction processes often require higher temperatures, typically in the range of 100 °C to
400 °C [87].

At present, industrial process heating is predominantly dependent on fossil fuels,
particularly natural gas and oil. While these energy sources can meet the high-temperature
requirements of industrial processes, their usage is associated with environmental pollution,
greenhouse gas emissions, and resource depletion [88]. In many developing countries, coal
remains the primary energy source for industrial process heating due to technological and
economic limitations, while more industrialized regions tend to rely on natural gas [89].
With the increasing global focus on energy efficiency, fluctuating fossil fuel prices, and the
tightening of environmental regulations, governments and businesses are progressively
shifting towards renewable energy sources as alternatives to conventional energy. This
transition is not only aimed at alleviating environmental pressures but also at addressing
the potential crisis arising from the gradual depletion of fossil fuels.

4.1.2. Potential for Application in the Industrial Sector

Solar thermal energy is the process of converting solar radiation into heat energy. As
shown in Figure 13, solar thermal systems utilize solar collectors to capture solar radiation.
The potential of solar thermal energy systems in industrial process heating is primarily
reflected in their ability to fulfill low- and medium-temperature demands while providing
substantial economic and environmental advantages. These systems employ various types
of solar collectors, including flat plate collectors, evacuated tube collectors, and parabolic
trough collectors, to provide thermal energy for multiple industrial applications such as
food processing, textiles, chemicals, and pharmaceuticals [90]. The application of solar
thermal technology is not confined to specific industries but also demonstrates notable
benefits in particular regions. For example, in regions with abundant solar resources, such
as India, the Middle East, and Africa, the strong solar radiation provides crucial support
for the economic viability and efficiency of solar thermal systems. Industrial enterprises in
these regions can substantially reduce their dependence on traditional fossil fuels, while
simultaneously lowering energy costs and carbon emissions [87]. Despite the extensive
potential of solar thermal systems in the industrial sector, their large-scale implementation
faces considerable obstacles. High initial investment cost represent a significant barrier
to widespread adoption, while the intermittent nature of solar radiation impacts system
stability. As a result, the incorporation of energy storage technologies, such as phase change
materials (PCMs) and molten salt storage, is of critical importance to maintaining a stable
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energy supply. Moreover, to enhance adaptability and economic feasibility, hybrid heating
technologies that integrate solar thermal technology with conventional fossil fuel systems
have emerged as a crucial area of research.

Evacuated
tube
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Figure 13. Solar thermal system in industry.

4.2. Application Scenarios of Solar Thermal Systems in Industrial Processes

Solar thermal systems have a wide range of applications in industrial processes,
from low-temperature hot water to high-temperature steam, meeting the diverse needs of
industries such as food processing, textiles, chemicals, and metalworking (Figure 14). These
systems provide clean and sustainable energy solutions, significantly reducing dependence
on fossil fuels and lowering carbon emissions. The application scenarios of solar thermal
systems can be broadly classified into low-temperature, medium-temperature, and high-
temperature categories, depending on the specific thermal requirements of industrial
processes.

Solar thermal energy system

Figure 14. Application scenarios of solar thermal systems in different industries.
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4.2.1. Low-Temperature Application Scenarios

Solar thermal systems exhibit broad applicability in low-temperature industrial pro-
cesses, particularly in industries requiring low-temperature hot water or thermal energy.
Low-temperature solar thermal systems, typically used for applications below 100 °C,
mainly convert solar radiation into heat through solar collectors, providing sustainable
energy alternatives for industrial production. Key application scenarios include food and
beverage processing, textile industries, and chemical processes.

In the food industry, solar thermal systems can be utilized for cleaning, pasteurization,
and disinfection, all of which require low-temperature heat. Pasteurization, a widely
used technique, necessitates a constant supply of hot water at temperatures between
60 and 70 °C, a requirement efficiently met by solar thermal systems. This approach not
only reduces reliance on fossil fuels but also significantly cuts energy costs and carbon
emissions [91]. Additionally, the beverage industry often uses solar energy to provide the
required low-temperature hot water for cleaning in bottling production lines.

In the textile industry, low-temperature solar thermal systems play an essential role.
Dyeing, rinsing, and washing processes in textile manufacturing demand substantial
quantities of warm water, typically within the 50-80 °C range. Solar thermal systems
supply the necessary heat for these processes, reducing dependence on coal and natural
gas while enhancing energy independence for enterprises [92].

Low-temperature applications in the chemical industry demonstrate considerable
potential, finding extensive utilization in processes such as low-temperature evaporation,
dissolution, and precision cleaning. This system reliably supplies the necessary thermal
energy while mitigating cost pressures associated with fluctuations in fossil fuel prices.
In industrial production processes with a continuous yet relatively low heat demand, the
integration of solar thermal systems with thermal energy storage technologies significantly
improves the system’s flexibility and operational stability.

Consequently, in low-temperature industrial applications, solar thermal systems serve
as a low-carbon, cost-effective, and sustainable energy solution, positioning them as an es-
sential enabler in advancing industrial energy efficiency and emission reduction objectives.

4.2.2. Medium-Temperature Application Scenarios

Solar thermal systems are also widely applied in medium-temperature industrial
processes (100-250 °C), representing an important pathway for achieving industrial energy
savings and sustainable development. This temperature range is commonly required
in industries such as paper and pulp, dairy processing, chemicals, and pharmaceuticals.
In these fields, solar thermal systems use solar collectors and moderately concentrated
parabolic trough systems to provide hot water or steam to meet medium-temperature
energy demands.

In the paper industry, pulp drying and thermal treatment are the main energy-
consuming stages. Solar thermal systems can provide a stable heat source, reducing
reliance on traditional fossil fuels. In dairy processing, such as milk powder production,
a significant amount of medium-temperature steam is required for evaporation and dry-
ing. Empirical studies conducted in dairy processing facilities indicate that solar thermal
systems can fulfill up to 76-94% of the thermal load demand [93], leading to a substan-
tial reduction in both energy expenditures and carbon emissions. In the chemical and
pharmaceutical industries, solar thermal energy is used for solvent evaporation, chemical
reactions, and distillation, all of which require stable temperatures. By integrating solar
thermal systems with thermal energy storage devices (such as phase change materials or
thermal storage tanks), a continuous and stable heat supply can be ensured, overcoming
the intermittent nature of solar energy [87].
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Additionally, the application of solar thermal systems in medium-temperature sce-
narios in beverage industries, such as breweries, has been highly successful, where they
are used to heat water and steam for cleaning, pasteurization, and production processes.
Through the implementation of advanced solar thermal technologies, industrial facilities
not only achieve significant reductions in operating costs but also substantially cut their car-
bon emissions, thus playing a crucial role in advancing carbon neutrality objectives [91]. To
clearly illustrate the correlation between solar thermal applications and specific industrial
process temperature ranges, Table 3 summarizes the typical industrial sectors and their
representative thermal processes categorized by low-, medium-, and high-temperature

requirements.

Table 3. Solar systems at different temperatures’ generation.

Temperature . o
Divisione Industrial Type Application
Food industry Wash, pasteurize, and disinfect
. Textile industry Dyeing, rinsing, and washing
Low (<100 °C) o Low-temperature evaporation,
Chemical industry . . .
dissolution, and cleaning
Paper industry Pulp drying, heat treatment
) . Beverage industry Wash and pasteurize
Medium (100-250 °C) Chemical and Solvent evaporation, chemical
pharmaceutical industries reaction, and distillation
Metalworking industry Metal melting, heat treatment
High (<250 °C) Chemical industry Pyrolysis, gasification, and

synthesis at high temperature

Table 3 shows typical industrial sectors and thermal process examples at different
temperature levels for solar thermal systems.

Solar thermal systems demonstrate immense potential in medium-temperature indus-
trial applications by significantly reducing fossil fuel usage and enhancing energy efficiency.
When integrated with thermal energy storage technologies, they further improve reliabil-
ity and adaptability. The effective deployment of these technologies offers practical and
scalable solutions to enhancing industrial energy efficiency and promoting environmental
sustainability.

4.2.3. High-Temperature Application Scenarios

Solar thermal systems in industrial processes are primarily applied in fields that re-
quire high-temperature heat sources, such as metal processing, ceramic manufacturing,
glass production, and high-temperature chemical reactions. High-temperature solar ther-
mal systems primarily rely on concentrated solar power (CSP) technologies, including
parabolic trough collectors, solar power towers, and Fresnel lens collectors, to achieve
temperatures of approximately 250 °C or higher. These technologies focus solar radiation
onto specific areas using mirrors, achieving the required high temperatures. In the metal
processing industry, solar thermal systems can provide sustainable high-temperature heat
sources for metal smelting and heat treatment, replacing traditional coal or gas energy
sources [94]. In ceramic and glass manufacturing, where high-temperature kilns frequently
operate at temperatures exceeding 1000 °C, solar power tower systems can provide the
necessary thermal energy, thereby lowering production costs and mitigating environmental
pollution [92].

The chemical industry presents considerable potential for high-temperature applica-
tions. In high-temperature cracking, gasification, and synthesis processes, solar thermal
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systems can provide high-temperature steam and heat support. These processes are inher-
ently energy-intensive, and integrating solar thermal systems can substantially decrease
fossil fuel consumption while enhancing overall energy efficiency. High-temperature solar
systems can be coupled with thermal energy storage technologies to ensure a continuous
supply of high-temperature heat, even during periods of insufficient sunlight. Molten
salt storage technology, for example, stores solar thermal energy during the day and re-
leases it at night, providing a stable heat source for chemical reactions or high-temperature
manufacturing.

In summary, solar thermal systems hold great promise for high-temperature industrial
applications. These systems serve as clean and efficient heat sources, reduce industrial
dependence on conventional energy, and play a pivotal role in enhancing energy efficiency
and reducing emissions.

4.3. Economic Effects of Solar Thermal Systems in Industrial Processes

As the global energy transition accelerates and industrial sustainability becomes a
priority, solar thermal systems, a clean and efficient renewable energy technology, are
increasingly being integrated into the industrial sector. These systems provide a sustainable
source of thermal energy for industrial processes, reducing reliance on fossil fuels and
mitigating greenhouse gas emissions. While the adoption of solar thermal systems in the
industry is still evolving, numerous studies highlight their substantial potential to lower
operational costs, meet carbon reduction targets, and foster long-term economic stability.

4.3.1. Cost Savings and Investment Return Analysis

The economic benefits of solar thermal systems in industry are primarily evident in
long-term fuel cost savings and rapid return on returns. Although the initial capital invest-
ment for solar thermal systems—comprising equipment, installation, and integration—can
be high, these systems significantly reduce reliance on traditional fossil fuels, resulting in
notable fuel cost reductions. For example, a dairy plant in Austria installed 1000 m? of
solar collectors, which saves 85,000 m3 of natural gas annually and reduces CO, emissions
by 170 tons. This not only generates considerable environmental benefits but also shortens
the payback period to under three years [91].

Life cycle cost (LCC) analysis further underscores the economic viability of solar
thermal systems. Despite higher initial investments, energy cost savings during operation,
combined with low maintenance costs, render these systems economically advantageous
in the medium to long term [95,96]. Furthermore, the monetization of carbon reduction
benefits, supported by policy incentives, further enhances the economic appeal of these
systems. For example, under the European Union Emissions Trading System (EU ETS),
the value of carbon emission reductions is integrated into company revenues, provid-
ing additional incentives for investors. This dual benefit—direct fuel cost savings and
policy incentives—makes solar thermal systems a powerful tool for reducing industrial
operating costs.

4.3.2. Regional and Industry-Specific Differential Benefits

The economic benefits of solar thermal systems vary significantly across different
geographical regions and industries. The key factors influencing these benefits include
local climate conditions and fossil fuel prices. In regions with abundant solar and high fossil
fuel prices, such as Southern Europe and Australia, the payback period for solar thermal
systems is typically shorter, and the economic benefits are particularly pronounced [96].
In contrast, regions with lower solar radiation or fuel prices, such as some developing
countries, experience more limited economic benefits. These areas often require addi-
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tional policy support and technological optimization to fully unlock the potential of solar
thermal energy [97].

At the industry level, low-temperature processes (40-120 °C) generally show higher
compatibility with solar thermal systems. Industries such as food, beverage, and textiles,
where thermal energy demand is concentrated within a low-temperature range, can effec-
tively meet significant thermal needs using flat-plate collectors or vacuum tube collectors.
For instance, a dairy plant in New Zealand implemented a solar thermal system to meet
part of its thermal demand, achieving additional economic benefits through heat storage
and system optimization [98]. The characteristics of these industries allow for a faster
realization of high investment returns.

For industries requiring medium-temperature heat (150400 °C), such as chemical and
plastic processing, economic benefits are more dependent on technological support. These
sectors typically employ highly efficient collectors, such as parabolic troughs or linear
Fresnel reflectors, often coupled with high-temperature storage systems to meet thermal
demands. While the initial investment is higher, the gradual optimization of these tech-
nologies and their increasing deployment are demonstrating their economic feasibility [97].
However, for high-temperature processes exceeding 400 °C, such as steelmaking and glass
manufacturing, the economic benefits of solar thermal systems remain relatively low due
to technological and efficiency limitations. Further research and breakthroughs in these
technologies are essential for future development [96].

4.3.3. Long-Term Economic Stability and Intangible Value

In addition to direct cost savings, solar thermal systems contribute to long-term
economic stability and provide intangible asset value to businesses. As a renewable energy
technology, they reduce a company’s reliance on fossil fuels, thereby mitigating the financial
risks associated with energy price volatility. This risk avoidance benefit is especially crucial
for regions dependent on imported fuels [95].

Moreover, the intangible value of carbon reduction is increasingly recognized as a key
component of corporate competitiveness. As the global focus on sustainable development
intensifies, the adoption of solar thermal systems can significantly enhance a company’s
environmental reputation and social responsibility image [91]. These intangible assets not
only help attract more investments but also increase market competitiveness, particularly
in industries that place a high emphasis on green production.

Although the promotion of solar thermal systems in high-temperature industrial sec-
tors still faces technological and economic challenges, the economic benefits in low- and
medium-temperature industrial processes have been widely recognized. Future research di-
rections should include further optimization of system designs, reducing initial investment
costs and driving the global adoption of solar thermal systems through policy support
and business model innovation (Figure 15). Additionally, improvements in energy storage
technologies and the development of new, efficient collectors will further enhance the
economic potential of solar thermal systems in high-temperature applications, providing
new possibilities for achieving sustainable industrial development.

