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ABSTRACT: To address the difficulty of balancing economy, low-carbon performance, and user-side acceptability
in virtual power plant operation under high penetration of renewable energy, this paper proposes a low-carbon
optimal dispatch model for a virtual power plant considering concentrated solar power (CSP)-hydrogen synergy
and asymmetric user satisfaction. First, a coordinated operation model of CSP and hydrogen energy is established
by incorporating a CSP plant, hydrogen conversion devices, hydrogen-blended gas equipment, and multiple types
of energy storage systems into a unified dispatch framework. Second, to overcome the limitation of conventional
user satisfaction models in reflecting users’ differentiated perceptions of load deviations in different directions, an
asymmetric user satisfaction model is developed based on loss aversion theory. Combined with an integrated demand
response mechanism, the proposed model improves the rationality of user response characterization. On this basis, a
ladder-type carbon trading mechanism is introduced, and an optimal dispatch model is established with the objective
of minimizing the total operating cost over the scheduling horizon while simultaneously considering economy,
low-carbon performance, and user satisfaction. Case study results show that, compared with the baseline operating
scenario, the proposed model reduces the total operating cost by 54.3% and significantly decreases carbon emissions.
Compared with the conventional symmetric user satisfaction model, the average satisfaction levels of both electric
and thermal loads are improved, with a more pronounced enhancement observed for thermal loads. The results
demonstrate that the proposed model can achieve coordinated optimization of low-carbon operation, economic
dispatch, and user satisfaction while satisfying users’ basic energy demands.

KEYWORDS: Virtual power plant; CSP-hydrogen synergy; integrated demand response; asymmetric user satisfaction;
low-carbon economic dispatch

1 Introduction

Under the ongoing push toward the “dual-carbon” goals and the development of new-type power
systems, the installed capacity of renewable energy sources such as wind power and photovoltaics has
continued to grow. However, the volatility, intermittency, and uncertainty of renewable generation have
imposed greater challenges on secure and stable system operation as well as on system security, stability, and
operational flexibility [1]. By aggregating distributed generators, energy storage devices, and flexible loads
through advanced information and communication technologies, coordinated control, and optimal dispatch,
virtual power plants (VPPs) can effectively exploit demand-side flexibility, improve renewable energy
accommodation, and promote the transition of power systems from a traditional “generation-following-
load” mode to a more interactive “source-load coordination” paradigm [2,3]. With the development of
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integrated energy technologies, the scope of VPP research has gradually expanded from the aggregation
of conventional electric resources to multi-energy coordinated systems involving electricity, heat, gas,
and hydrogen. Under such a multi-energy coupling framework, how to balance economic performance,
low-carbon operation, and dispatch flexibility has become an important research issue.

Against this backdrop, CSP and hydrogen utilization provide new flexibility resources for multi-energy-
coupled VPPs. Supported by thermal energy storage, CSP plants are well suited to intraday electricity-heat
coordination and short-term peak shaving. By contrast, hydrogen systems enable inter-temporal energy
transfer and long-duration storage through water electrolysis, hydrogen storage, and hydrogen utilization.
These two technologies are highly complementary in both the regulation timescale and the energy utilization
mode. Incorporating them into a unified VPP dispatch framework is therefore conducive to enhancing
multi-energy coordinated operation and improving renewable energy utilization.

Considerable efforts have been made to investigate low-carbon optimal dispatch in multi-energy-
coupled VPPs from different perspectives. Ref. [4] developed an optimal dispatch model for a VPP with
P2G-CCS coupling and hydrogen blending under a ladder-type carbon trading mechanism, showing that
hydrogen utilization and carbon recycling can improve low-carbon operation. Ref. [5] examined the optimal
operation of an electricity-heat energy system including a CSP plant and pointed out that the thermal
storage unit of CSP can strengthen electricity-heat coordination and peak regulation capability. Ref. [6]
combined demand response with a ladder-type carbon trading mechanism and verified that the coordinated
use of low-carbon market mechanisms and load-side regulation can effectively reduce both operating cost
and carbon emissions. Ref. [7] further incorporated diversified hydrogen utilization into a low-carbon
dispatch framework and analyzed its impact on system economy, carbon performance, and flexibility.
Overall, existing studies have separately addressed the thermal storage regulation capability of CSP plants,
the inter-temporal energy transfer capability of hydrogen systems, and the effects of carbon trading and
demand response on system operation. However, the coordinated operation of CSP and hydrogen systems
within a unified VPP framework has received relatively limited attention. In particular, the complementary
relationship between CSP and hydrogen systems in terms of regulation timescale and energy utilization
mode still lacks systematic modeling and coordinated optimization analysis.

In demand response modeling, increasing attention has also been paid to the behavioral characteristics
of flexible user-side resources. Ref. [8] established an optimal VPP dispatch model based on refined demand
response and characterized the response behaviors of different types of users, showing that a more detailed
description of demand response resources and user response characteristics can improve both economic
performance and operational flexibility. Ref. [9] investigated data-driven methods for modeling user demand
response behavior, providing support for a more refined representation of flexible demand-side resources.
Ref. [10] introduced a user satisfaction index into integrated demand response optimization to limit the
adverse impacts of excessive adjustment on users’ energy-use experience. Ref. [11] further incorporated
carbon emission trading and user satisfaction into the VPP optimal dispatch framework, thereby accounting
for user-side acceptability while pursuing low-carbon operation. Nevertheless, most existing satisfaction
models focus on static evaluations of comfort, compensation level, or aggregate utility, and remain limited in
capturing users’ heterogeneous behavioral perceptions during demand response. In practice, users generally
do not perceive load reduction and load compensation symmetrically. If satisfaction is still modeled in
a symmetric manner, the sensitivity of users to negative load deviations may be underestimated, which
weakens the model’s characterize actual response willingness and feasible response boundaries.

From the perspective of behavioral mechanisms, behavioral economics provides a useful theoretical
basis for user response modeling in demand response. Ref. [12] pointed out that users responding to incentive
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signals do not always behave in a fully rational manner; instead, their decisions are often influenced by
reference dependence and loss aversion. According to prospect theory as proposed in Ref. [13], decision-
makers generally perceive losses more strongly than equivalent gains, implying that user acceptance may
differ significantly across different directions of load deviation. Demand response is therefore not merely a
process of load adjustment driven by price signals, but is also closely related to users’ behavioral perceptions.
However, within the existing VPP optimal dispatch literature, relatively few studies have incorporated such
asymmetric perceptions arising from loss aversion into user satisfaction modeling, or further coupled them
with CSP-hydrogen coordinated operation and ladder-type carbon trading.