4.4. Technical Advantages and Challenges in Industrial Applications
4.4.1. Technical Advantages

Solar thermal systems represent a clean, renewable energy source that can significantly
reduce carbon emissions in industrial production. This is especially true in energy-intensive
industrial sectors such as metal smelting, chemical production, and food processing, where
solar thermal energy can effectively replace traditional fossil fuels, thereby reducing carbon
dioxide and other greenhouse gas emissions. This contributes to addressing the global
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challenge of climate change [99]. Moreover, with the continuous development of con-
centrated solar thermal technologies, such as tower systems, parabolic trough collectors,
and concentrating collectors, solar energy can be efficiently converted into thermal energy.
These technologies generally exhibit high heat collection efficiency, meeting industrial heat
demands ranging from low to high temperatures. This is particularly beneficial in indus-
tries such as metal processing and ceramic manufacturing, which require high-temperature
heat sources [100]. Solar thermal systems can also be integrated with traditional indus-
trial energy systems to form hybrid energy supply systems. For instance, solar thermal
energy can be combined with natural gas boilers or electricity systems to ensure the sta-
bility and reliability of heat supply. Especially in regions with weaker solar radiation, the
combination of solar energy and traditional energy sources can provide around-the-clock
energy supply [94]. With the advancement of energy storage technologies, solar thermal
systems can integrate advanced thermal storage technologies (e.g., molten salt storage and
phase change material storage), which allow excess thermal energy to be stored during the
day and used during the night or on cloudy days. This resolves the intermittency issue
associated with solar energy. The application of such storage systems makes solar thermal
systems more widely applicable, particularly in industrial processes that require a stable
heat source [101].
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Figure 15. An illustration of commonly used CST technologies [34].

Despite the higher initial investment in solar thermal systems, their operational costs
are much lower than those of fossil fuels, particularly in the context of rising energy prices.
Solar thermal energy thus becomes a competitive alternative energy source. Many studies
show that in some regions, the payback period for solar thermal systems typically ranges
from 3 to 5 years, effectively reducing energy costs and improving economic efficiency [94].

The main technical advantages of solar thermal systems in industrial applications
are their clean, renewable energy characteristics, high energy conversion efficiency, low
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operating costs, good system integration, and ability to integrate with energy storage
technologies. With continuous technological innovation and the gradual maturation of
markets, solar thermal systems are expected to be more widely applied in industrial
fields, providing sustainable solutions for reducing carbon emissions and lowering energy
consumption.

4.4.2. Technical Challenges

Despite the significant advantages of solar thermal systems in industrial applications,
there remain numerous technical challenges to their widespread implementation.

First, the initial investment for solar thermal systems is typically high, especially
in large-scale industrial applications such as chemical processing, food manufacturing,
and metal smelting. While the operational costs of these systems are relatively low, the
initial costs for equipment purchase, installation, and system integration require substantial
capital investment. This can be a major challenge for smaller and medium-sized enterprises
looking to adopt solar thermal systems [101].

Second, the efficiency of solar thermal systems is heavily influenced by climate condi-
tions and geographic location, particularly in regions with insufficient sunlight. In such
areas, the heat supply capability of the system may be compromised. Although thermal stor-
age technologies, such as molten salt storage or phase change material storage, can partially
address this issue, challenges remain with the widespread adoption of efficient storage
technologies and the high cost of storage equipment. Particularly in regions with long
winters or frequent cloudy weather, solar thermal systems may not meet the continuous
industrial heat demand [100].

Furthermore, integrating solar thermal systems into existing industrial energy systems
poses another challenge. The integration design, installation, and maintenance of these
systems require a high level of technical expertise, adding complexity to their deployment.
Determining the optimal configuration and scale of collectors for different industrial
applications and effectively storing and supplying solar heat when needed are significant
technical challenges [99].

Currently, although solar thermal technology has made significant progress in certain
areas, it is still in the process of gradual refinement and broader adoption. This is especially
true for high-temperature industrial applications, where the maturity and reliability of the
technology still need to be improved. For example, solar tower collector technology and
concentrating systems require higher costs and precision, and their reliability and efficiency
in actual industrial applications are still under ongoing optimization [94].

Finally, despite being seen as a clean energy solution in many countries, the promotion
of solar thermal technology faces challenges in some regions due to insufficient policy
support and low market demand. The lack of adequate government incentives, subsidy
policies, and a general lack of corporate awareness about green development often leads to
the slow adoption of solar thermal systems in industrial applications. Without policy guid-
ance, enterprises may be reluctant to bear the high initial costs, even though solar thermal
systems may offer higher economic and environmental benefits in the long term [96].

In conclusion, the application of solar thermal systems in the industry faces challenges
related to technical costs, system integration complexity, weather dependency, technol-
ogy maturity, and insufficient policy support. To further advance the application of solar
thermal technology in industrial settings, technological innovation, policy support, and an
improved market environment are urgently needed to lower costs, enhance system stability
and reliability, and promote the widespread use of renewable energy in the industrial sector.

193



Energies 2025, 18, 2120

5. Emerging Technologies in Concentrating Solar Thermal Systems
5.1. Innovative Solar Collector Materials

Advances in nano-functionalized absorber materials and high-performance optical
systems are expected to enhance the heat collection efficiency of CST systems. Nano-
functionalized materials, such as nanostructured coatings and multi-layered absorbers,
offer superior light absorption and reduced thermal losses. These innovations help to
significantly improve the conversion of sunlight into thermal energy, particularly for
high-temperature applications where traditional materials might not perform as well. For
example, the development of selective absorbers with tailored optical properties allows CST
systems to operate efficiently at temperatures exceeding 500 °C. A schematic representation
of the nanocomposite-based single-layer absorber coating developed on SS 304 substrate is
shown in Figure 16, which highlights the fabrication process using SiO, nanoparticles and
the improvement in solar absorptance through nano-void textured surfaces [102].
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Figure 16. Schematic represents the development of nanocomposite-based single-layer absorber
coating on SS 304 substrate [102].

5.2. Thermal Energy Storage (TES) Innovations

Emerging TES technologies are playing a critical role in enhancing the performance
of CST systems by enabling them to provide continuous power even when sunlight is un-
available. Technologies like phase change materials (PCMs) and thermochemical storage
systems offer higher energy density and cost effectiveness compared to traditional methods
such as sensible heat storage. PCMs, which store thermal energy through phase transitions
(solid to liquid), allow for more compact and efficient thermal storage. Thermo-chemical
storage systems, which store energy via reversible chemical reactions, provide even higher
energy densities and longer storage durations, making them especially useful for large-scale
applications. The integration of TES with CST systems has been well explained through
Figure 17, which illustrates the indirect configuration using super-critical carbon dioxide
(s-COy) as the heat transfer fluid (HTF). The integrated system in this study, which utilizes
supercritical carbon dioxide (s-CO,) as the heat transfer fluid (HTF) in a parabolic trough
collector (PTC) system, operates as follows. Solar radiation is focused by the parabolic
mirrors onto a receiver tube, where it heats the circulating HTF (Points 1-5). The heated
HTF is transported through the PTC loop, passing through a heat exchanger (Point 8) to
transfer thermal energy to a thermal energy storage (TES) system. The system includes
both hot and cold TES tanks (Points 11-12), where energy is stored during the day and
discharged during non-sunny periods (Point 13-15). The HTF, after being heated, flows
into the hot tank for storage, while the cold tank helps maintain the temperature differential
for energy efficiency. The stored thermal energy is later used to generate electricity in
the power block (Point 17) through a conversion process. This process is facilitated by
a secondary heat exchanger, which is specifically required for the s-CO, configuration
(Point 9). The system’s design ensures efficient energy storage and usage, with feedback
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mechanisms to regulate energy flow throughout the day and night (Points 16-19). This
system design shows how s-CO; improves thermal energy storage efficiency and reduces
system costs [52].
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Figure 17. Schematic diagram for the indirect configuration of the integrated system using s-CO; as
an HTF [52].

6. Conclusions and Outlook

This review comprehensively explored the technological evolution, thermal perfor-
mance, and industrial applications of concentrated solar thermal (CST) systems, emphasiz-
ing their capabilities beyond power generation. CST systems, through optical concentration
and efficient thermal conversion, can generate medium- to high-temperature heat suitable
for a wide range of industrial sectors such as food processing, chemical manufacturing,
textiles, and metal treatment. With growing global pressure to decarbonize industrial
processes, CST technologies present a critical pathway for reducing fossil fuel reliance and
greenhouse gas emissions in the heat domain.

Through an extensive survey of CST configurations—including parabolic troughs,
central towers, linear Fresnel reflectors, and dish Stirling systems—we highlighted their
respective thermal efficiencies, temperature capacities, land requirements, and application
scopes. Recent research advancements in optical design, receiver materials, and heat
transfer fluids are significantly enhancing the thermal efficiency and operational stability
of CST systems. Especially, the development of high-absorptance, low-emissivity coatings
and high-temperature-tolerant materials such as high-entropy alloys has elevated CST
systems’ ability to perform at temperatures exceeding 700 °C, opening new possibilities for
energy-intensive processes.

Thermal energy storage (TES) technologies, such as molten salt storage, phase change
materials, and thermochemical storage, have been shown to extend CST system perfor-
mance during periods without solar radiation, allowing for continuous and dispatchable
thermal energy delivery. This capability is crucial for ensuring the operational flexibility
of CST systems in real industrial scenarios, especially where thermal loads are steady or
require precise temperature control.

While the hybridization of CST with photovoltaic (PV) systems offers clear benefits
for electricity dispatchability, it was not the core focus of this work. Our review inten-
tionally centered on CST’s role in heat production, not electrical power generation. As
such, the discussion on PV-CSP hybrid systems—although important in the context of
power systems—is outside the intended scope of this study, and should not constitute a
key takeaway of the conclusion. Instead, future research and industrial implementation
strategies should focus on enhancing CST’s value as a sustainable heat supply solution,
particularly in hard-to-electrify industrial sectors.
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Looking forward, several challenges remain. These include high initial capital invest-
ment, integration complexity with existing heat infrastructure, and performance degrada-
tion in sub-optimal sunlight conditions. To overcome these, innovation should continue in
areas such as smart solar tracking, Al-based operation control, durable receiver coatings,
and cost-effective thermal storage materials. Meanwhile, policy incentives, industrial
demonstration projects, and cost reduction through scale will play a decisive role in accel-
erating CST deployment in the thermal energy market.

In summary, CST systems are no longer limited to niche or experimental roles. Their
ability to deliver reliable, high-grade heat makes them a promising and scalable solution
for low-carbon industrial transformation. Continued advances in material science, thermal
storage, and system integration will be key to realizing CST’s full potential in achieving
industrial decarbonization, thermal energy security, and sustainable development goals.
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Abstract: The fluctuating uncertainty of load demand as an influencing factor for day-
ahead scheduling of an integrated energy system with photovoltaic (PV) power generation
may cause an imbalance between supply and demand, and to solve this problem, this paper
proposes a day-ahead optimal scheduling model considering uncertain loads and electric
heating appliance (EH)-PV energy storage. The model fuses the multi-interval uncertainty
set with the CNN-MI-BILSTM neural network prediction technique, which significantly
improves the accuracy and reliability of load prediction and overcomes the limitations of
traditional methods in dealing with load volatility. By integrating the EH-photothermal
storage module, the model achieves efficient coupled power generation and thermal storage
operation, aiming to optimize economic targets while enhancing the grid’s peak-shaving
and valley-filling capabilities and utilization of renewable energy. The validity of the
proposed model is verified by algorithm prediction simulation and day-ahead scheduling
experiments under different configurations.

Keywords: load demand; uncertainty handling; photovoltaic power plant; EH

1. Introduction

Concentrated Solar Power (CSP), as an emerging renewable energy technology, utilizes
solar energy resources and converts them into electricity through heat collection and
storage devices, which has the advantages of environmental protection, high efficiency,
and sustainability. However, the output of photovoltaic power generation is affected by
a variety of factors, such as weather and the environment. It is characterized by a certain
degree of uncertainty, so optimizing day-ahead scheduling has become the key to ensuring
the economical and safe operation of new energy sources, such as photovoltaic power, in
the grid [1].

At present, day-ahead scheduling considering new energy has become a research
hotspot. In terms of scheduling objects, the research mainly focuses on the coordinated
scheduling of traditional energy and new energy, or it focuses on new energy schedul-
ing. Reference [2] proposed a two-phase robust optimal scheduling model for a pumped
storage-wind-photovoltaic-thermal co-generation system, which realizes the optimal al-
location of a power generation plan through the optimization of multiple energy sources
and suppresses power fluctuations in the power grid. Reference [3] developed a model
for a wind—photovoltaic-hydroelectric-thermal pumped storage system and established a
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short-term optimal scheduling model with multiple optimization objectives to improve
the economic stability of the system. Reference [4] explored the integration of Concen-
trated Solar Power (CSP) with other renewable sources to enhance system stability and
economic performance.

In terms of scheduling objectives, studies usually cover economic, technical, and
low-carbon dimensions, among others. Reference [5] integrated security and economic
objectives and proposed a two-stage scheduling framework which realizes the double
balance of economic benefits and security synergy. Reference [6] proposed a low-carbon
dispatch model for the stochastic nature of renewable energy and a low-carbon modu-
lation mechanism, which enhanced the economic efficiency of the power system under
low-carbon-emission conditions. Reference [7] proposed that enhanced sustainability
assessment and system flexibility are essential for achieving the efficient and economic
operation of integrated energy systems and accurate matching of supply and demand.

In terms of uncertainty, scheduling models can be categorized into two main types:
deterministic and uncertain. Reference [8] effectively reflected on the uncertainty of renew-
able energy by constructing a robust uncertainty set. Reference [9] proposed an optimal
scheduling strategy based on a deep reinforcement learning algorithm, which solves the
challenge of high-dimensional decision spaces. Reference [10] proposed to construct a two-
stage robust optimization model of producers and consumers for the multiple uncertainties
of wind power generation and load demand in order to promote the effective use and
management of sustainable energy.