To address the above issues, this paper investigates the low-carbon economic dispatch of a VPP.
First, CSP plants and hydrogen utilization units are jointly incorporated into a unified optimal dispatch
framework of the VPP, and their complementary roles in regulation time scale, power regulation, and energy
utilization mode are analyzed to characterize the coordinated operation of the system under multi-energy
coupling. Second, considering that users perceive load deviations in different directions differently, an
asymmetric user satisfaction model is introduced into demand response modeling to improve the realism
of user response characterization. Finally, the ladder-type carbon trading mechanism is coupled with the
multi-energy coordinated dispatch process to establish an optimal dispatch model that simultaneously
considers economic performance, low-carbon operation, and user satisfaction. The results of this study can
provide a useful reference for the low-carbon optimal dispatch of multi-energy-coupled VPPs.

2 VPP Framework Incorporating Demand Response and Asymmetric User Satisfaction

As shown in Fig. 1, the VPP framework developed in this study comprises five parts: upstream energy
supply, multi-energy coupling, energy storage, end-use demand, and carbon capture with carbon constraints.
On the demand side, the system includes electric and thermal loads. On the supply side, it integrates wind
power, photovoltaic generation, a CSP plant, a combined heat and power (CHP) unit, a gas boiler (GB),
a hydrogen fuel cell (HFC), and the upper-level power grid and natural gas network. To balance energy
supply and demand and improve operational flexibility, electrical, thermal, and hydrogen storage systems
are incorporated in the system.

In terms of energy conversion, renewable energy provides clean electricity for the VPP. Surplus
electricity is converted into hydrogen through an electrolyzer. The produced hydrogen can be used directly
in the HFC for CHP generation, or it can react with captured carbon dioxide in a methanation reactor to
produce synthetic natural gas, which is then injected into the natural gas system. In this way, cascade
utilization of hydrogen and recycling of carbon resources can be achieved. In addition, the CHP unit and
gas boiler meet electricity and heat demand by consuming hydrogen-blended natural gas, which helps
reduce the carbon intensity of energy supply. The consumption of fossil energy, together with carbon
dioxide emissions and capture processes, is incorporated into a unified carbon-constrained framework,
providing the basis for the low-carbon economic dispatch model developed in this paper.

2.1 Demand Response Model

Demand response refers to the proactive adjustment of users’ energy consumption behavior under
price signals or incentive mechanisms to reshape load profiles and improve system operational flexibility.
Considering the regulation characteristics of electric and thermal loads in the virtual power plant, demand
response in this paper is divided into two categories: price-based demand response and substitution-based
demand response [14]. To characterize the flexibility of different loads, both electric and thermal loads
are further classified into fixed loads, transferable loads, reducible loads, and substitutable loads. Among
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them, fixed loads do not participate in regulation; transferable loads can be shifted across different time
periods; reducible loads can be curtailed within specified limits; and substitutable loads can be replaced
through energy conversion between different energy forms. Based on this classification, price-based demand
response and substitution-based demand response models are established, respectively.
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Figure 1: Schematic diagram of the virtual power plant system.

2.1.1 Price-Based Demand Response Model

Price-based demand response mainly describes users’ load-shifting and load-curtailment behavior in
response to price signals. In this paper, a demand price elasticity matrix is employed to characterize the
sensitivity of loads to price variations [15]. The demand price elasticity matrix is denoted by Z = [e,j] 1.7
where the diagonal elements represent the load-curtailment characteristic and the off-diagonal elements
represent the load-shifting characteristic. For modeling convenience, the overall elasticity matrix is further

decomposed into a reducible-load elasticity matrix and a transferable-load elasticity matrix.

{ ZCL = dlag(dlag(Z)) (1)

Zsy = Z — Zcp,

The transferable response amounts and reducible response amounts of electric and thermal loads are
expressed as follows, respectively:

-

T . .
Pae) = Weal{DE, Zesa G, ) P2
= :
Pcl,e(i) = W€>3L(e)(i)Ze’CL(i’ 1)% (2)
T . ;
Psl,h(i) = Wh’ng(i)z Zh,SL(i; ])%
J=1 '

Py (i) = WisLy (i) Zp,cL (i, D%
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where P (i) and P, (i) denote the transferable response amount and reducible response amount of the
electric load in period i, respectively; P (i) and P ;(i) denote the transferable response amount and
reducible response amount of the thermal load in period i, respectively; and L) (i) denote the original
electric load and original thermal load, respectively; W, 3, W,3, W5, and W), 3 denote the proportions of
transferable loads and reducible loads in the electric and thermal loads, respectively; p (i) and p, (i)
denote the electricity prices after and before demand response, respectively; pp, (i) and pp 5 (i) denote the
heat prices after and before demand response, respectively; and T denotes the scheduling horizon.

2.1.2 Substitution-Based Demand Response Model

Substitution-based demand response mainly describes users’ adjustment of energy consumption
patterns under different energy price conditions, thereby enabling mutual substitution between electric and
thermal loads [16]. Let A, denote the electricity-to-heat conversion coefficient. Then, the equivalent heat
price of electricity-to-heat conversion and the equivalent electricity price of heat-to-electricity conversion
are given as follows, respectively:

) — P
{ - )

Ch—»e(i) = Pn (i)/lezh

When c._,,(i) < pp(i), part of the thermal load is substituted by electric load; when ¢j,.(i) < p.(i), part
of the electric load is substituted by thermal load. Let P,; (i) and P,;4(i) denote the substitution response
amounts of the electric load and thermal load in period i, respectively. Then, we have:

{ 0< Prl,e(i) < Url,eLe(i) (4)

0 < Pryp(i) < nppLn(i)

where 7,1, and 7, denote the maximum response ratios of the substitutable electric load and substitutable
thermal load, respectively.

2.1.3 Integrated Demand Response Model

After jointly considering price-based demand response and substitution-based demand response, the

electric load and thermal load after demand response can be expressed as follows, respectively:

LPRG) = LIG) + Pope(i) — Pepoi) — Prr (i) + 2422 )
LPR() = L) + Py (i) — Perp(i) — Prin(i) + AeanPrie(i)

where LDR(i) and LE R(i) denote the electric load and thermal load after demand response, respectively.

2.2 Asymmetric User Satisfaction Model

During demand response, load adjustment can improve system operational flexibility, but excessive
load deviation may adversely affect users’ energy-use experience. Therefore, user satisfaction constraints
are introduced into the optimal dispatch model to prevent excessive adjustment from adversely affecting
user-side energy-use experience [17]. Most existing satisfaction models treat the effects of load deviation
on user experience symmetrically, which makes it difficult to reflect users’ differentiated perceptions of load
deviations in different directions. In practice, when the adjusted load level is lower than the original demand
level, users tend to exhibit stronger dissatisfaction; by contrast, when the adjusted load level exceeds the
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original demand level, the resulting negative perception is usually weaker. Based on this observation,
this paper develops an asymmetric user satisfaction model grounded in loss aversion theory, and uses
differentiated weighting factors to characterize the different effects of positive and negative deviations on
user perception.

Let L2(i) and L) (i) denote the original electric load and original thermal load in period i, respectively,
and let LPR(i) and L]}?R(i) denote the electric load and thermal load after demand response, respectively. To
distinguish the direction of deviation of the actual load from the original load, positive deviation variables
and negative deviation variables are introduced, which are given as follows:

L2R(i) — L9() = AL{ (i) — AL (i)
LPR() — L) = AL} (i) — AL, (i)
ALF(@) >0, AL;(i)>0
ALy (i) >0, AL,G) >0

(6)

where AL (i) and AL; (i) denote the positive deviations of the electric load and thermal load from their
original values in period i, respectively; AL, (i) and AL (i) denote the corresponding negative deviations.
On this basis, the user satisfaction levels for electric load and thermal load are defined as follows:

- MED ML)
Se() =1- o/ iy — & 1
SiG) = 1— o ALED AL (7)

(TG 6!

where S.(i) and S;(i) denote the user satisfaction levels of the electric load and thermal load in period
i, respectively; a and « denote the penalty coefficients for the positive and negative deviations of the
electric load, respectively; and a; and «;, denote the penalty coefficients for the positive and negative
deviations of the thermal load, respectively. By assigning different deviation penalty weights, the model
can characterize users’ differentiated sensitivity to load variations in different directions.

To ensure that users’ basic energy demand is satisfied, lower-bound constraints on user satisfaction
are further imposed as follows:

{ Smin S Se(i) S 1 (8)

Smin < Sh(l) <1

where S;,;, denotes the minimum user satisfaction threshold.

The parameters in the asymmetric user satisfaction model are mainly used to characterize users’
differentiated perceptions of load deviations in different directions. Specifically, the positive deviation
penalty coefficient is used to describe the variation in user satisfaction when the actual load is higher than
the original load, while the negative deviation penalty coefficient is used to characterize the satisfaction
loss when the actual load is lower than the original load. According to loss aversion theory, users are
generally more sensitive to load reduction or insufficient energy supply than to load increase. Therefore,
the negative deviation penalty coefficient is set larger than the positive deviation penalty coefficient in this
paper. The minimum user satisfaction threshold is introduced to ensure the basic energy-use experience
of users after demand response. Considering that industrial park users differ in production processes,
energy-use continuity, and response willingness, it is difficult to represent the relevant parameters using
unified fixed values. Therefore, the parameter settings in this paper are mainly determined by referring to
existing demand response studies and considering the load regulation characteristics of industrial parks.
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In the case study, the positive deviation penalty coefficients for electric and thermal loads are both set to
0.08, the negative deviation penalty coefficients are both set to 0.15, and the minimum user satisfaction
threshold is set to 0.85.

Satisfaction Penalty Function

To further quantify the impact of demand response on users’ energy-use experience, user satisfaction
loss is converted into an economic penalty cost and incorporated into the objective function. Considering
that electric and thermal loads may exhibit different sensitivities to satisfaction variations, the satisfaction
penalty cost is defined as follows:

T

Frat = D1 = Sel@) + An(1 = Sy(D)] 9)

i=1

where A, and Ay denote the penalty coefficients for the satisfaction losses of the electric load and thermal
load, respectively.

3 Ladder-Type Carbon Trading Mechanism Model

Carbon trading allocates carbon emission rights through market-based mechanisms and guides emis-
sion entities to actively reduce their carbon emissions. It is an important means of achieving low-carbon
system operation. In this paper, the carbon trading mechanism model is established from three aspects,
namely the initial carbon emission allowance, actual carbon emissions, and ladder-type carbon trading
cost [18].

3.1 Initial Carbon Emission Allowance Model

In the current carbon trading market, the initial carbon emission allowance is usually allocated based
on the benchmark method. Considering the operational structure of the virtual power plant, electricity
purchased from the upper-level grid, the CHP unit, the gas boiler, the coal-fired unit, and natural gas
consumption are regarded as the main sources of carbon emissions within the carbon accounting boundary
of the VPP. Therefore, the total initial carbon emission allowance of the system over the scheduling horizon
can be expressed as follows:

Equota = Ebuy + Echp + Egb + Eth + Eload

T
Ebuy = P El Pbuy(t)
T
Echp = P El(q)e,hpchp(t) + Qenp(1))
T
Eqp, = P El Qgp(1)

T
Eioaa = ﬂload 21 Qload(t)
=

(10)

T
Ein = Bin 21 Pyy(t)
t=

where Equota, Ebuys Echp> Egb» Eth, and Ejoaq denote the total initial carbon emission allowance of the system,
the allowance corresponding to electricity purchased from the upstream grid, the allowance corresponding
to the CHP unit, the allowance corresponding to the gas boiler, the allowance corresponding to the coal-fired
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unit, and the allowance corresponding to the thermal load, respectively; Be, Bn, Bin, and fio4q4 denote the
carbon emission allowance coefficients corresponding to unit purchased electricity, unit thermal power,
unit coal-fired power generation, and unit thermal load, respectively; and ¢, denotes the conversion
coefficient from the electric output of the CHP unit to its thermal output.

3.2 Actual Carbon Emission Model

Considering that grid-purchased electricity, the CHP unit, the GB, the coal-fired unit, and natural gas
consumption within the carbon accounting boundary of the system all contribute to carbon emissions,
while the CCS unit can capture a portion of CO; emissions, the actual carbon emission model of the system
can be expressed as follows:

[ Eact = Ej,, + Efy, + Egy + Efpq + Efjy — Edcs
Ef,, = é (a1 + by Pyuy(£) + clpguy(t))
Eghp = Il<:H4tZ,T1 Gehy,ehp(t)
Egy = ﬂcmé Gehygb (1) (11)
Efoad = Pload ETI Qload(t)

=B té Pyy(t)

T
Ecacs = Z Eccs(t)
=1

\

where E,; is the total actual carbon emissions of the system; Ej} uy? ES, . Eg b>

the actual carbon emissions associated with grid-purchased electricity, the CHP unit, the GB, thermal load,

ELoad, Efoad’ and E?cs denote

the coal-fired unit, and CCS, respectively; Ecc 4 is the total CO; captured during the dispatch period; a;, by,
and c; are the calculation parameters for the actual carbon emissions of grid-purchased electricity; pcq,
is the carbon emission factor per unit of natural gas input; f;, ,;, and B; are the actual carbon emission
coefficients corresponding to unit thermal load and unit coal-fired power generation, respectively; and
E cs(t) is the amount of CO, captured by CCS at time ¢.

To further clarify the CO, flow boundary of the system, Fig. 2 illustrates the CO, flow boundary of the
system. The direct CO; emissions within the system mainly originate from the CHP unit, gas boiler, and
coal-fired unit. Among them, the CO;, emissions from the CHP unit and gas boiler are determined by the
natural gas input in the mixed fuel, whereas hydrogen combustion does not directly generate CO;. The
CO, emissions associated with electricity purchased from the upper-level grid are regarded as external
indirect emissions and are not involved in the local CCS capture process.