Load fluctuation is a key factor to be considered in the day-ahead scheduling of
photovoltaic-containing power systems. Reference [11] utilized the WWO algorithm to
improve the efficiency of dynamic optimal scheduling in microgrids. Reference [12] pro-
posed a probabilistic power future prediction tool based on time-series clustering, which
is used in short-term load forecasting to make forecasts more accurate and intelligent.
However, existing studies often ignore the uncertainty of load fluctuations, which may
lead to scheduling plan failures. Therefore, the uncertainty of load fluctuation needs to
be fully considered in the scheduling of complex integrated energy systems containing
photovoltaic power generation [13].

Forecasting technology is an effective means to solve the uncertainty of load fluc-
tuation. Reference [14] investigated the proposed adaptive load forecasting model by
customizing Al algorithms and cloud-side collaboration to analyze the accuracy and
resource usage, adapting different hardware environments to meet the specific needs
of microgrids. Reference [15] proposed a short-term load forecasting model based on
EEMD-LN-GRU according to the uncertainty and nonlinear characteristics of electric load.
Reference [16] improved the accuracy of capturing short-term changes in electric load
through the improved Convolutional Neural Network-Bidirectional Long- and Short-Term
Memory (CNN-BILSTM) model. In addition, reference [17] fused mutual information (MI)
and BILSTM to dynamically evaluate the importance of features to fit the load fluctuation
characteristics. Reference [18] proposed a robust optimization-based scheduling framework
to deal with the dual uncertainties of loads and renewable energy sources through interval
uncertainty sets. Given this, this paper synthesizes multiple forecasting algorithms in the
CNN-MI-BILSTM model, adopts multi-interval uncertainty sets to portray load variability,
and improves forecasting accuracy with the help of historical data.

To address the problem that existing studies neglect the impact of load uncertainty
on the scheduling of solar thermal storage systems, reference [19] developed a day-ahead
co-scheduling method for concentrating solar photovoltaic-wind power that takes into
account the uncertainty of source loads, characterizes the uncertainty of intraday source
loads with a trapezoidal fuzzy number equivalence model, and carries out the day-ahead
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optimal dispatch based on the set of day-ahead wind-power output prediction combi-
nation scenarios. Reference [20] took into consideration the uncertainty of source loads
for electricity—heat conversion and constructed a stochastic optimal dispatch model for a
wind-solar complementary fire system with the objective of minimizing the comprehensive
operating cost of the combined system. Such models not only optimize the economic objec-
tive but also incorporate robustness and stochastic approaches. Reference [21] analyzed
the effectiveness of the combined peaking of TPU and CSP power plants with EH and
analyzed the principle of a low-carbon power supply for the proposed strategy during
peak and off-peak periods. Therefore, it has become necessary to integrate uncertainty-
handling methods in the day-ahead scheduling of integrated energy systems containing
EH-CSP modules.

To address the challenges posed by uncertain loads in the context of a new energy grid-
connected environment, this paper proposes a day-ahead optimal scheduling model that
incorporates uncertain loads and EH-CSP (Energy Hub—-Concentrated Solar Power) storage.
The objective is to achieve supply-demand balance with optimal economic efficiency. This
study specifically tackles the limitations of traditional scheduling models in dealing with the
volatility of renewable energy sources and the complex coupling between power and heat
systems. By accurately simulating load uncertainties, the model closely aligns with real-
world operating conditions and provides an in-depth analysis of their impact on the day-
ahead scheduling of renewable energy hybrid plants, as well as the operational mechanisms
of the EH-CSP system. This improves both the accuracy of scheduling decisions and the
overall stability of the system. The main contributions of this paper are as follows:

(1) An optimal day-ahead scheduling model is developed, considering uncertain loads
and EH-CSP storage, with the goal of achieving economic efficiency, grid stability, and
operational reliability. Through refined modeling and optimization techniques, the
model enhances the overall economic performance of the system and the robustness
of grid operations.

(2) A multi-interval uncertainty set and a CNN-MI-BILSTM model are introduced to
improve the accuracy of load forecasting. By overcoming the limitations of traditional
models in handling data correlations, the approach significantly enhances prediction
reliability and enables rapid, precise forecasting of fluctuating loads.

(3) A modular modeling approach for EH-photovoltaic power plants is proposed, along
with a coupled operation model of power generation and thermal storage modules.
This captures the dynamic processes of energy conversion and storage, accounts for
environmental impacts on system efficiency, and improves the model’s generality
and accuracy in reflecting the operational characteristics of various field stations in a
renewable energy co-generation system.

The rest of the article is structured as follows: the second part elaborates the research
problem, the third part describes the establishment of the variable-load model for the
improved day-ahead scheduling model in the description of the prediction method that
constantly improves the data relevance as well as the prediction accuracy, the fourth part
proposes a model for the EH-photovoltaic and thermal co-generation system corresponding
to the power generation-storage operation relationship, the fifth part presents the solution
method of the optimization model, the sixth part provides an analysis through examples,
and the seventh part concludes the entire paper with an overview.

2. Problem Formulation
2.1. Day-Ahead Scheduling Model for Integrated Energy Systems

The integrated energy system in this section covers wind, photovoltaic, and solar
thermal power generation, and its day-ahead scheduling model aims to minimize the
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operating cost of the integrated daily plan, which is expressed as follows (Please refer to
Appendix A for detailed module-by-module costs)

min: C=C;1+Cy+C3+C4 1

In the formula, C is the daily average cost; C; represents the daily operating cost;
C, represents the start-stop cost of wind, PV, and solar thermal power generation;
C3 represents the equipment maintenance cost; and Cy is the penalty for wind and
light abandonment.

The constraints include generation constraints for each unit, creep rate constraints,
start- and stop-state constraints, line constraints, and power-balance constraints:

0 < Py(t) < Py 2)

RA™™ < Py (t) — Py(t —1) < Ry 3)
0 < Py(t) <P €Y

RIW™ < Py(t) — Pp(t—1) < R}V (5)
0 < Ppy(t) < PR™up, ©6)
RIZ™ < Pop(t) = Ppo(t = 1) < R} @)
0<p+u <1 ®)

0 < Pyt < Pomax )

Py(t) + Pp(t) + Ppp(t) — Proga = 0 (10)

In the formulas, PHIY is the rated capacity of wind turbines; ngwn, R‘Z,O"’”, R‘;Zw", RZ,F ,
R;p , and RZ’Z are the upper and lower limits of the creep rate of the wind, photovoltaic,
and solar thermal power generation system; P;fgax is the maximum output power of the
solar thermal power generation system; 15" and p$? are the start-up and release efficiencies
of the solar thermal power generation, respectively; Pg max is the maximum allowable
power of the liaison line; and P, is the power of the load demand. Remark: The current
model overlooks load uncertainty, renewable energy consumption efficiency, and CSP
storage economics. Ignoring these factors may result in power imbalances due to mis-
matched generation and demand. Integrating EH-CSP joint optimization into day-ahead
scheduling enables coordinated energy utilization, enhances wind and solar absorption,
and improves grid reliability through thermal storage’s peak-shaving capability. Thus, in-
corporating load uncertainty and EH-CSP optimization is essential for secure and economic
system operation.

2.2. Day-Ahead Optimal Scheduling Model Considering Uncertain Loads and EH-CSP

Thermal energy storage (TES) can store the excess heat of the concentrating heat
collection system when the load demand is low and release energy through thermoelectric
conversion when the load demand is high to improve the system’s operation and energy
utilization efficiency. Considering the CSP storage, Formula (1) can be improved as follows:

C'=C1+Ci+C5+Cy (11)

T
Cl = Y- ewPa(t) + cpPo(£) + cypPyu(t) + ctesPres(1)] (12
t=1
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CG=C+ 2 [SUTEspTEs ; + SDTESVTES f] (13)
=1

T
Cy =) [OMyrPy(t) + OMpy Py(t) + OMppPyy(t) + OMrpsHes(t) + OMggEpn ()] (14)
=1

Ptes(t) = Htes(t>772 (15)

where cy,s represents the unit operating cost of the TES module; Pies(t) is the thermal power
for charging/discharging the TES at time ¢; SUrEg is the start-up cost for thermal-to-electric
conversion; SDrgg is the start-up cost for charging the TES; piis, = 1 and ySTdE sy =1,
respectively, indicate the discharge operation and the start-up cost of discharge for the TES
module at time ; OMrg is the maintenance cost coefficient for the TES system; Hyes(t)
represents the charge/discharge thermal energy of the TES system at time ¢; and 7, is the
thermal-to-electric conversion efficiency of the solar thermal storage system.

The load in Formula (10) is a deterministic expression, while, in essence, the load is a
random fluctuation state with substantial uncertainty, and considering the uncertain load is
conducive to optimizing the day-ahead scheduling and reducing the day-ahead operating
cost. Considering the TES module at the same time, Formula (10) is improved:

Py (t) + Pp(t) + Py (t) + Pres(t) — Pjopa(t) >0 (16)

where Py (t) is the conversion power of the TES module at the corresponding time and
Pii" .(t) is the uncertain load power.

The addition of the energy storage constraint to the constraints, as well as the im-
provement of the supply-demand coordination demand constraints and the EH operation
constraints by taking the load uncertainty into account, is written as follows:

Hies (1) = pfisHits (£) + pi Hivs () + Eeni (1) (17)

0 < Hi(f) < Hig™pi (18)

0 < H{ (1) < Hy) “‘aXufé’: (19)

0 < pifes + s < (20)

Hesp = HEA(H) + Hi"’ @y

Eer(t) = Pu(t) + Pp(t) + Pyp(t) — Prypa(t) (22)

0 < Epu(t) < EEf (23)

where Hyes(t) is the charging/discharging heat of the TES system at time t; HZ (¢ ) and
Hfgss (t) are the charging and discharging heats of the TES ytes is a binary variable; ytes =1

means the heat storage unit for heat storage; 1% is a binary variable; u#% = 1 represents

the heat storage unit for exothermic power; Py;(t) is the output power of the solar thermal
hmax and Hflelss M are the thermal units of the maximum
heat storage and exothermic power, respectively; Hcsp is the total heat absorbed by the

power generation at time f; H,

concentrating light collector system; and EZj* is the maximum value of the electric heating
device at the time of the conversion.

According to the above-improved model, the optimal scheduling model considering
load uncertainty with day-ahead CSP storage is expressed as follows:

min : f(11) (24)

The constraints are as follows:
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f(2)10)
f(17)423)

Remark 1. The uncertain load power referred to in Formula (16) of the day-ahead optimal dispatch
model concerning the supply—demand balance will be modeled in Section 3.

Remark 2. The outputs of the power generation module, Py, (t), and the heat storage mod-
ule, Pyes(t), of the photovoltaic power plant are described in Formula (16) in terms of power balance.
In this paper, EH is introduced to improve the capacity of wind and solar energy consumption. The
energy of the heat storage module in the EH-CSP power plant is not only derived from the concen-
trating heat and power collection system but also from the energy converted from the abandoned
wind and light. Therefore, Section 4 will take the concentrating solar collector system as well as the
EH output as the pivot to establish the relationship model of Ppy(t) and Pres(t).

3. Load-Power Uncertainty Model Based on CNN-MI-BILSTM

Uncertainty in pure electricity loads affects the balance between supply and demand.
If the planned output for each day far exceeds the load demand, there will be an economic
loss. If it is not possible to cope with changes in load, the system becomes unstable.

3.1. Uncertainty-Considering Load-Power Model Based on Baseload Prediction

In this section, a multi-interval uncertainty modeling approach is used to construct
the load-power uncertainty set.

Multi-interval uncertainty modeling describes the predicted load power by
incorporating a probability distribution. Firstly, the predicted power range
[Pl’;t; (t) — Wy 4 Pf;;; (1) + wgr,t] is divided into Nj, intervals, and the sum of the correspond-
ing times of the N, intervals is I1§, and the corresponding time of each interval, Hg’“’,
depends on the deviation ratio, ng + wg; / wa+, ; + w;;, and the probability distribution,
pg ; the multi-interval probability distribution is plotted as Figure 1.

PDF

Figure 1. Multi-interval probability distributions for uncertain loads.

N, Wbt 4 b=
Y (e 220 — 11y (25)
b=1 Wyt Wy,
b,
L (26)
b+1, b+1
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Formulas (25) and (26) enable the division of a single interval,
[PIZZZ( ) — Wy s Pﬁ;‘; (t) + wgf J , into upper and lower error limits and probability distribu-
tions. Then, the uncertainty load model is expressed as follows:

Np
Proaa(t) = Pﬁ;;il (t) + 2 “’g?gt wg?sgt) (27)
0<Z Sat+£at <1 (28)
N; b,
Z(eat+€at)<n “ (29)
t=1
Loty Yyt (whyeht — whrel))
Ny < N; pre (4 <Ay (30)
Z1,‘ load( )

where P,Z;‘;(t) is the load prediction value; ng and wg; are the upper and lower error

limits corresponding to the period b; the introduced variables ‘C'}EJ)J; and sg; limit the uncertain

load power within the range { Joa d(t) — Wy Pﬂ;( )+ wa+, t] ; Formula (28) considers that
only one deviation will occur at any period from a spatial point of view; Formula (29)
ensures that the total uncertainty period for each interval, N;, does not exceed, from a
temporal point of view, Hg’w ; and the constraint (30) controls the range of deviation of the
actual output from the predicted value, [—Ay, Ap].

The load uncertainty model described above is based on load predictions, Plr;t;i(t)'
Therefore, the load prediction model is given in Sections 3.2-3.4

3.2. CNN-LSTM-Based Baseload Prediction Models

Considering the complexity and non-smoothness of the load data, a CNN-LSTM
network short-term load prediction method is proposed to accomplish the prediction of
the load, Pl’;f;(t).

Figure 2 illustrates the prediction flow of the CNN-LSTM network.

ouput
_ layer |

Figure 2. Prediction schematic for CNN-LSTM networks.
The modeling of each module of the CNN-LSTM network is explained below.

3.2.1. Input Layer
The input layer realizes the transfer of load data to the CNN layer.

3.2.2. CNN Layer

The CNN layer mainly includes the convolutional layer and the pooling layer, which
uses the convolutional layer to realize the extraction of static features from the input data
through the sliding-window operation of the convolutional kernel and then reduces the

207



Energies 2025, 18, 2160

dimensionality of the extracted features by using the scale invariance of the key features
through the pooling layer, which makes the key features further highlighted and reduces
the complexity of the network through parameter sharing. Usually, the key features are
extracted from the input data by convolutional and pooling layers, and the dimensionality
of the features can be reduced.