Part of the locally generated CO, is captured by CCS and then supplied to the methanation reactor,
where it reacts with H, produced by the electrolyzer to synthesize CHy, thereby realizing CO, resource
utilization. Another part of the captured CO; is transferred to the storage process, while the CO; that is not
captured or treated is regarded as the actual net emissions of the system. These net emissions are compared
with the initial carbon allowance to calculate the carbon trading cost. The CO; used for methanation is
considered an internal destination of captured CO; and is therefore not repeatedly deducted as an additional
emission reduction.
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Figure 2: Schematic diagram of system CO, flow boundary.
3.3 Ladder-Type Carbon Trading Cost Model

To reflect both the penalty for excess carbon emissions and the revenue from surplus carbon allowances,
a ladder-type carbon trading mechanism is introduced based on the benchmark carbon price. The deviation
between the actual carbon emissions and the initial carbon emission allowance is divided into different
intervals, and the carbon trading cost is calculated in a piecewise manner with increasing marginal prices.
When the emission deviation is negative, it indicates that the system has surplus carbon allowances and can
obtain revenue by selling the remaining allowances. The ladder-type carbon trading cost model is given

as follows:
(C(Eact - Equota)> Eqer — Equota <l
c(1+ D(Eger — Equota — D+ cl, I <Eget — Equota < 21
f(,E"Oi = C(l + ZA)(Eact - Equota - 21) + (2 + A)Cl, 21 < Eact - Equota <3l (12)

c(1 4+ 30)(Eact — Equota — 3D + (3 +3M)cl, 31 < Eger — Equora < 41
C(l + 4A)(Eact - Equota - 4l) + (4 + 6A)Cl, 4] < Eact - Equota

where f{75

denotes the carbon trading cost of the system; c is the benchmark carbon trading price; [ is the
width of each carbon emission interval; and A is the incremental rate of the carbon trading price. It should
be noted that when Eq¢; — Equota < 0, the actual carbon emissions of the system are lower than the initial
carbon emission allowance, indicating that surplus carbon allowances exist in the system. In this paper,
the system is allowed to sell the surplus carbon allowances in the carbon trading market. In this case, the
carbon trading cost is negative, where the negative value represents the revenue obtained from selling
carbon allowances. To simplify the modeling process, it is assumed that the selling price of surplus carbon
allowances is equal to the benchmark carbon trading price c¢. The negative emission deviation interval
is not priced using a ladder-type scheme; instead, the revenue from selling carbon allowances is linearly

calculated according to the benchmark carbon price. Meanwhile, the amount of carbon allowances sold
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cannot exceed the actual surplus allowance of the system, namely, Egyora — Eqc: is taken as the upper limit
of surplus allowance sales.

4 Constraints

4.1 Constraints of the CSP Plant Model

The CSP plant mainly consists of three subsystems, namely solar collection, thermal energy storage,
and power generation, and uses heat transfer fluid (HTF) as the medium for energy transfer to realize
internal heat transfer and energy conversion. Considering that the CSP plant in this study simultaneously
undertakes electricity and heat supply, its internal energy flow and coupling relationships are further
established, as shown in Fig. 3.

D, E, (0

(AOR Oy (D)

Solar field Power block

Heat transfer fluid

A

Qtex,hg/' (Z) Qh[/',tes (t)
Q.. (1) v

Thermal energy storage

ths,h[ (t)

Figure 3: Schematic diagram of internal energy flow in CSP plant.

According to the internal energy transfer process of the CSP plant, its operation model can be divided
into four stages: solar collection, heat transfer, thermal charging/discharging, and power generation [19].

(1) Solar collection stage
Qsthif(t) = nspSsrDi — Qeur(t) (13)

where Q¢ (t) denotes the thermal power transferred from the solar collection stage to the heat transfer
fluid; 7,y is the solar-to-thermal conversion efficiency of the solar collection stage; S, is the effective solar
collection area of the solar field; D; is the solar irradiance at time t; and Q.,,(¢) denotes the curtailed
thermal power.

(2) Heat transfer stage
Qsthtf(t) + Otesht f(1) = Ontfrres(t) + Onefpp () + Quoss(t),  Qloss(t) >0 (14)

where Q¢ n:r(t) denotes the thermal power transferred from the solar collection stage to the heat transfer
fluid; Qyes e f(t) denotes the thermal power transferred from the thermal storage stage to the heat transfer
fluid; Ops,res(t) denotes the thermal power transferred from the heat transfer fluid to the thermal storage
stage; Qs f,pb(t) denotes the thermal power transferred from the heat transfer fluid to the power generation
stage; and Qj,ss(#) denotes the heat loss power.
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(3) Thermal charging/discharging stage

tcéls(t) = U??thtf,tes(t)
Qs(t) = (Qreshe f(t) + Otesni())/ns
Eres(t) = Epes(t — 1) + nfl Q8 (1) — Qs(1) / niis 15
EPRIn < Epes(t) < B

uge (8) + ufes(D) < 1
L Etes(o) = Etes(T)
where Q¢ (¢) and Q%3(t) denote the charging thermal power and discharging thermal power of the CSP

dis
tes

internal thermal storage system at time ¢, respectively; 7% and n%$ denote the charging efficiency and
discharging efficiency, respectively; Q;.sx1(t) denotes the thermal energy supplied by the thermal storage
device to the thermal load; E;.(t) denotes the energy state of the thermal storage device; and u¢"(¢) and

uds(t) denote the charging and discharging state variables, respectively.
(4) Power generation stage

The power generation stage is modeled with the steam turbine as the core component, while considering
output limits, ramp-rate limits, and start-up/shut-down constraints. The mathematical formulation is given
as follows:

thf,pb(t) = Pcsp(t)/ﬂpb

Pglionvcsp(t) < Pcsp(t) < P?;?,XUCSP(I) (16)
AP < Pegp(t + 1) = Pegp(t) < APSY

where Pc,(t) denotes the grid-connected electric power output of the CSP plant at time t; 17, denotes the

thermal-to-electric conversion efficiency; v.,(t) is the operating state variable of the CSP plant; Pé‘;},“ and

P12 denote the lower and upper bounds of the electric power output of the CSP plant, respectively; and

csp

AP&‘},“ and AP{* denote the ramp-down and ramp-up limits of the CSP plant output, respectively.

4.2 Wind Turbine Output Constraint
The constraint is expressed as follows:

0 < Py(t) < PL (17)

where P,,(t) denotes the wind power output in period ¢, and P{;Or denotes the forecast available output of
the wind turbine unit.

4.3 Photovoltaic Unit Output Constraint
The constraint is expressed as follows:

0 < Pp(t) < P (18)

where P,,(t) denotes the photovoltaic power output in period ¢, and P;;vo " denotes the forecast available
output of the photovoltaic unit.
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4.4 Coal-Fired Unit Operating Constraints

As a conventional power generation unit in the system, the coal-fired unit is required to satisfy the
upper and lower limits of power output as well as ramping constraints during the scheduling horizon [20]:

{ PRin < Py(1) < Ppax 19)

AP < Py(t + 1) — Pyy(t) < AP

min max

where P;;(t) denotes the power output of the coal-fired unit in period t; P;;™ and Pj;** denote the lower
and upper bounds of the coal-fired unit output, respectively; and APS™ and AP;7* denote the lower and
upper ramping limits of the coal-fired unit output, respectively.

4.5 Constraints of the Electric Boiler Model

The electric boiler (EB) generates heat by consuming electricity, and its operating constraints can be
expressed as follows:

{ er(t) = UebPeb(t) (20)

OB < Qu(1) < O

where Q.;(t) and P, (t) denote the heat output power and electricity consumption power of the EB in
period t, respectively; 1., denotes the electricity-to-heat conversion efficiency of the EB; and Q™ and

Q3 denote the lower and upper bounds of the heat output power of the EB, respectively.

4.6 Constraints of the Diversified Hydrogen Utilization Model

As a clean and efficient secondary energy carrier, hydrogen can enhance the system’s multi-energy
coupling capability and inter-temporal regulation flexibility. In this paper, a hydrogen production and
diversified utilization module composed of the electrolyzer, methanation reactor, carbon capture unit,
HFC, and hydrogen-blended gas equipment is established to realize flexible conversion among electricity,
hydrogen, gas, and heat.

(1) Electrolyzer model

The electrolyzer (EL) converts input electricity into hydrogen. Its operating constraints include the
conversion relationship between hydrogen production and input electric power, as well as the upper and
lower bounds and ramping constraints of the EL input power, which can be expressed as follows:

Gy (£) = NerPer(t)
P < Py(t) < PO (21)
AP < Py(t + 1) — Py(t) < AP

where Gp, (i(t) denotes the hydrogen production power of the electrolyzer in period t; n,; denotes the
energy conversion efficiency of the electrolyzer; P,;(t) denotes the input electric power of the electrolyzer
in period t; P and P2 denote the lower and upper bounds of the input electric power, respectively; and
AP™In and AP™ denote the ramp-down and ramp-up limits, respectively.

(2) Methanation reactor model

The methanation reactor (MR) synthesizes natural gas by using hydrogen produced by the electrolyzer
and CO; captured by the CCS unit. Its operating constraints include the natural gas output, CO;, con-
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sumption, and the upper and lower bounds and ramping constraints of the MR input power, which can be
expressed as follows:

Gch4,mr(t) = ”erhz,mr(t)
Gcoz,mr(t) = Hco, Ghz,mr(t)

| (22)
;gnrlnr < Ghz,m"(t) < G;lrf');r
AGg;l,Irlnr < Ghz,mr(t + 1) - Ghz’mr(t) < AGhm;l’):‘r

where Gep, mr(t) and Gp, m,(t) denote the methane production power and hydrogen supply power of the
methanation reactor in period ¢, respectively; G, mr(t) denotes the carbon dioxide consumption of the
methanation reactor in period t; 7, denotes the methanation conversion efficiency; 1.,, denotes the carbon
dioxide consumption coefficient corresponding to unit hydrogen consumption; and Gg;if;lr and G} denote
the lower and upper bounds of hydrogen input, respectively.

(3) Carbon capture and storage model

To reduce the carbon emission level of the system, a carbon capture and storage (CCS) unit is introduced
in this paper. The relationship between the carbon capture amount and the operating energy consumption
can be expressed as follows:

Pees(t) = PS,y() + Pl
Cccs(t) = wco'c(Pchp(t) + Qchp(t) + ng(t) + Pth(t)) (23)
Pls(t) = yeCees(t)

where P, (1) is the total power of the CCS unit; P2, (¢) is the operating energy consumption of the CCS
unit; Pcfcs is the fixed energy consumption of the CCS unit; C,.s(¢) is the amount of carbon dioxide captured
by the CCS unit at time t; w, is the carbon dioxide capture efficiency; o, is the carbon dioxide emission
factor corresponding to unit electric power generation or heat production; and y, is the electric power
consumption coefficient corresponding to unit carbon dioxide capture.

(4) Hydrogen fuel cell model

The HFC can convert the chemical energy of hydrogen into electric energy and simultaneously release
part of the thermal energy. Its energy conversion relationship can be expressed as follows:

Phpe(t) = 11j ¢ Gy hge(t)

Onfe(t) = 1} 1. Gy hpe(t)

Giih te < Grynpe(t) < Gy,

AGRS - < Gy pfe(t + 1) = G, ppe() < AGRS,

(24)

where Pp,¢c(t) and Qp.(t) are the electric power output and thermal power output of the HFC, respectively;
Gh,hfe(t) is the input hydrogen power; and 7}, fe and ’72 f are the electric generation efficiency and thermal
efficiency, respectively.

(5) Hydrogen-blended gas turbine model

The hydrogen-blended gas turbine is an important device for realizing the coupled conversion of
electricity, gas, and heat in the system. In this paper, its hydrogen-blended operation model is established
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with reference to Ref. [21] to characterize the power generation, heat supply, and hydrogen blending ratio
constraints under natural gas—hydrogen mixed combustion conditions.

Pchp(t) = (Gch4,chp(t) + Ghz,chp(t)) Ufhp

Qchp(t) = (Geny chp(t) + Ghy chp(D)) U?hp
Ghy,chp()/L,

th,th(t) = Geng.chp(D/Leng + Gy cnp(D /L, (25)
Py < Penp(t) < PG

OB < Qunp(1) < O

where G, cnp(t) and Gy, cpp(t) are the input powers of natural gas and hydrogen, respectively; n?, , and
ry}clh p are the electric generation efficiency and heat generation efficiency, respectively; rp, cnp(t) is the
volumetric hydrogen blending ratio in the gas turbine fuel at time t; and L., and L, are the calorific values
of natural gas and hydrogen, respectively.

(6) Hydrogen-blended gas boiler model

After the introduction of hydrogen blending technology, the gas boiler can further improve the
flexibility of heat supply and reduce fossil energy consumption. In this paper, the hydrogen-blended gas
boiler model is established with reference to Ref. [21], and its mathematical formulation is given as follows:

Qe (1) = (Genygv () + Gy g (1)) gh
_ Ghy,gb(1)phy /(Mny Lp,)
Thy.g b(D) = Geng,gb(t)peny / (X/Ich4Lch42)+Gh2,ng(zt)Ph2/ (MyyLny) (26)

0T < Qyp(1) < QI

where Gy, g, (t) and Gy, g, (t) are the input powers of natural gas and hydrogen for the gas boiler, respec-
tively; 1745 is the thermal efficiency of the gas boiler; 7y, ¢4 (t) denotes the hydrogen blending ratio in the
gas boiler fuel; and p.,, and pp, denote the densities of natural gas and hydrogen, respectively. M., and
My, denote the molar masses of natural gas and hydrogen, respectively.