The process of the CNN layer is represented as follows:

C; =ReLU(X ® Wy + bq) (31)
P = max(Cy) + by (32)

Cy = ReLU(X ® Wy + b3) (33)
P, = max(Cy) + by (34)

Xc = Sigmoid (P, x W3 + bs) (35)

where the outputs of convolutional layer 1 and convolutional layer 2 and pooling
layer 1 and pooling layer 2 are C; and C; and P; and P,, respectively; Wy, W, and W3
are the weight matrices of the CNN layers, by, by, b3, by, and b5 are the deviation values;
® is the convolution operation; and the activation function Sigmoid is chosen for the fully
connected layer. The output feature vector of the CNN layer is denoted as X¢, and the
length of the output of the CNN layer is denoted as X¢ = [xq - - xj_1,X; - -+, X¢].

3.2.3. LSTM Layer

The basic unit model of the LSTM network is as follows:

ft = c(Weyxe + Wephy 1 + by) (36)

it = o(Wixxt + Wipht—1 + b;) (37)

St = p(Weaxs + Wonht—1 + be) (38)

St =800+ 510 f (39)

he = ¢(St) © o (40)

o = Sigmoid(Woxx + Wyphi—1 + bo) (41)

where x; is the forgetting gate input; h;_; is the intermediate output; S;_; is a status
memory unit; f, it, g, ht, St, and oy are the states of the forgetting gate, the input gate, the
input node, the intermediate output, and the state unit output gate; W is the matrix weight
of the corresponding gate multiplied by the input, x;, and the intermediate output, /;_1;
b iz b, by, and b, are the offset terms of the corresponding doors; © represents the bitwise
multiplication of vector elements; and ¢ indicates the change in the tanh function.
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3.2.4. Output Layer

Take the output data of the LSTM-layer output gate as the result of the load
prediction data:

Ploa(t) = o1 (42)

Remark 3. The hybrid model short-term load forecasting method based on the CNN-LSTM
network can effectively extract the potential relationship between continuous data and discontinuous
data in the feature map to form the feature vector and fully mine the internal correlation between
time-series data. However, the output feature vector, Xc, of the CNN layer lacks consideration
of data correlation, which will cause prediction deviation, so MI is introduced to improve the
data correlation.

3.3. MI Reconstruction Method of Input-Layer Data Considering Data Relevance

To solve the problem of prediction deviation, this section introduces eigenvalues to
represent the importance value of the input characteristics and constructs an improved
load data input correction model.

The characteristic matrix, X(, of the new input LSTM network is obtained by intro-
ducing the eigenvalue vector, M, as follows:

X.=Xc-M (43)
C
X110 o Xl o Xl
X120 Xl ot X2
Xc=| . . } (44)
X1z 0 Xz ot Xig
M(x1,1,01) T M(xi,lloi) T M(xt,llot)
M(x12,01) -+ M(xi2,0;)) -+ M(x¢o,0¢
M= ( ' ) ( 1‘ 1) ( t' ) (45)
M(xqz,01) -+ M(xiz,0) - M(xiz,08)

where X is the input characteristic matrix corresponding to the CNN output load data
set obtained based on (35) and M is the time-varying importance value fluctuation matrix
obtained by normalizing the output or input characteristic matrix, Xc, of the CNN layer
based on ML. It contains important information on input features under different dimen-
sions. The stronger the correlation between the two variables, the greater the M value.
When the two variables are independent of each other, the M value is 0. o; is the output
load data obtained at time ¢ based on the input characteristic matrix, Xc.

Remark 4. The critical value extraction of the CNN-layer output data can accurately predict
the data fluctuation, but the training speed of the MI-LSTM method is slow. The load sequence
has the characteristics of correlation and strong randomness. The LSTM neural network can only
extract and encode the sequence information in one direction. It cannot learn the forward and reverse
information rules of the load data. The BI method neural network is proposed to consider the forward
and backward sequences at the same time to solve the problem of data dependence.
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3.4. Bidirectional BILSTM Improvement Considering Prediction Accuracy

Section 3.2. The LSTM model is used to learn

the output characteristic data of the

CNN layer. However, the prediction accuracy of this method is not high, and the training

speed is slow. Therefore, this section uses the BILSTM with two-way time information

to bidirectionally mine the internal relationship between long-time data to improve the

training speed and prediction accuracy. The specific

structure is shown in Figure 3.
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Figure 3. Structure of the prediction model of MI-BILSTM.

X is the input data of the new LSTM network, and X-

/

defines a new network final output power prediction value, O;, as follows:

fr= O'(foxi + thht,
it = O'(Wl‘xxg + thht_
8t = ¢(ngx; + Wenhy—

Si =30 +5.10 f;

hy = ¢(§t) ® o¢

or = Sigmoid(Woxx; + Wy 1 + by)

R
ot = LSTM(0;_1, x,,

— = ,
o = LSTM(0441, x3,

= [Wxl X1l
1+ by) (46)
1+b;) (47)
1+ bg) (48)
(49)
(50)
(51)
¢ 1) (52)
Ci1) (53)

In the formulas, o} is the forward LSTM output predictive value calculated by inputting
the input data, Xé, of Formula (43) into the LSTM neural network (46)—(51); E is the forward
LSTM input predictive value calculated according to the calculation of the X{. reverse input

LSTM neural network (45)—(51); a; and b; represent the forward and backward output

weights, respectively; and c; is the offset optimizatio

n parameter.

The model realizes LSTM training in the forward and reverse directions of X(- and

effectively improves the comprehensiveness and integrity of feature selection. The forward

LSTM-layer output, oj, is connected to the backward LSTM-layer output, &, and the final

power prediction output value, oy, is obtained through weighted fusion.
The structure of the prediction model of CNN-MI-BILSTM is shown above.

The algorithm of load prediction in Sections 3.

2-3.4 was improved, and the results

were input to Section 3.1, which accurately described the uncertain load according to the

multi-interval uncertainty set.
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4. Consider the Coupling Operation Model of the EH-CSP Combined
CSP System

In Section 2.2, considering the mutual coupling between the power operation of the
power generation, Ppb(t), and the heat storage module, Py (t), of the CSP power station
in the EH-CSP combined system, the excess wind and solar capacity can be effectively
transformed into heat energy by integrating EH in the CSP heat exchange platform. Sec-
ondly, different from the traditional heat storage-power generation process, this section
divides the energy storage and power generation output into two independent modules.
The following describes the coupling output of the power generation module, P, (t), and
the heat storage module, Pys(t), of the optical thermal power station assisted by the EH
device from the perspective of the internal operation.

4.1. Photothermal Power Generation and TES Coupling Operation Model

This section mainly describes the operation relationship between the CSP power
generation module and the energy storage module: the core of this section is to treat the
load demand as a connecting bridge and further elaborate the interaction and coupling
mechanism between the CSP power generation and the EH energy storage system.

When the load demand is low, the concentrated heat collection system transfers heat
to the power generation module and converts it into electric energy for load demand. At
the same time, the energy storage module stores heat energy:

Ploaa(t) < Puo(£) + Py(t) + Ppy(t) (54)

As an electric heat transfer element in a CSP power plant, the EH conversion efficiency
can be close to 100%. The amount of abandoned air and light mainly determines the output
of EH. The output model is expressed as follows:

Pep(t) = Pu(t) +Pp<t) _Plbégd(t) (55)

Een(t) = neaPen(t) (56)

where Erp(t) is the heat transferred to the heat storage module, Pry(t) is the wind and
solar residual power, and yrp refers to the electrothermal conversion efficiency when EH
works stably.

The energy stored in the energy storage system is expressed as follows:

Ptes(t) = Pcsp(t) - Ppb(t) + UdEEH(t) (57)

Ptotal(t) = ﬂd(Qpb(t) - Pfepg(t)/rlc - EEH(t)) (58)

where P (t) is the total absorbed power of the CSP concentrator and collector system.
When the load demand is low, one part of Pcsp(t) flows into the PC system to heat the steam
to drive the turbine for power generation, P, (t), and the other part flows into the TES to
store heat energy, Prs(t). Pfe};
power of the power generation module and the heat storage module; Q,;(#) is the heat

(t) is the charging power of TES; Py, (t) represents the total

transferred to the power generation system by concentrating and collecting heat at time ¢;
174 is the thermoelectric conversion efficiency; and 7. is the thermal storage efficiency of
the TES (%).

When the load demand is high, the concentrated heat collection system transfers heat
to the power generation module, while the energy storage module releases the stored heat
energy: the heat released by the energy storage module is used by the power generation
module alone.
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Protar () = 1a(Quo(t) + Pz ()5 + Epp (t)) (59)
joad () < P (t) + Pp(t) + Progar () (60)

where PAi5(t) is the power released by the heat storage system. When the load demand
is high, Pcsp(t) flows into the PC system, heating steam to drive the turbine for power
generation, Py, (t), while releasing the heat energy stored in the TES, Pis(t). 17  is the heat

release efficiency of the TES (%).

4.2. Operation Model of the Solar Thermal Power Generation Module Based on Direct Connection
and High Efficiency

The thermal storage module and the power generation module of the CSP power
generation system are entirely independent; that is, the thermal storage module is specially
responsible for storing heat energy and generating power independently, while the output
of the power generation module entirely depends on the real-time concentrating and
collecting heat system and does not directly use the heat storage, so it is considered that
the output of the power generation module is directly connected to the concentrating and
collecting heat module, reducing the intermediate steps of energy form conversion.

Because the energy of the CSP power generation and energy storage charging comes
from the concentrating heat collection system, the concentrating heat collection system
is modeled first. The CSP power station uses the concentrating heat collection system to
convert the reflected light energy of the mirror field into heat energy. The thermal power is
as follows:

chp(t) = UZSDt (61)

where Qcsp(t) is the thermal power of the concentrating and collecting device, 7, is the
total optical efficiency, S is the mirror field area of the CSP power station, and Dy is the
direct irradiation index of light at time ¢.

When the load demand is low, part of Qcsp(t) is used for power generation to meet
the load demand, and another part is stored through the heat storage system.

chp(t) = Qpb(t) + Q?gls(t) (62)

When the load demand is high, Qsp(t) is fully used for power generation to meet the
load demand, and the heat storage system releases the stored heat:

Qesp(t) = Quu(t) + Qi3 (1) (63)

where Q,;(#) is the thermal power transmitted from the concentrating and collecting device
to the power generation system, Q¢%. (t) refers to the thermal power transmitted to the heat
dis

@25(t) is the thermal power released

storage system by the concentrator and collector, and Q
by the heat storage system.
CSP power generation is defined as the transfer of energy only by the concentrating

and collecting system, and the modeling is as follows:

Ppy(t) = 1aQpp(t) (64)

where Psp(t) is the thermal power directly used by the concentrating and collecting device
for power generation and 7, is the thermoelectric conversion efficiency.
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4.3. Operation Model of CSP Storage Module Considering EH-CSP Combination

The independent TES—power generation and direct generation thermoelectric modules
enable the power output to be flexibly adjusted according to the actual demand and resource
conditions. The heat storage module can store heat energy when the Sun is sufficient for
use at night or on cloudy days, while the direct-generation thermal power module adjusts
the power generation according to the real-time sunlight conditions, and the combination
of the two forms is complementary.

When the load demand is low, from Formula (61), the concentrator and collector will
store the heat through the CSP storage system, and the heat energy stored in the energy
storage module not only comes from this path but also converts the excess wind and
solar output through the electrical heat transfer capacity of the EH, and the heat energy is
released when the system needs to operate to drive the steam turbine to generate electricity.
This is modeled as follows:

PEE(t) = nc(Qfes () + Epn(t)) (65)

When the load demand is high, the heat stored in the CSP storage system is released,
which is expressed as follows:

PEE(t) = (Qfs(t) + naEen(t) /1y (66)

tes

storage and heat release efficiency of the TES (%).

where P¢/(t) and P (t) are the TES storage and release power and 7. and 7 7 are the heat

The power output of the TES at time ¢ is expressed as follows:
Pres () = 11a (= Pis (1) /e + Pies (D)1 + Een(£))* (67)
where Py, (t) represents the power output of the TES.

5. Solution

The day-ahead optimal scheduling model of shared energy storage considering un-
certain loads constructed above can be defined as a mixed-integer nonlinear planning
problem. Because it has an NP-hard property, it can be approximated by converting it into
a mixed-integer linear programming problem. In this section, Benders + MOPSO is used to
solve the optimal scheduling problem.

The decision variables of the day-ahead optimal dispatch model considering uncertain
loads and EH solar thermal energy storage include wind power, photovoltaic power, solar
thermal output power, and solar thermal energy storage power.

First, rewrite the model (23) in compact mode:

min Cint (Pint) + Ctes (Ptes)
pint,pres
s.L AP < b (68)

Dpint + Eptes < f

In Formula (63), the response variable output power of the wind, photovoltaic, and
solar thermal power generation modules is expressed as P, and the power change of the
solar thermal unit energy storage module is described as P in Formulas (A1)-(A3) and
(A5). The scheduling response cost, C (P™), is a function of P'"*. The cost of CSP storage,
Ces (P's), is a function of P, which is composed of the power change of the CSP storage
module contained in Formulas (11)—(13). Constraint AP™ < b represents the constraint
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only related to P, i.e., Formulas (2)—(9), and constraint DP" + EP'** < f represents P
and P'. The related coupling constraint is expressed in Formulas (16)-(22).

5.1. MOPSO Operational Flow

The Benders decomposition and multi-objective particle swarm optimization (MOPSO)
algorithm are combined to optimize the combined output of day-ahead scheduling.

Algorithm 1 describes the process of solving the Pareto-optimal solution by MOPSO
using the main decision variable group decomposed by benders as particles. Firstly,
the algorithm initializes the particles. At this time, each group of decision variables
includes the output power values of the wind, photovoltaic, and solar thermal power
generation modules. P[i] is the cost corresponding to each group of decision vari-
ables. In Section 2.1, the proposed traditional cost function, C, is the optimal solution,
Pbest, of the decision variable; in Section 2.2, the cost function considering the load
uncertainty and CSP storage proposed in Section 2.1 is used as the group extremum,
Gbest. The inertia weight, velocity, and position of particles are continuously updated,
and the Pbest and Gbest corresponding to particles in each scene are solved until the
end of the iteration to obtain the global optimal solution in the Pareto solution set.