4.7 Energy Storage Operating Constraints

To enhance the system’s capability for inter-temporal energy regulation, electrical energy storage, the
system-side thermal storage tank, and the hydrogen storage device are modeled in a unified manner in this

paper [22].

-

0 < X(t) < ugh(t)xhmax

0 < XAis(t) < udis(p)xismax

Ei(t) = E(t — 1) + " X (H)At — XF5(H)At/pftis @)
EMin < Ei(t) < Emax

uth(t) + udis(t) <1

E;(0) = E(T)

\

where i denotes different types of energy storage devices, corresponding to electrical energy storage, thermal
energy storage, and hydrogen storage, respectively; X(t) and X#(t) denote the charging power and
discharging power of the energy storage device in period ¢, respectively; E;(t) denotes the energy state of
the energy storage device in period t; 7"® and n@* denote the charging efficiency and discharging efficiency,

respectively; and uf"(t) and uf"*(t) denote the charging and discharging state variables, respectively.
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4.8 Power Balance Constraints
(1) Electric power balance constraint

The electric power balance of the system can be expressed as follows:

Pepp(t) + Pep(t) + Py + Ppy(t) + PES(8) + Py (1)+

Peap(t) + Pge(t) = Pet(t) + Pap(t) + PEA(E) + Poca(£) + Proaa(t) (28)

where P#5(t) and PE"(t) denote the discharging power and charging power of the electrical energy storage
unit in period ¢, respectively; Py,,(t) denotes the electricity purchased from the power grid; and Pj,qq(t)
denotes the electric load power.

(2) Thermal power balance constraint

The thermal power balance of the system can be expressed as follows:

Qenp(t) + Qe () + Qe (1) + Qffis(1)+

Oreant(D) + Onselt) = OF(E) + Qloualt) @)

where Qf5(t) and Qf*(¢) denote the discharging power and charging power of the independent thermal

storage tank on the system side in period ¢, respectively; Qyesni(t) denotes the thermal power supplied
by the internal thermal storage system of the CSP plant to the thermal load side in period t; and Qjy44(t)
denotes the thermal load power.

(3) Natural gas balance constraint

The natural gas balance of the system can be expressed as follows:

Gch4,buy(t) + Gch4,mr(t) = Gch4,gb(t) + Gch4,chp(t) (30)

where Gep, puy(t) denotes the amount of natural gas purchased from the natural gas network at time ¢.
(4) Hydrogen balance constraint

The hydrogen balance of the system can be expressed as follows:

Ghyet(t) + G (1) = Gpymr () + Ghychp(t) + Gy g (8) + Gy fe(£) + G (1) (31)

where G;‘Zfst(t) and G,Cl? (1) denote the discharging hydrogen power and charging hydrogen power of the
hydrogen storage device, respectively.

4.9 Objective Function

To simultaneously consider system economy, low-carbon performance, and user-side response behavior,
an optimization model is established in this paper with the objective of minimizing the total operating cost
of the virtual power plant over the scheduling horizon:

Il’liIlf = fth + fCOz + fcut + fe,buy + fg,buy + fdr + fcsp (32)

where f denotes the total operating cost of the system; fin, feo,s feuts febuys fo.buy> far, and fesp denote the
coal-fired unit operating cost, carbon capture, storage, and trading cost, wind and photovoltaic curtailment
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penalty cost, electricity purchase cost, natural gas purchase cost, demand response and satisfaction penalty
cost, and CSP plant operating cost, respectively.

(1) Coal-fired unit cost

T
fin =Y (@nPu(t)’ + b Pea(t) + cu) (33)

t=1
where a;p, by, and ¢y, are the coal consumption cost coefficients of the coal-fired unit.

(2) Carbon capture, storage, and trading cost

T
ccocz = 21 ce(t)Pccs(t)
t=

&5 = 3 cea(Eees(t)  Qeopmr() (3
t=1

— fcc cs tra
fC02 — Jcoy + coy + fcoz

cc cs tra

where {5, foo feops and feo, denote the carbon capture cost, carbon storage cost, carbon trading cost, and

total carbon-related cost, respectively; c.(t) denotes the unit electricity purchase price in period t; and ¢
denotes the unit carbon dioxide storage cost.

(3) Wind and photovoltaic curtailment penalty cost
T
fcut = Z 5cut [Plj;cz?r(t) - va(t) + vaor(t) - Pw(t) (35)
t=1

where J.,; denotes the unit penalty coefficient for wind and photovoltaic curtailment.

(4) Electricity purchase cost
T

fe,buy = Z Ce(t)Pbuy(t) (36)

t=1
(5) Natural gas purchase cost

T

fg,buy = Z Cg(t)Gch4,buy(t) (37)

t=1
where c,(t) denotes the unit purchase price of natural gas at time ¢.
(6) Demand response and satisfaction penalty cost

{ fdr = fcomp + fsat
fcomp = fcl + fsl + frl

where feomp and fsqr denote the demand response compensation cost and the satisfaction loss penalty cost,

(38)

respectively; f., fs, and f,; denote the compensation costs corresponding to reducible loads, transferable
loads, and substitutable loads, respectively.

(7) CSP plant cost
fcsp = fcsp,op + fcsp,st
T

fcsp,op = El(kepcsp(t) + kthes,hl(t)) (39)

T
fcsp,st = l;l(cstartuon(t) + cstopuoff(t))
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where f., 0, denotes the operating cost of the CSP plant; k., and kj, denote the unit electricity generation
cost and unit heat supply cost of the CSP plant, respectively; fcs s+ denotes the start-up and shut-down
cost of the CSP plant; and ¢4, and cy;0p denote the single start-up cost and single shut-down cost of the
CSP plant, respectively.

5 Case Study Analysis

5.1 Parameter Settings

To verify the effectiveness and feasibility of the proposed model and operating strategy, a case study is
designed in this paper with a 24 h scheduling horizon and a 1 h basic scheduling interval. The electric and
thermal load curves, as well as the renewable energy output profiles including wind power and photovoltaics,
are shown in Fig. 4. The main parameter settings are as follows: the time-of-use electricity price is given in
Table 1, and the natural gas price is set to 0.35 yuan/kWh. The equipment parameters are listed in Table 2.
For the carbon trading mechanism, the benchmark carbon price is set to 215 yuan/t, the step length of
each carbon trading interval is 50 t, the growth rate of the carbon trading price is 25%, and the unit carbon
storage cost is 50 yuan/t. Based on historical operating experience and the load regulation characteristics
of the industrial park, the proportions of reducible, transferable, and substitutable loads in both electric and
thermal loads are set to 25%, 10%, and 5% of the total load, respectively.
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Figure 4: Load and renewable energy output curves.
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Table 1: Time-of-use electricity prices.

Time Period Electricity Price (yuan)
00:00-07:00 0.4438
08:00-14:00, 19:00-22:00 0.8118
15:00-18:00, 23:00-24:00 0.5713

Table 2: Operating parameters of each equipment.

Device Parameter Value
Maximum/Minimum electric power output (MW) 350/0
Maximum/Minimum heat output power (MW) 300/0
cHp Total ramp-up/ramp-down limits (MW/h) 150/—150
Heat-to-electric efficiency 0.40/0.35
Maximum/Minimum heat output power (MW) 80/0
GB Heat output ramp-up/ramp-down limits (MW/h) 25/-25
Conversion efficiency 0.92
Maximum/Minimum electric power consumption (MW) 40/0
EB Electric power ramp-up/ramp-down limits (MW/h) 10/-10
Conversion efficiency 0.90
Maximum/Minimum electric power output (MW) 160/0
™ Electric power ramp-up/ramp-down limits (MW/h) 100/—100
Power-to-hydrogen efficiency 0.85
P2G Maximum/Minimum electric power consumption (MW) 120/0
Methanation efficiency 0.7
Maximum/Minimum electric power output (MW) 50/0
Maximum/Minimum heat output power (MW) 30/0
HFC Output ramp-up/ramp-down limits (MW/h) 15/-15
Heat-to-electric efficiency 0.5/0.3
Solar collection efficiency 0.3
Power generation efficiency 0.4
CSp
Thermal storage efficiency 0.9
Power output range (MW) 150/0

5.2 Benefit Analysis of Different Operating Strategies

To verify the effectiveness of the proposed VPP model and to analyze the impact of different functional
modules on the operation results of the VPP, six progressive operating scenarios and one additional ablation
scenario are designed for comparative analysis under the same load data, renewable energy output, energy
prices, equipment capacity limits, and operating constraints. These scenarios are constructed by gradually
introducing different functional modules, and Scenario 6 represents the complete dispatch model proposed
in this paper. Scenario 7 is designed as an additional ablation scenario and is mainly used in the subsequent
CSP-hydrogen coordinated operation analysis to further quantify the independent and combined effects of
the CSP plant and the hydrogen energy chain. The settings of each scenario are as follows:
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Scenario 1: A conventional VPP optimal operation model is established as the benchmark case.

Scenario 2: A CSP plant is introduced into the conventional VPP model.

Scenario 3: A P2G-CCS system is further introduced on the basis of Scenario 2.

Scenario 4: Hydrogen blending equipment and fuel cell units are introduced on the basis of Scenario 3.

Scenario 5: Demand response and user satisfaction modules are introduced on the basis of Scenario 4.

Scenario 6: An asymmetric user satisfaction model is further introduced on the basis of Scenario 5.

Scenario 7: A complete hydrogen energy chain, including P2G-CCS, hydrogen fuel cells, and hydrogen
blending, is introduced based on Scenario 1, without introducing the CSP plant.

Table 3 presents the optimal dispatch results of the VPP under different operating scenarios. Overall,
with the gradual introduction of system functional modules, the operational economy of the VPP is
significantly improved, and the complete model achieves the best performance in terms of carbon emission
control. From Scenario 1 to Scenario 6, the total operating cost decreases from 5.5113 million yuan to 2.5204
million yuan, representing a reduction of 54.3%, while carbon emissions decrease from 3175.03 t to 2017.54 t.
This indicates that, under the case-study conditions of this paper, multi-energy coupling and demand-side
coordinated optimization can improve the overall operational performance of the system. It should be
noted that the effects of different functional modules on the total carbon emissions of the system are not
strictly monotonic. In some intermediate scenarios, phased fluctuations in carbon emissions may occur due
to factors such as the output of coal-fired units, grid-purchased electricity, the power source for hydrogen
production, and the amount of CO, captured by CCS.

Table 3: Comparison of optimal scheduling results for Scenarios 1-7.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7
Total cost 5,511,275.32 3,203,007.70 2,785,108.65 2,744,643.77 2,583,592.01 2,520,357.65 4,685,012.5
Coal unit cost 298,565.62 353,983.94 338,458.65 448,465.58 435,644.95 376,138.43 375,340.72
Carbon cost 221,914.88 219,548.95 163,300.52 233,225.74 255,100.81 173,646.76 294,924.81
Curtailment penalty 435,133.40 58,014.22 5130.00 0 0 0 29,519.09
Gas purchase cost 4,517,745.05 2,232,774.40 1,974,780.44 1,753,928.14 1,384,785.59 1,543,567.53 3,985,227.9
Power purchase cost 37,916.37 50,603.60 26,051.28 55,359.35 15,179.36 13,308.19 0
DR & satisfaction cost - - - - 235,348.19 127,871.98
CSP cost - 288,082.59 277,387.76 253,664.96 257,533.10 285,824.77
Carbon emissions 3175.03 2204.14 2045.70 2475.80 2310.26 2017.54 3785.02
Avg. electric satisfaction - - - - 0.97435 0.99404
Avg. thermal satisfaction - - - - 0.88547 0.99361

After the CSP plant is introduced in Scenario 2, the total operating cost of the system decreases signifi-
cantly compared with Scenario 1, and the penalty cost for wind and photovoltaic curtailment is substantially
reduced. This is because the CSP plant has flexible heat supply and thermal storage capabilities, which
can alleviate the conventional electricity—heat coupling constraints, improve the coordinated operation of
electricity and heat, enhance wind and photovoltaic power accommodation, and reduce part of the external
energy purchase demand.

After the P2G-CCS system is further introduced in Scenario 3, both the total operating cost and carbon
emissions of the system continue to decrease. The P2G unit can convert surplus wind and photovoltaic
power into hydrogen during periods of renewable energy surplus and realizes electricity—gas coupling and
CO; resource utilization through the methanation process. As a result, the system’s gas purchase demand
is reduced and its low-carbon operation capability is enhanced.
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After hydrogen blending and fuel cells are introduced in Scenario 4, the system forms a hydrogen
utilization chain of “hydrogen production-hydrogen storage-hydrogen consumption”. Hydrogen can be
used not only for methanation and hydrogen blending in gas-fired equipment, but also for combined heat
and power generation through fuel cells. This further improves system flexibility, enhances renewable
energy accommodation, and reduces dependence on conventional fossil energy. It should be noted that
hydrogen blending mainly reduces the direct carbon emissions generated by natural gas combustion in
CHP units and gas boilers. However, the total carbon emissions of the system are also affected by factors
such as the output of coal-fired units, grid-purchased electricity, the power source for hydrogen production,
and the amount of CO; captured by CCS. Therefore, although the gas purchase cost in Scenario 4 decreases
from 1.9748 million yuan to 1.7539 million yuan, and the penalty cost for wind and photovoltaic curtailment
is reduced to zero, indicating the positive role of hydrogen utilization in natural gas substitution and
renewable energy accommodation, the coal-fired unit cost and electricity purchase cost increase compared
with Scenario 3, leading to a phased increase in total carbon emissions. This result shows that the impact
of the hydrogen utilization module on the low-carbon performance of the system is not a simple linear
superposition, but should be comprehensively analyzed in terms of the source-side output structure, the
power source for hydrogen production, and the carbon capture level.