Algorithm 1: MOPSO algorithm framework

Input: Particle swarm size N (N = 50); dimension, M, of the objective function;
maximum number of iterations, MaxIter (MaxIter = 100); acceleration constants, c1 and
c2 (usually close to 2); inertia weight, W; initialize particle position, X[N][D]; initialize
particle velocity, VIN][D]; initialize personal best position, Pbest[0], and global best
position, Gbest[0].

Termination condition: Maximum number of iterations reached.

For t = 1 to Maxlter, do

Pbest]0] = minCy

Gbest[0] = minC},

Fori=1to N, do

Vil = w * VI[i] + ¢ *x rand() * (minCy — P[i]) + ¢ * rand() * (minC{ — P/[i])
P[i] = P[i] + V[i]

Calculate the current particle fitness, Fi
If Fi (X;) > Fi (minCp), then

minC = X;

Add minC to Pareto frontier set, p
minC’ = selectParetoFront(P)

End for

minC’

End

5.2. Benders+MOPSO Algorithm Solving

In view of the complex correlation between P and P!, it is not easy to directly
solve the model (68). This paper proposes a multi-objective optimization scheme with a
decomposition structure based on Benders decomposition and MOPSO, which decomposes
the integrated model (68) into a response optimization problem (69) and energy storage
optimization problem (70).

mincint (Pint)
pint ] (69)
s.t AP < b
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_min Ctes ( Ptes)
pmt,pres
s.t.DPnt { Eptes < f (70)

Pint — Pint*

In each iteration, Formula (69) optimizes the response quantity and transfers the
boundary variable, Pint* to Formula (70).

Benders decomposition divides the complex problem into a main problem and sub-
problems and approximates the optimal solution through an iterative cutting plane;
MOPSO is applied to the main problem for multi-objective optimization and searches
for the Pareto-optimal solution set using group intelligence. The combination of the two
effectively solves the NP-hard problem.

6. Results and Discussion

This section consists of two parts for the calculation example: one part details the
construction of the load uncertainty of the prediction algorithm and the accuracy of the
calculation analysis, and the other part addresses the consideration of the EH-CSP thermal
storage module on the day before the day scheduling economy and the wind power
consumption capacity in the calculation analysis.

6.1. Background

Firstly, the prediction algorithm was evaluated to ensure the feasibility and accuracy
of the simulation experiment. This paper selected a specific region of China to choose any
day with an interval of 15 min and obtained the maximum load characteristics, the daily
load data, and the daily meteorological data.

In this paper, the mean absolute percentage error (MAPE) and root mean square
error (RMSE) evaluation indexes were selected to evaluate the prediction algorithm. The
calculation formula for each evaluation index is as follows:

1

eviape = Y[
MAPE = 0 ;

«100% (71)

r

RMSE = |/ %2:1 (vi —yr)? (72)

where y, denotes the actual value, y; denotes the predicted value, and 7 is the sample size;
MAPE is used to measure the percentage of the mean absolute error between the predicted
value and the actual value, and RMSE is the mean of the squared prediction error squared
and then squared, which is more sensitive to the effect of large errors.

Secondly, the results of the day-ahead scheduling example were analyzed. In this
paper, 500 MW doubly fed wind farms, 600 MW photovoltaic power plants, and 200 MW
tower-type photovoltaic power plants were used to form a wind-heat co-generation system.
The power and direct sun index of wind power, PV power, and load predicted by the
proposed algorithm are shown in the following figure, and the relevant parameters of the
photovoltaic and thermal power plant are shown in Table 1. The cost coefficient of wind
and photovoltaic power generation was ¢y, = ¢, = 90 CNY/MW, the cost coefficient of
maintenance was OMyt = OMpy = 30 CNY/MW, the cost of starting and stopping was
SUw = SDyw = SUp = SDp = 15 CNY /MW, the cost coefficient of the power generation
of the photovoltaic power plant and the power generation cost coefficient of the storage
module were Cpp = Ctes = 60 CNY/MW and OMpg = OMrgs = 20 CNY /MW, the cost
coefficient of O&M was OMpp = OMrps = 20 CNY /MW, the costs of starting and stop-
pil‘lg were SUPB = SDpB = SUTES = SDTES == 10 CNY/MW and OMpB = OMTES =
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20 CNY /MW, the cost coefficient of the O&M was OMgy = 10 CNY/MW of the EH
unit, and the maximum wind power (50 MW) and solar abandonment cost factor was
Cwe = Cpe = 108 CNY/MW.

Table 1. Main parameters of 100 MWCSP power station.

Parameter Value
Maximum output power of CSP plant/ MW 100
Photothermal conversion efficiency /% 40
Thermal-electrical conversion efficiency/percent 40
Solar field area/m? 1.3 x 106
Charging (discharging) efficiency of heat storage device/% 98.5
CSP power plant output upper (lower) limit/ MW 100
Maximum (small) heat storage capacity of heat storage device/MWh 1500

The predicted power and direct solar insolation (DNI) indices for wind power and
photovoltaic power generation are shown in the Figure 4, and the relevant parameters for
the photovoltaic power plant are shown in Table 1.
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Figure 4. Predicted reference power and DNI index of wind power and PV.

6.2. Model Validation
6.2.1. Validation of the CNN-MI-BILSTM Algorithm in Predicting the Accuracy of
Load Data

In this section, to validate the effectiveness and accuracy of the proposed CNN-MI-
BILSTM algorithm, the mean absolute percentage error (MAPE), as well as the root mean
square error (RMSE), were used as the evaluation metrics, and a certain number of samples
were generated based on the city’s past load data, where 70% of the samples were used
for the training of the unknown coefficients and 30% were used to check the model’s
accuracy and detection rate. The prediction results obtained from the CNN-MI-BILSTM
algorithm were compared with those of the BPNN, CNN-GRU, and conventional CNN-
LSTM algorithms, as well as the CNN-MI-LSTM algorithm.

In order to compare the uncertain pure electric-load forecasting modeling methods,
this experiment first used the control variable method for stepwise model adjustment.
Based on the CNN-LSTM network, the importance value of input features was character-
ized by the MI value between the input features and the load. Completing the processing
of correlated data and adding bidirectional moment information, BILSTM was used to
mine the intrinsic connection between long-time data bidirectionally. It was compared with
the BPNN and CNN-GRU algorithmes; firstly, the load data were preprocessed, including
operations such as normalization and processing of missing values and outliers, and then
the data were fed into the deep learning model.
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By applying the sliding-window technique, the original time-series data were sliced.
Here, the window width was set to 24 h, which means that the model considered the data
from the past full day as input to predict the load value at a point in the future each time.
The step size was set to 1, which means that the window slid forward one unit at a time,
so that the continuity of the time series could be fully utilized to capture the temporal
dynamic features in the data while ensuring that the data utilization was maximized with
no omissions.

Figure 5 compares the correlation between the prediction results produced by the
adopted CNN-MI-BILSTM algorithm and four other mainstream prediction algorithms
with the actual situation. It demonstrates the performance of different algorithms in
predicting the daytime power-load variation in Gansu, clearly reflecting that the load
fluctuates significantly within a day, especially peaking during the traditional peak period
of power consumption, while there is a large drop during the trough period. All the
prediction algorithms can fit the trend of the actual load profile well. To accurately quantify
the performance, Table 2 provides the corresponding MAPE and RMSE metrics for each
prediction algorithm.
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Figure 5. Load prediction curves for different algorithms.

Table 2. Predictors for different algorithms.

Norm e e
MAPE RMSE
Model

BPNN 3.22 140.04
CNN-GRU 2.85 127.83
CNN-LSTM 2.67 118.04
CNN-MI-LSTM 2.48 113.27
CNN-MI-BILSTM 2.40 109.83

By inputting 96 data points into different neural networks during the feature day, the
final prediction results were compared with the actual data on the second day to obtain
eMmarE and eryisg metrics. These are shown in the following table:

Given that the lower of these two metrics represents a higher prediction accuracy,
the data in Table 2 directly prove that the CNN-MI-BILSTM algorithm outperforms the
compared algorithms in terms of prediction accuracy. First, regarding prediction accuracy,
the CNN-MI-BILSTM algorithm can provide more accurate results in predicting the actual
data in a particular location in Gansu. A smaller MAPE value means that the model has a
low percentage error between the predicted and actual values, reflecting the strong ability
of the predicted values to follow the changes in the actual data closely. Second, regarding
error magnitude control, a lower RMSE value means that the overall magnitude of the
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prediction error is small, reducing the risk of uncertainty due to prediction bias. Finally,
regarding algorithm effectiveness validation, by comparing it with other mainstream
prediction algorithms, the CNN-MI-BILSTM algorithm is confirmed to be more accurate
and reliable in dealing with this kind of time-series prediction task.

6.2.2. Validation of the Impact of the Proposed Scheduling Model in Promoting Wind
Energy Consumption and Improving Economics

In order to study the impact of the EH-CSP combined solar thermal system integrated
into the integrated energy system on the day-ahead optimal scheduling results, this paper
set up three models to analyze the scheduling results by comparing the results of the other
two scheduling models to verify the effectiveness of the proposed scheduling model in
promoting wind energy consumption and reducing the integrated cost of the system. The
three comparison models were as follows:

1.  In the traditional day-ahead dispatching model, only the role of wind power was
considered, and the wind-heat co-generation system without CSP was used, in which
five 100 MW wind turbines and six 100 MW PV plants were used.

2. In conventional power generation, three 100 MW PV plants were replaced by two
100 MW PV plants to form a wind-heat co-generation system.

3. Using the Benders + MOPSO solution, in conventional power generation, three
100 MW PV plants were replaced by one 150 MW PV plant, and the EH device was
introduced to form the EH-wind-thermal co-generation system.

Figure 6 shows the comparison of the three scheduling models in terms of day-ahead
output, and Table 3 reveals the differences in the cost-effectiveness for each scenario:
Scenario 1 only considers the role of wind and solar, without considering the impact of
the solar thermal factor and EH on day-ahead scheduling, and the corresponding cost
of wind and solar abandonment is significantly higher than that of Scenarios 2 and 3.
Scenario 2 considers the impact of the solar thermal factor on top of Scenario 1, but does
not take into account the effect of EH, and the corresponding cost of dispatching is lower
than that of Scenario 1, and the cost of wind and solar abandonment is higher than that
in Scenario 3. Scenario 3 takes the impact of combining the EH-CSP with Scenario 2,
effectively reducing wind and solar abandonment while further cutting the dispatching
cost. Scenario 2 takes into account wind and heat, but not EH, based on Scenario 1, and the
corresponding dispatch cost is lower than that of Scenario 1, and the cost of the wind and
light abandonment rate is higher than that of Scenario 3. Scenario 3 takes into account the
effect of the EH-CSP combination based on Scenario 2, which effectively reduces wind and
light abandonment and, at the same time, further cuts down dispatch costs and improves
economic efficiency.

The dispatch results of the above three comparative models for a few days previously
were as follows:

The total costs of day-ahead scheduling for the three comparison models and the rates
of wind and light abandonment were compared.

Table 3. Costs and abandonment rates for each model.

Model Cost (CNY) Energy Abandonment Rate
1 1,552,928 11.6%
2 1,357,023 6.15%
3 1,306,027 2.366%

Aiming to achieve the goal of the lowest average daily cost, the combined scheduling
of wind, photovoltaic (PV), and photothermal power generation was optimized for an
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integrated energy system. While ensuring that each generation unit operated within its
respective constraints, an ideal pre-daily schedule was explored to achieve the best balance
between economic efficiency and resource utilization.
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Figure 6. Scheduling results for each model day.

6.3. Analysis of Relevant Factors
6.3.1. Analyzing the Effectiveness of the CNN-MI-BILSTM Algorithm with Different
Sample Sizes

A certain number of samples were generated based on the load data of the city, where
70% of the samples were used to train the unknown coefficients and 30% were used to
test the accuracy and detection rate of the model. The BPNN, CNN-GRU, and regular
CNN-LSTM algorithms, the CNN-MI-LSTM algorithm, and the CNN-MI-BILSTM algo-
rithm can make predictions. However, the accuracies of different prediction algorithms
corresponding to different sample sizes deviate.

Therefore, Figure 7 shows in detail the accuracy of the CNN-MI-BILSTM algorithm
compared with the other four prediction methods under different sample sizes (100, 400,
700, 1000, and 1300). The results clearly show that the CNN-MI-BILSTM algorithm exhibits
the highest level of accuracy regardless of the sample size, and the advantage of its predic-
tion accuracy is especially prominent in challenging scenarios with small sample sizes (e.g.,
100 samples). As the number of samples grows to 400, 700, and even 1000 and
1300, although the prediction performance of all algorithms generally improves, the
CNN-MI-BILSTM algorithm has optimal stability and robustness under different data
sizes. Taken together, the proposed CNN-MI-BILSTM algorithm has optimal prediction
accuracy under various sample sizes.
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Figure 7. Prediction accuracy of different prediction algorithms with varying sample sizes.
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6.3.2. Analysis of the Reliability and Economy of the Optimized Configuration of the
Combined EH-Wind-Heat System

To study the impact of different capacity configurations on the reliability and economy
of the system, this paper verified the reliability of the optimized configuration by analyzing
the proportion of the load demand that cannot be met due to insufficient generating
resources to the total demand, i.e., the proportion of the critical load loss, under different
stochastic configurations, and verified the impact of the various configurations on the
economy of the whole system utilizing the cost curves.

Firstly, the reliability of the random configuration was analyzed. Figures 8 and 9 show
the analysis of the critical load loss ratio based on the existence of the EH device, a fixed CSP
capacity, and the step of wind power according to 20 MW and the PV capacity according to
15 MW, respectively. As shown in the Figure 8, the smaller the generating capacity is than
the optimized configuration generating capacity, the larger the corresponding critical load
loss ratio, and the critical load loss ratio is zero when the generating capacity is larger than
the optimized configuration generating capacity; with a reduction in the wind power and
PV unit capacity, the larger the critical load loss ratio; and the generating system with a
higher than optimized capacity configuration can achieve zero load loss.
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Figure 8. Corresponding load loss rates and cost change rates for stochastic wind power configurations.
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Figure 9. Corresponding load loss rates and cost change rates under stochastic PV configurations.

Secondly, to analyze the economics under the random configuration, the cost curve
of power generation under the random configuration is given. As shown in the Figure 9,
when the power generation capacity is larger than the optimized configuration capacity,
the cost gradually increases with the increase in the configuration capacity, and the rate of
wind and light abandonment increases. When the generation capacity is smaller than the
optimized capacity, the cost gradually decreases as the configuration capacity decreases,
and the rate of wind and light abandonment decreases.
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The above verifies that the optimized configuration of the EH-wind thermal system
can maintain high power supply reliability and economy in the face of the intermittency
and uncertainty of renewable energy generation.

7. Conclusions

The paper innovatively proposes a day-ahead optimal scheduling model considering
uncertain loads and EH-CSP storage. The model first adopts the multi-interval uncer-
tainty set to portray the uncertainty of loads, and the prediction algorithm is continuously
improved to accurately predict the load data using the CNN-MI-BILSTM algorithm. By
combining the feature extraction capability of the convolutional neural network, the feature
selection advantage of MI, and the powerful capture of time series by BILSTM, the method
effectively handles the nonlinear relationships and long- and short-term dependencies
in the data, which significantly improves the accuracy and stability of prediction. The
accuracy of the proposed algorithm is verified by comparing the prediction results of
different prediction algorithms.

In this paper, the CNN-MI-BILSTM algorithm obtains smaller MAPE and RMSE values
of 2.40 and 109.83, respectively, compared to other prediction algorithms. The smaller
the MAPE value, the smaller the percentage of error between the predicted value and the
actual value. The smaller the RMSE value, the smaller the overall magnitude of prediction
error, and thus the smaller the risk of uncertainty. The cost of the model, considering the
inclusion of EH-CSP and adopting the Benders + MOPSO solution, is CNY 1306027, and
the energy abandonment rate is 2.366%, which is significantly lower than that of the model
without considering EH-CSP.

The proposed day-ahead optimal dispatch model integrates the output characteristics
of new energy power plants, aiming to optimize the balance between the day-ahead
dispatch cost and adaptability in the face of uncertain loads, taking into account the
flexibility and complementarity of EH and solar thermal storage technologies. Integrating
them into the model not only smoothes intraday load fluctuations but also effectively stores
and dispatches intermittent wind and solar energy, reducing the scheduling challenges
caused by renewable energy uncertainties. A combination of Benders decomposition
and MOPSO determines the optimal capacity configuration. Scheduling simulations of
the power system in Gansu Province using different unit configurations are conducted,
and it is verified that the proposed day-ahead optimal scheduling model considering
uncertain loads and EH-CSP storage significantly improves the economic efficiency and
environmental sustainability of the scheduling process.
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Appendix A
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In the formulas, ¢y, ¢y, and Cpp are the unit operating costs of wind, PV, and solar
thermal power generation, respectively; Py (t), Py(t), and Py (t) are the output power
values for wind, photovoltaic, and solar thermal power generation at time t; SUy, SUp,
and SUpp are the start-up costs of wind, photovoltaic and solar thermal power generation,
respectively; SDyw, SDp, and SDpp are the stopping costs for wind, photovoltaic, and solar
thermal power generation, respectlvely, #w ¢ (Upy, Wpp,) = 1 when there is an energy block
at the time of start-up; ],t (yP 1 yPB ;) = 1 when there is an energy block at the time
of stopping; OMwrT, OMpv, and OMpp are the maintenance cost coefficients for wind,
photovoltaic, and solar thermal power generation; H; ? is the heat transferred to the power
generation module by the concentrating solar collector system; #; is the thermoelectric
conversion efficiency, where each MW penalty is taken to be 1.2 times the operating cost
of the wind power unit; cyc and ¢y are the penalty cost coefficients for wind and light
abandonment; and Pg(t) and P;(t) are the amounts of wind and light abandonment at
time ¢£.
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Abstract: Urban high-density planning and the rise of super-high-rise buildings have
significantly limited the development of distributed photovoltaic (PV) systems, creating an
urgent need for optimized three-dimensional (3D) layout strategies within urban building
spaces. Given that PV power generation is influenced by environmental factors and
building spatial configurations, a 3D panoramic visualization tool is essential to intuitively
display relevant data and support decision-making for government planners and PV
operators. To address this, we developed a visualization platform to assess the integrated
PV power generation potential of buildings at both city and single-building levels. The
platform enables a 3D spatial panoramic display, where building surfaces are color-coded to
clearly represent key performance metrics, such as power generation capacity, installation
costs, and potential electricity savings. This intuitive visualization allows stakeholders
to identify optimal PV installation areas and evaluate economic benefits effectively. This
article details the implementation of the visualization platform across four key aspects: data
generation and input, power generation and economic calculation, building model creation
and data mapping, and visual interface design, aiming to facilitate the efficient planning
and deployment of distributed photovoltaic systems in complex urban environments.

Keywords: urban building-integrated photovoltaic; power generation analysis; Unreal
Engine; 3D visualization; building model

1. Introduction

Limited land availability and the complexity of urban environments present significant
challenges to the development of urban photovoltaic systems. Compared to centralized
photovoltaics, distributed photovoltaic systems offer a more efficient solution by maxi-
mizing the use of available urban spaces, delivering higher carbon emission reduction
potential, and achieving lower per-kilowatt-hour costs [1-3]. With the continuous decline
in photovoltaic module costs and the growing availability of materials suitable for building
facades, facade photovoltaics are becoming increasingly competitive with rooftop installa-
tions [4-6]. As a result, integrating photovoltaic systems into building facades has emerged
as a key direction for advancing urban renewable energy utilization. However, photo-
voltaic power generation is highly sensitive to environmental variables such as climate
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conditions, building designs, lighting availability, and urban spatial layouts, which vary
considerably across different cities [7-10]. These factors introduce significant uncertainties
regarding power generation performance, economic viability, and the investment return
cycle of photovoltaic systems [11,12]. Traditional visualizations relying solely on charts
or two-dimensional maps are insufficient to comprehensively and intuitively represent
these dynamic and spatial changes [13-15]. To address this challenge, the development of
a city-level three-dimensional visualization platform for integrated-building photovoltaics
has become particularly critical.

Currently, a variety of building photovoltaic visualization tools are available, such
as PVsyst, Easy PV, PVcase, HelioScope, SolarGIS, and SolarMapper. PVsyst provides
city-scale data primarily through charts while integrating individual-building photovoltaic
planning with 3D modeling software [16]. SolarGIS focuses on large-scale photovoltaic
planning using 2D GIS-based visualization techniques [17]. Easy PV, PVcase, SolarMapper,
and HelioScope are designed for smaller regions or single buildings, with PVcase and
HelioScope relying heavily on 2D GIS visualization methods [18-20]. With advancements
in drone technology and remote sensing data, software for urban photovoltaic potential
assessment increasingly incorporates high-resolution imagery and 3D modeling techniques.
For example, SolarMapper [21] leverages remote sensing data combined with LiDAR
technology to deliver city-wide visualization of solar potential, while Easy PV [22] uses
satellite remote sensing and radiation modeling for predicting building-level photovoltaic
generation capacity.

The growing influence of the gaming industry has also contributed to the evolu-
tion of building photovoltaic visualization software. Game engines such as Unity and
Unreal Engine provide advanced visualization capabilities at a significantly reduced
cost [23,24]. These engines enable features such as highly realistic 3D scene construction,
real-time rendering, interactive simulations, terrain modeling, and physical environment
simulations [25,26].

Compared with GIS, BIM, or energy simulation software that offer similar functionali-
ties, the key contributions of this platform are as follows:

An integrated building—energy—economy coupling model: Unlike tools such as UR-
BANopt or OpenStudio, which focus primarily on regional-building energy system sim-
ulation, this platform further incorporates economic evaluation indicators. By setting
thresholds for economic parameters, the platform enables the generation of visualized
investment planning schemes.

User-friendly interface design: Compared with traditional software such as Design-
Builder or EnergyPLAN, this platform offers interactive functionalities for users. Without
the need to manually construct building or energy system models, users can quickly access
and understand the BIPV potential—including economic power generation and installed
capacity—at various spatial scales, such as individual buildings, neighborhoods, and cities.
This makes the platform easier to use, with a relatively smooth learning curve.

This platform innovatively combines the high-precision solar radiation calculation
of Ladybug with the real-time 3D rendering capabilities of Unreal Engine, supporting
dynamic sunlight simulation and interactive perspective adjustment. It realizes “roaming-
style” visualization simulation for city-level building photovoltaics. This technological
breakthrough allows users to intuitively observe the changes in photovoltaic performance
across different time periods and seasons, greatly enhancing the realism of the simulation
and the interactive experience. It achieves integrated decision support for ‘technology-
economics-esthetics’.

The proposed platform enables a city-scale panoramic visualization of photovoltaic
power generation potential at both the building level and city level. It can intuitively
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display key parameters such as power generation, installation costs, electricity savings, and
economic returns using color mapping on building models. The platform provides data-
driven insights, actionable solutions, and visual representations to government agencies
and investors, thereby supporting informed decision-making for urban renewable energy
development. This paper describes the four main components of the proposed visualization
platform: data resources, calculation methods, building model generation and parameter
mapping, and visual interface design. The platform is then validated using Wuhan, China,
as the case study to demonstrate its effectiveness and applicability.

User Demand Survey

The primary user groups of the platform include related commissioners in government
departments, experts in the power industry, and photovoltaic investors. To gather insights,
we selected 15 representative users, comprising 5 individuals from each category, to explore
the platform’s purpose of use, data requirements, display preferences, and interaction
mechanisms. To gain a comprehensive understanding of user needs, we conducted semi-
structured interviews using a semi-open format. The consolidated findings are presented in
Table 1. Across all user categories, the overarching goal is to support regional photovoltaic
investment planning. The data content requirements are generally consistent across groups,
although specific needs vary. Government and power-sector decision-makers prioritize
reports and presentation capabilities, photovoltaic investors emphasize the need for precise
installation planning, and power industry experts value efficient access to detailed data.

Table 1. User demand survey for the platform.

Government Power .
Photovoltaic
Department Industry Total
.o Investor
Commissioner Expert
Regional Photovoltaic
. 5 5 5 15
Purpose of Use Investment Planning
Large-Screen Report Presentation 5 3 2 10
Estimated Power Generation 5 5 5 15
Estimated Installation Cost 5 5 5 15
Data Content Estimated Installed Capacity 5 5 5 15
Estimated Electricity Cost Savings 5 5 5 15
Building Data Information 5 5 5 15
Panoramic 3D Visualization 5 4 4 13
High-Precision Models for 3 3 5 1
Significant Buildings
Display Color-Coded System with Clear 5 5 5 15
Preferences Data Correlations
Interface Design for Large Screens 5 3 2 10
Interface Design for Laptops 2 4 3 9
Customized Photovoltaic 5 4 5 14

Layout Plan
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Table 1. Cont.

Government Power .
Photovoltaic
Department Industry Total
- Investor
Commissioner Expert

Investment Plan Generation 5 4 5 14

Scene Roaming and Query 5 4 4 13

Scene Display Switching 5 5 4 14

Interaction Individual Buildings’ 5 5 5 15

Methods Detailed Information
Adjustment of Ins?all.atlon Plans ’ 3 5 10
for Key Buildings
Dynamic Effects for 5 3 3 9

Interface Interaction

2. Platform Architecture

Based on the findings from platform research and software selection, we established
a clear workflow for platform development. As illustrated in Figure 1, the development
process consists of three main components: basic data calculation, building surface data
mapping, and interface display and interaction. The workflow begins with generating
and acquiring data, which includes obtaining basic parameters, calculating solar radiation
intensity, analyzing photovoltaic power generation potential, and converting these data for
use in Unreal Engine (UE). Next, building models are generated using UE and Cesium for
Unreal, followed by building surface segmentation and data mapping to achieve panoramic
3D visualization. This step also incorporates mapping data onto building surfaces through
color representation. Finally, the platform’s information architecture, user interaction flow,
and interactive interface display are developed to complete the visualization platform.

Data Generation and Interoperability Visual Interface Display Building Model Generation and
Data Mapping

Global and National Levels

Data Analysis and Interoperablility Material and Color Mappin

Area, Floor,
Read name, Cesium3DTileset;
JSON File;

—— Find node.

Shapé_Area,
1D, Installed
capacity, etc.|

FEFFFFEET

+

Solar Radiation Intensity Calculation =
and Photovoltaic Power Generation City and Regional Levels Building Model Facades Splitting
Potential Analysis ' 5 R } =

i I Distinguish building
E—— — surfaces ;
‘E f — Calculate using the
{ vector.
r—-— - +
- Building Model Slicing and

i

Generation

Acquisition of Basic Data Parameters

.shp format files provided by Amap Unreal Engine ;

CesiumLab.

L | ShapeFile Data

Figure 1. Workflow of urban building-integrated photovoltaic system visualization platform.
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2.1. Data Sources

In large-scale urban environments, the construction of 3D building models and so-
lar radiation simulation calculations become significantly more challenging. Therefore,
this study divided the research area based on the fourth-level administrative boundaries
(i.e., neighborhood blocks). Within each block, meteorological data collection and radiation
simulation were conducted separately, which significantly improved the computational
efficiency of the model. To simulate urban building-integrated photovoltaic (BIPV) power
generation, this study utilized high-resolution meteorological data from NREL's NSRDB
2020 dataset and detailed building data from Amap.

The NSRDB dataset provides hourly meteorological data for China in 2020 with a
spatial resolution of 2 km. In this study, based on the latitude and longitude coordinates of
the centroid of each street, Python 3.9 programming was used to call the API provided by
the official NSRDB website to download hourly meteorological data—including latitude,
longitude, elevation, annual solar radiation, temperature, and humidity—in CSV format.
Then, the CSV files were further converted into EnergyPlus Weather (EPW) files according
to the EPW format specifications. Finally, the “import EPW” component in Grasshopper
was used to import the EPW files.

Building information was extracted from official Shapefiles (.shp) at 1 m spatial reso-
lution, containing attributes such as coordinates, height, area, number of floors, building
names, Shape_Area, and Shape_Length. After preprocessing, these data enabled the
construction of detailed 3D urban models for accurate PV performance analysis.

Overall, this study achieves detailed segmentation at the building level and par-
allel partitioned computation at the urban level, making the visualization of high-
spatiotemporal-resolution BIPV simulation results at the city scale more feasible.

2.2. Software and Plugin Selection

Based on data analysis and visualization requirements, specialized toolchains were
selected for different tasks (Figure 2). For building environment simulations, Rhino’s
Grasshopper and the Ladybug plugin were used to calculate photovoltaic generation
and assess thermal performance, offering precise solar radiation mapping and adjustable
window-to-wall ratios for diverse building types. Unreal Engine (UE) served as the core
platform for high-fidelity 3D interactive visualization, selected for its real-time rendering
capabilities, cross-platform support, and blueprint visual programming features. To address
geospatial data processing challenges, the Cesium Lab toolchain was introduced for efficient
conversion of .shp files into UE-compatible formats, ensuring accurate large-scale city
model integration. Blender was used for detailed modeling of key buildings, while City
Engine facilitated rapid generation of roads, water bodies, and urban base layers. High-
fidelity UL/ UX prototypes were developed in Figma to ensure consistent user experience
across the platform.
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Software/Plugin Selection User Demand for the Platform
= Download FosirT) +
Bigemap Building Data (Height/Roof Area)
Bownisad Urban Meteorological Data
NREL's NSRDB Dataset Solar Radiation Intensity/Radiation Angle)
Import |
S
© Rhino
Q Power Generation
Grasshopper Caculate
Ladybug Plugin Installed Capacity
Shapelib Read Data ‘
s Convert ShapeFile to 3D Slices |
Blender Construct { High-Precision Building Models ]
Echarts Panoramic Earth Positioning [ Global Scene Visualization I
: o GlS-Based [ Scene Elements
City Engine |__(Road Network/Water Bodies/Terrain)
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L;_ Unreal Engine __WQMYM,[ Panoramic 3D Visualization }
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a Cesium For Unreal '%’{ Urban Building Group Models ]
Cesiume l Mw.{ Building Material Mapping I
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T

Figma Desion { Interface and Interaction Design ]

Software Plugin Open-source Library

Figure 2. Software and plugin selection for the platform.

2.3. Interface Interaction

The photovoltaic (PV) visualization platform adopts a multi-scale interactive design
to address the decision-making needs of users at different levels.

At the macro scale, government agencies can use the 3D globe navigation interface
to intuitively grasp the global distribution of solar energy potential. By clicking on a
specific city, users can access detailed solar radiation data and theoretical power generation
estimates, supporting early-stage policy planning and renewable energy target setting.

At the city and regional scale, the platform currently covers data for 77 cities across
China. Government authorities and investors can conduct in-depth analyses within highly
detailed 3D urban environments. The platform supports free roaming, customized area
selection, and administrative boundary overlays, allowing users to quickly assess the PV
generation potential of specific districts. For example, to support a city’s 2035 renewable
energy targets, municipal planners can select the relevant administrative area, input param-
eters such as investment budget, expected electricity savings, and target PV generation, and
submit them through the platform. The system then recommends suitable buildings for de-
ployment based on estimated rooftop potential and cost-effectiveness. Users receive visual
feedback with highlighted buildings and can view detailed attributes for each structure
and export the building list to assist in investment prioritization.

At the building scale, individual property owners and designers can perform detailed
PV planning. Users input target power outputs, budget constraints, and solar panel specifi-
cations, and the system generates customized simulation reports, including installation
layouts and projected performance.

To ensure a seamless user experience, the platform incorporates several technological
innovations. CesiumLab’s streaming terrain technology ensures rapid loading of large-scale
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urban models, while Level of Detail (LOD) techniques dynamically adjust model resolution
to maintain smooth performance across different hardware configurations. Cross-platform
data sharing allows users to view reports generated on PCs directly on mobile devices.
These design choices make complex PV data analysis intuitive and accessible, truly enabling
data-driven decision-making across multiple user groups.

3. Methods
3.1. Solar Radiation Intensity Calculation and Photovoltaic Power Generation Potential Analysis

This study constructs 3D models of urban buildings on the Rhino-Grasshopper plat-
form based on building footprint data and planar segmentation methods. By integrating
meteorological data and ray tracing techniques, a BIPV solar radiation and photovoltaic
power generation model is developed, which accounts for mutual shading between build-
ings. The model calculates both the power output and the installed capacity of the BIPV
system. Finally, based on the cost of photovoltaic systems and economic parameters such
as electricity prices, an economic evaluation indicator for the BIPV system is established to
quantify its economic potential. It is worth noting that Xie et al. [27] have already demon-
strated the accuracy of using Ladybug for calculating solar radiation potential. Therefore,
this study does not validate the simulation results against real facade PV power generation
data or other standard simulation models. The detailed modeling process is described as
follows (Figure 3):

1. Import information and build models Shapefile (.shp) Path Features>\( - o }
List ¢ Magnification (correction)

Index 1 100,000 gy Geometry
kel _The nth attribute )/< ) Factor \
elay T B
5
Curve

— | )
S (SR GetValueofFeature
Project2WGs84  Shapes>— o Polygon
Boolean To 4 "é True or False 5 AttValues
LM True Relay —— True or False

2. Ladybug_Mesh to HBSurface

d Reading b Radi

————————>—Degrees Radians

4 Relay 60 9 \
Angle

Mesh/Curves
Brep Distance

i Output Mesh/Curves Result >——————4 Relay
Settings Mesh )/’—”( Mesh
e Settings - C OffsetType )\( Mesh  Mesh

3. Calculate solar radiation & power generation I_‘ -
elay

¢ Mesh Faces )\(
S List Length
File Path >— ' ' location>— jcation
C_epw_file direct_normal_rad )\( e
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Boolean Toggle Outputs Records>
_Screer]ing planes B Calculate total radiation c Image Setting
in all directions Write?
q Relay Calculate the screened area > RoofTopArea .
UseRoofTopArea
Calculate the total radiation screened > .
FacadeArea
Screening of planes UseFacadeArea 0 [RoofTopArea,-999]
W"r‘ |9W solar Calculate total area RoofRadTota 1 [UseRoofTopArea,-999]
radiation Calculate total radiation ST L] 2 [FacadeArea,-999)
oad & IR Quigpins 3 [UseFacadeArea,-999]
'qRela Calculate the screened area > UseFacadeRadTotal 4 [RoofRadTotal,-999]
v BuildingTotalArea 5 [UseRoofRadTotal,-999]
Total plane solar Calculatsithsitotallradiationjscreenedii> UseBuildingTotalArea 6 [FacadeRadTotal,-999]
radiation UseBuildingTotalRad 7 [UseracadeRadTotal,-999]
Number of planes counted % NumberOfFace 8 [NumberofFace,-999]
NumberO 9 [NumberofBuliding,-999]

C Number of buildings counted

Figure 3. Grosshopper visual script for analyzing solar radiation intensity and photovoltaic power
generation potential.
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3.1.1. Construction of City-Scale 3D Building Models

Building footprint data in Shapefile format, containing height attributes, is first im-
ported into the Rhino platform. Using the “Weaverbird’s Mesh Thicken” component in
Grasshopper, the footprint data are extruded according to their height to generate 3D
building models represented by mesh surfaces (Figure 4a). Subsequently, the “Mesh Brep”
component is applied to subdivide the building models into finer planar segments by
setting constraints on the maximum and minimum edge lengths (Figure 4b).

Figure 4. Construction of city-scale 3D building models. (a) 3D Building Extrusion; (b) Planar
Surface Subdivision.

For each building surface, the tilt angle and azimuth angle are the two most critical
parameters. In our model, the tilt angle of vertical facades was set to 90°, while the tilt
angle of rooftops was set equal to the local latitude. The azimuth angle of each surface was
computed based on its normal vector.

3.1.2. Solar Radiation Model with Shading Consideration

First, a sky matrix was generated based on meteorological data to determine the solar
position for each of the 8760 h in a year. Then, direct solar radiation rays between the
sun and the centroid of each building surface were constructed as vectors, as illustrated
in Figure 5.

Solar Position

N

Building

Figure 5. Schematic diagram of direct solar radiation ray tracing.

Without considering shading, the total solar radiation received by each surface at time
t can be calculated as follows:

Total_Rad; = Dir_Rad; x cosq; + Dif_Rad; + Ground_Rad; 1

where Dir_Rad, Dif_Rad;, and Ground_Rad; represent the direct, diffuse, and ground-
reflected solar radiation at time t, respectively, and cos0; is the correction factor for the angle
between the direct solar incidence direction and the surface normal at time t.
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To account for shading effects between buildings, all surrounding buildings near the
target building are added into the 3D model as shading elements. Ray tracing is used to
determine whether the direct solar radiation ray to each building surface intersects with
any of the shading elements. If an intersection is detected, it indicates that the surface
is shaded and does not receive direct solar radiation at time t. If the ray is blocked, its
contribution to the surface’s received radiation is set to 0; otherwise, it is set to 1. This can

be expressed as follows:
1, noshade

2
0, shade @

State_Ray; = {
After accounting for shading, the total solar radiation received by each surface at time
t is modified as follows:

Total_Rad; = Dir_Rad;  State_Ray; * cosq; + Dif_Rady + Ground_Rad; 3)

3.1.3. Photovoltaic Power Generation Potential Analysis

For the photovoltaic power generation potential analysis, the conversion efficiency
of photovoltaic panels is set, and the expected annual photovoltaic power generation on
both building roofs and facades is simulated. This simulation incorporates solar radiation
intensity, panel power, and installation parameters. The installed capacity is estimated
based on the panel area and power, and the corresponding installation cost is calculated by
multiplying the installed capacity by the unit capacity price.

The power output of a single PV module is calculated as follows [28]:

P=1-VBin Bsys (4)

where [ and V are the operating current and voltage of the PV module, respectively,
determined by ambient temperature, wind speed, atmospheric pressure, and the actual
solar radiation received by the module [29]. The meteorological data used are sourced from
the NSRDB dataset developed by NREL [30]. Here, 3;,,, represents the inverter efficiency,
and fBsys denotes the photovoltaic system efficiency, assumed to be 80.96% [31].

The installed capacity and actual power generation of the building-integrated PV
system are expressed as follows:

Capﬁ/ = Z(Capiir;zgle ) iLIse : Ai/Asingle) (5)
Power!V = Z(Capslf‘ngle - pYse. Ai/Asingle> - Power/}’ (6)
where Capg?n gle 18 the rated capacity of a single PV module, A; is the area of building

surface i, Ajngle is the area of a single PV module (using the SolarWorld Sunmodule Pro-
Series 250 W polycrystalline solar panel [32]), and BY*¢ is the utilization factor of building
surface 7, assumed to be 80% for all surfaces. Power}? V represents the photovoltaic power

generation of surface i at time ¢, which can be calculated by Equation (4).

3.1.4. Economic Assessment

The payback period and the self-sufficiency rate are used to evaluate the economic
performance of the photovoltaic system. First, the system’s annual revenue and initial
investment cost can be calculated as follows:

Costippest = Costep - Cap{;”v (7)
Incomeyeqr = Cost power - Power”V — Costop - Capfﬁ, (8)
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where Costcqp, Costpower, and Costoy represent the unit capital cost of installed capacity,
electricity purchase price, and unit operation and maintenance (O&M) cost, respectively.
The economic parameters of the photovoltaic system are derived from China’s 2050 Photo-
voltaic Development Outlook (2019) [33], while the electricity price data are obtained from
the 2020 report published by the Provincial Development and Reform Commission [34,35].
Accordingly, the payback period and the photovoltaic self-sufficiency rate can be

calculated as follows:
PBP = Costiypest / Incomeyear )

Sel fUsage = Power”V / Power*™ (10)

Finally, the cost per unit of electricity is estimated based on the approximate investment
cost. All resulting data, including solar radiation, power generation potential, and economic
metrics, are exported in bulk to .shp format files for further use.

3.1.5. Simulation Parameter Settings

A series of assumptions were made in this study. For instance, it was assumed that the
photovoltaic system’s power generation efficiency and the inverter conversion efficiency
remain constant, and that the available photovoltaic installation area coefficient is consistent
across building surfaces of different orientations. The detailed system simulation parameter
settings are shown in Table 2.

Table 2. Simulation parameter settings.

Parameters Value
Binv 90%
ﬁﬂ/s 80.96%
B;** 80%
Costcap 3.16 RMB/kW
Costom 0.047 RMB/kW
Cost power for Residential 0.5580 RMB/kW
Cost power for Commercial 0.6907 RMB/kW

3.2. Data Analysis and Data Interoperability

Since the platform was developed using UE, the batch-exported data must be ac-
curately imported and processed within UE. This is achieved by utilizing the SHPOpen
function from the GIS open-source library Shapelib to open .shp files. The SHPGetInfo
and SHPReadObject functions are used to retrieve data entries within these files, while the
DBFGetFieldInfo function iteratively reads field data for each entry, including attributes
such as area, floor count, building name, Shape_Area, ID, object ID, Shape_Length, installed
cost, electricity cost savings, effective installed capacity, and kWh cost.

The retrieved data are categorized into three groups: geographical information for
reproducing urban architectural models, basic data for calculating power generation, and
computed results for display mapping. UE reproduces urban building models based on
geometric data from the .shp file, leveraging latitude and longitude coordinates to generate
models in the correct geographic location.

Basic data for calculating power generation and installed capacity, as detailed in
Table 2, include values such as CenterXYZ for plane centering, VectorXYZ for plane ori-
entation, and power generation calculations using “Rad x Area X efficiency coefficient”
for each plane. Installed capacity is computed by dividing Area by the area of a single
photovoltaic panel and multiplying it by the panel’s capacity.

Data for display mapping include ten calculated values from RoofCap to SouthPower
(shown in Table 3), which are directly mapped in UE. Electricity cost savings and installation
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costs are determined based on whether the building type is residential or commercial, with
calculations performed directly within UE.

Table 3. Analysis of batch-exported .shp data entries.

Classification Data Header Specific Value Representative Meaning
. The longitude and leferept 3D modehng sofWare
Geometry Information . uses this longitude and latitude
. . latitude of each vertex of . :
Stored in .shp file 1 information to generate models of
the building. . :
. the same geographical location.
Geographic Data for
Reproducing Urban ID 1 Identity Number of Each Building
Architectural Models Building Height (determine the

Elevation (m)

height of each building during
3 white mold model slice generation
in CesiumLab v0.25, Cesium GS,
Inc., Salt Lake City, UT, USA.)

FaceNum

8 Number of Building Planes

CenterX/Y/Z

11,355,522.75,
11,355,506.25,
11,355,522.75,
11,355,506.25,
11,355,523.5, 11,355,531.0,
11,355,522.0, 11,355,498.0,
2,215,085.1875,
2,215,092.125,
2,215,085.1875,
2,215,092.125,
2,215,086.75, 2,215,081.75,
2,215,083.625,
2,215,095.625,
2,215,093.75, 2,215,090.5,
0.0,0.0,3.0,3.0,1.5, 1.5,
1.5,15,15,15

Plane Center Point Coordinates

Basic Data for Power

Generation Calculations
VectorX/Y/Z

0.0, 0.0, 0.0, 0.0, 0.3807,
0.8321, —0.3887,
—-0.8517,0.0, 0.0, 0.0, 0.0,
0.9247, —0.5547, —0.9214,
0.5241, 0.9162, —0.9247,
-1.0, -1.0,1.0, 1.0, 0.0,
0.0,0.0,0.0,0.0,0.0

Plane Normal Vector

Rad (kWh/m?)

283.7222,283.7222,
1598.8638, 1598.8384,

425.9791, 922.2407,

960.1941, 665.7827

Solar Radiation Results for Each
Plane (Considering occlusions)

Area (m?)

61.875, 64.125, 61.875,
64.125, 55.1543, 10.8167,
52.0967, 11.4483

Total Area of Each Plane

Direction

The Orientation of Each Plane
(Identified using VectorXYZ in
Python 3.9)

Ground, Ground, Roof,
Roof, North, East, South,
West, North, South
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Table 3. Cont.

Classification Data Header Specific Value Representative Meaning

RoofCap (kW) 16.30588235 Roof Facade Installed Capacity
NorthCap (kW) 13.9178470588235 North Facade Installed Capacity

EastCap (kW) 1.39980823529412 East Facade Installed Capacity

WestCap (kW) 1.48154470588235 West Facade Installed Capacity

SouthCap (kW) 13.8795411764706 South Facade Installed Capacity

nggz;e&?;;rf;r RoofPower (kWh) 37384.48032 Roof Power Generation

NorthPower (kWh) 8008.86552001925 North Facade Power Generation

EastPower (kWh) 1852.73434408509 East Facade Power Generation

WestPower (kWh) 1404.61523382367 West Facade Power Generation

SouthPower (kWh) 19,217.9880733783 South Facade Power Generation

BuildType 1 1 for Residential Buildings, 2 for

Public Buildings.

3.3. Building Model Generation and Data Mapping

The building information generated in UE was obtained from .shp files, which were
processed in Rhino to create the computational results for 3D slices. The Cesium for Unreal
plugin was then used to generate the urban buildings. As shown in Table 2, each building
has a unique ID corresponding to a data entry, including electricity generation and installed
capacity for the east, west, south, north, and roof surfaces. Therefore, each building must
be divided into five surfaces in UE to apply the appropriate color materials.

3.3.1. Building Model Slicing and Generation

To create urban building models in UE, the ShapeFile data are converted into basic
3D model grid slices using the CesiumLab toolkit and its geographic data processing
platform. First, the basic white model grid slice is selected, ensuring the index field
attributes are verified and vertex data are not compressed. The Prj file is then loaded, and
the model height is bound to the Floor or Height field attributes. Once the field attributes
are successfully bound, the model slices can be accessed using the Cesium for Unreal
plugin in Unreal Engine. The relevant field data are subsequently obtained through UE’s
Blueprint Visual Scripting material system for further processing and visualization.

3.3.2. Building Model Facade Splitting

Since the basic white model generated by CesiumLab treats each building as a whole,
the model needs to be split into five surfaces. In the material script, the direction of each
surface is determined by calculating the dot product between the surface normal and
the unit vector representing the basic directions (east, west, north, south, and vertical
up). The dot product operation compares the surface normal with the reference direction
vector, setting a threshold of 0.5 to determine the surface orientation (for example, for the
east-facing surface: normal-{1, 0, 0} > 0.5) and using the world coordinate system to ensure
accuracy in the direction judgment.

3.3.3. Material and Color Mapping

This study achieves the dynamic visualization of photovoltaic data through Unreal
Engine’s Cesium plugin. The key steps include adding the Cesium3DTileset component to
import the city model, using CesiumFeaturesMetadata to automatically associate building
attribute data, and developing a dedicated material system to map parameters such as
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electricity generation into color gradients via linear interpolation (Lerp nodes). This method
supports querying of photovoltaic data when clicking on buildings, enabling the efficient
rendering of hundreds of thousands of building instances.

4. Case Study
4.1. Overview

Wuhan, China, was selected as the research location due to its representative climate
and urban layout. The researchers are based in Wuhan, a city located in the central plains
of China. Wuhan's climate is characterized by cold winters and hot, humid summers,
making it ideal for studying solar energy potential. Meteorological data were sourced from
typical-year datasets available through EPW maps, with the Wuhan weather station located
at (30.60° N, 114.05° E) at an altitude of 34.4 m. Wuhan, situated in central China’s plains,
experiences cold winters and hot summers, with annual solar radiation ranging between
1163 and 1393 kWh/m? /y. Typical-year meteorological records show temperatures varying
from —8 °C to 39 °C and daily radiation levels ranging from 0 to 8 kWh/m? [36,37].

In this study, Wuhan City is divided into research areas according to the fourth-level
administrative boundaries (neighborhood blocks), resulting in a total of 182 building blocks
and over 200,000 buildings, with a commercial-to-residential building ratio of approxi-
mately 5.5:4.5. Since Wuhan lies in the northern hemisphere, solar radiation is generally
higher on south-facing surfaces and lower on north-facing surfaces. The platform displays
critical metrics such as estimated annual power generation, total installed cost, estimated
electricity savings, effective installed capacity, and average electricity cost per kilowatt-hour
for all buildings. Users can also generate optimized power generation plans by setting
electricity cost savings targets, budget constraints, and photovoltaic panel models.

4.2. Results

The platform calculations show that the total installed capacity of rooftop and facade
photovoltaic systems for all buildings in Wuhan is 70.59 GW, with an annual electricity gen-
eration of 46.17 TWh, covering 61.1% of the city’s electricity demand. Among this, rooftop
photovoltaics contribute the most (22.94 TWh), followed by the east facade (10.54 TWh).
The total project investment is 223 billion CNY, with an annual revenue of 42.2 billion CNY.
The investment payback period is 5.3 years, showing good economic feasibility, with a
self-consumption rate of 61.2%, indicating a high-energy-self-sufficiency potential (Table 4).

Table 4. Total values for Wuhan.

Generation of Each Face (TWh/year)

Capacity of Each Face (GW)

Roof South East West North Roof South East West North
22.94 4.52 10.54 420 3.97 17.98 17.75 17.71 8.61 8.54
Building PV Costs ~ Building PV Incomes Power Demand o
(Billion RMB) (Billion RMB/year) PBP (year) (TWh/year) Self-Use Rate (%)
223 422 53 75.5 61.2

The annual daily photovoltaic generation of a single solar panel in Wuhan shows a
trend of lower generation in summer and higher generation in winter, as shown in Figure 6.
The highest daily generation is 3.85 kWh/m?, occurring on March 2. Despite the strong
solar radiation in Wuhan during the summer, the high working temperature reduces its
efficiency, leading to lower power generation.
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Figure 6. Daily PV power production of single PV panel in Wuhan.

The seasonal electricity generation of a single photovoltaic panel on each wall of
Wuhan is shown in Figure 7. Due to temperature and radiation effects, the rooftop gen-
eration is relatively balanced throughout the seasons (70-80 kWh/m?). The electricity
generation characteristics of the east and west walls are similar in each season, with higher
generation in spring and summer, and the lowest generation in winter. The south wall
exhibits more significant seasonal fluctuations in power generation, with the lowest genera-
tion in summer (only 25 kWh/m?). This is due to the severe deviation of the solar incidence
angle from the optimal tilt angle during summer in low-latitude regions. In winter, the
generation is highest (60 kWh/m?), approximately 2.4 times that of summer generation,
and the difference from the rooftop winter generation is smaller. This is because the winter
temperature is lower, and the solar incidence angle on the south wall in winter is closer to
the optimal tilt angle, leading to higher direct solar radiation reception.
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Figure 7. Seasonal Variation in PV Power Generation (Wuhan, Single Panel).

4.3. Interface Display Content and Effects

When users click on Wuhan in the two-dimensional map of China, the interface
transitions to a three-dimensional visualization of Wuhan's spatial layout and buildings.
As illustrated in Figure 8, users can freely navigate the virtual environment to explore the
estimated annual power generation for the rooftops and four facades of each building.
The annual power generation is represented using a color gradient ranging from blue
(low values) to red (high values). Hovering the mouse over any building reveals detailed
information, including building name, coordinates, estimated annual power generation,
total installed cost, estimated electricity savings, effective installed capacity, and average
electricity cost. Additionally, the platform identifies and highlights the top 100 buildings
with the highest total power generation, and the relevant detailed information of each
building can be exported (Table 5).
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CITIC Tower

Power Generation

Figure 8. Wuhan City interface. (a) Panorama view. (b) Detailed building information.

Table 5. Information on the top 10 buildings in Wuhan.

Height Area PBP Power (GWh/Year) Capacity (MW)

Index (m) (m?) (Year) Roof South East West North Roof South East West North
1 54 478,122 4.87 79.16 4.73 2.95 291 2.20 56.92 5.33 4.04 4.03 5.43
2 54 478,122 4.88 79.16 4.48 2.95 2.89 2.20 56.92 5.33 4.04 4.03 5.43
3 18 148,161 4.79 24.52 1.64 0.28 0.29 0.65 17.64 1.87 0.43 0.42 1.87
4 15 106,328 4.82 17.31 0.39 0.33 0.23 0.32 12.66 0.71 0.44 0.44 0.91
5 12 94,659 4.71 15.64 0.56 0.31 0.22 0.19 11.27 0.70 0.42 0.42 0.70
6 12 91,042 4.68 14.99 0.50 0.33 0.33 0.19 10.84 0.59 0.47 0.48 0.59
7 21 76,910 5.67 12.66 1.51 0.27 0.62 0.54 9.16 1.92 0.61 0.88 2.25
8 21 81,569 3.73 12.81 0.54 0.44 0.45 0.81 9.71 0.95 1.06 0.58 3.14
9 3 86,288 4.35 14.28 0.30 0.00 0.00 0.17 10.27 0.33 0.00 0.00 0.33

10 12 80,151 4.70 13.24 0.53 0.20 0.19 0.26 9.54 0.68 0.31 0.29 0.68

Users can also access a selection box to switch between different data visualizations.
For instance, as shown in Figure 9, when the “Estimated Installed Cost” option is selected,
the buildings are color-coded based on their total installation cost, using a gradient from
yellow (lower cost) to red (higher cost). Alternatively, clicking the “Estimated Electricity
Savings” option changes the building colors accordingly, distinguishing between commer-
cial buildings (blue) and residential buildings (pink).

Figure 9. Information selection interface. (a) Estimated installation cost. (b) Electricity savings visualization.

To optimize power generation within a specific budget, users can access the “Simula-
tion Plan” feature (Figure 10). After entering parameters such as electricity savings target,

238



Energies 2025, 18, 2409

China Wuhan
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budget, and preferred photovoltaic panel model, the platform calculates the optimal solu-
tion. The recommendations consider building power consumption types, annual power
generation potential, and installation costs. The interface highlights the relevant buildings
and displays specific details of the proposed plan.
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Figure 10. Simulation plan interface. (a) User inputs filter conditions. (b) Platform displays optimal
recommendations.

For critical or landmark buildings, the platform supports importing high-precision
three-dimensional models. As shown in Figure 11, users can interactively select and
adjust photovoltaic panel paving areas on the building’s surfaces to achieve more accurate
performance estimates.
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Figure 11. Single-building interface. (a) 3D fine model. (b) User-adjusted paving plan.

5. Discussion and Conclusions

The platform integrates solar radiation, building models, and economic data through
3D visualization technology, providing electricity generation, installed capacity, and in-
vestment return analysis for urban-level photovoltaic deployment. It supports macro-level
decision-making and investment optimization. Its core advantage lies in efficient urban-
scale evaluation, but due to the research focus, it does not consider factors such as the
type of photovoltaic components (thin-film modules, photovoltaic bricks, photovoltaic
tiles, photovoltaic curtain walls, etc.), degradation of photovoltaic systems, performance of
photovoltaic materials (monocrystalline silicon, polycrystalline silicon, etc.), rooftop layout
details, and the impact of facade photovoltaics on building energy consumption. These
simplifications aim to balance computational efficiency and generality, focusing on rapid
evaluations needed for policy-making rather than detailed analysis of individual buildings.
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The platform’s limitations primarily stem from its positioning for city-level planning,
where it prioritizes overall data over micro-level variables. For instance, ignoring com-
ponent differences and degradation effects reduces model complexity, while omitting the
impacts of rooftop layouts and building energy consumption avoids coupling additional
simulation tools. Future upgrades could gradually incorporate more details through mod-
ular enhancements, but a balance must be struck between computational efficiency and
accuracy to ensure the platform remains practical and operable for energy planning.

The platform pre-calculates the relevant data for each building in all cities that can
be viewed, significantly improving the platform’s computational speed. For example,
Wuhan spent 1 h pre-calculating data in Rhino, which were then transferred to UE to
accelerate display speed in UE. Tests showed that on a computer configured with Intel
i5-13600KF/ AMD RX 7900 XT /32 GB DDRS5, running a city photovoltaic project took about
2 s to start, and loading an offline map level for a city with a road network took 34 s.
Loading a level without a road network using an online map took less than 1 s, with most
scenes running at a frame rate exceeding 90 frames per second. Switching between white
model datasets took no more than 1s.

Future upgrades to the platform will focus on three areas: first, integrating build-
ing electricity loads, photovoltaic component performance, and degradation models to
optimize generation-demand matching; second, adding energy consumption impact assess-
ments and rooftop layout optimization tools to address current limitations; third, enabling
batch display of photovoltaic arrays and dynamic regional analysis to improve decision-
making accuracy. In the future, the platform will incorporate more diverse analytical
scenarios. For instance, at the single-building level, users will be able to set different PV
panel types or installation coverage ratios to explore how different photovoltaic system
parameters affect investment decisions. At the regional level, the platform will provide
BIPV potential analyses across different building types—including residential, industrial,
and commercial buildings—offering more realistic and policy-relevant insights for decision-
makers. Through these multidimensional upgrades, the platform will balance macro-level
planning with micro-level optimization needs, providing a more comprehensive solution
for urban photovoltaic deployment.
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