In Scenarios 5 and 6, demand response and user satisfaction mechanisms are further introduced
to achieve source—load coordinated optimization. Demand response can improve load distribution and
source-load matching by reducing and shifting part of the load demand, thereby reducing the system’s
energy purchase demand and optimizing the equipment output structure. Compared with the symmetric
user satisfaction model in Scenario 5, after adopting the asymmetric user satisfaction model in Scenario 6,
the average satisfaction of electric load increases from 0.97435 to 0.99404, and the average satisfaction of
thermal load increases from 0.88547 to 0.99361. Meanwhile, the total operating cost of the system further
decreases to 2.5204 million yuan, and carbon emissions decrease to 2017.54 t, which is the lowest among
all scenarios. The results indicate that the asymmetric user satisfaction model can further improve the
comprehensive operational performance of the VPP while ensuring user-side acceptability.

Based on the above scenario comparison results, CSP plants, P2G-CCS, hydrogen blending, hydrogen
fuel cells, demand response, and the asymmetric user satisfaction model have differentiated impacts on the
economic performance, low-carbon performance, and user-side satisfaction of the system. The introduction
of all modules does not necessarily lead to a monotonic decrease in carbon emissions. Overall, Scenario
6, as the complete dispatch model proposed in this paper, achieves better comprehensive performance
in terms of total operating cost, carbon emissions, and user satisfaction. Considering that the hydrogen
blending ratio directly affects the degree of natural gas substitution, the hydrogen production burden, and
the subsequent optimal dispatch results of the system, the effects of different hydrogen blending ratios on
system operational performance are further analyzed based on Scenario 6, so as to provide a parameter
basis for the subsequent analysis of typical daily operation results.

5.3 Analysis of System Operating Performance under Different Hydrogen Blending Ratios

In the complete VPP dispatch model proposed in this paper, the hydrogen blending operation modes of
the CHP unit and gas boiler directly affect the level of natural gas substitution, hydrogen production demand,
and carbon emission performance of the system. To further reveal the influence of hydrogen blending
parameters on system operation, a sensitivity analysis is conducted based on Scenario 6. Specifically, the
hydrogen blending ratio of the gas boiler is fixed at 4%, 8%, 12%, 16%, and 20%, while the hydrogen blending



Energy Eng. 2026;123(11):21 21

ratio of the CHP unit is varied from 10% to 22%, and the corresponding changes in total system cost and
carbon emissions are examined.

As shown in Fig. 5a, when the hydrogen blending ratio of the gas boiler is fixed, the total system cost
generally decreases with the increase in the hydrogen blending ratio of the CHP unit. The total cost reaches
its minimum when the CHP unit hydrogen blending ratio is 20%, and then rises slightly when the ratio
further increases to 21% and 22%. This is because an excessively high hydrogen blending ratio increases the
system demand for hydrogen, which in turn raises the energy consumption and operating burden of the
hydrogen production process, thereby weakening the economic benefit brought by natural gas substitution.
Meanwhile, as the fixed hydrogen blending ratio of the gas boiler increases, the total cost curves shift
downward as a whole, indicating that increasing the hydrogen blending level of the gas boiler also helps
reduce the system operating cost.

As shown in Fig. 5b, system carbon emissions generally decrease as the hydrogen blending ratio
of the CHP unit increases, and reach the minimum at 20%. When the hydrogen blending ratio further
increases to 21% and 22%, carbon emissions show a slight rebound. This is mainly because under a high
hydrogen blending ratio, the burden of hydrogen production becomes heavier, so the emission reduction
effect obtained by further increasing the blending ratio is weakened. At the same time, a higher fixed
hydrogen blending ratio of the gas boiler results in a lower overall carbon emission curve, indicating that
increasing the boiler hydrogen blending ratio is also beneficial to improving the low-carbon operating
performance of the system.
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Figure 5: Variations in total system cost and carbon emissions under different hydrogen blending ratios.

Therefore, hydrogen blending can improve both the economic and low-carbon performance of the
system, but a higher blending ratio does not necessarily lead to better results. For the case studied in this
paper, the system achieves the best overall performance in terms of both total cost and carbon emissions
when the hydrogen blending ratio of the CHP is 20%. Based on the above analysis, the optimal dispatch
results of the proposed VPP model over a typical day are further analyzed under the hydrogen blending
parameters with better overall performance, in order to reveal the coordinated operating mechanism of
electricity, heat, gas, and hydrogen in the system.

5.4 Operating Results of the Proposed VPP Model

Fig. 6a presents the optimal electric power dispatch results of the VPP over a typical day. During the
nighttime period from 1:00 to 5:00, photovoltaic generation is unavailable, and the electric load is mainly
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supplied by wind power, the CHP unit, the coal-fired unit, and the CSP plant. The CSP plant can still
maintain a certain level of power output at night by utilizing the thermal energy collected during the
daytime and stored in the thermal storage system, thereby enhancing the system’s intertemporal regulation
capability. During this period, the electrolyzer, the CCS unit, and the energy storage system are also in
operation, and their electricity demand is supplied through the coordinated dispatch of internal power
sources. As photovoltaic output gradually increases during the daytime 6:00-14:00, the share of renewable
energy in the power supply continues to increase. The system absorbs surplus renewable electricity by
increasing the power consumption of the electrolyzer and the charging power of the energy storage system,
which helps improve renewable energy utilization. After 14:00, as photovoltaic output gradually decreases,
the outputs of the CHP unit and the coal-fired unit increase accordingly, while the energy storage system
shifts from charging to discharging for peak regulation. During the evening peak period from 18:00 to
21:00, the CHP unit and the coal-fired unit undertake the main power supply task, while energy storage
discharging and CSP generation jointly maintain the electric power balance of the system.

Fig. 6b shows the optimal thermal power dispatch results of the VPP over a typical day. During the
nighttime period, the thermal load is mainly supplied by the CSP plant, the gas boiler, and the recovered
waste heat from the CHP unit. During the daytime, with changes in the system operating state, the CSP
plant and the thermal storage unit participate coordinately in thermal regulation, thereby reducing the
heat supply burden of the gas boiler. When the thermal load increases in the evening, the CSP plant, the
gas boiler, and the thermal storage unit jointly provide heat to maintain the thermal balance of the system.

Fig. 6¢c shows the natural gas balance of the system over a typical day. Natural gas in the system is
mainly obtained from external gas purchase and methanation production, and is primarily consumed by
the CHP unit and the gas boiler. With load variations, the amount of externally purchased natural gas and
the gas consumption of the related equipment fluctuate accordingly. The methanation reactor converts
hydrogen produced by the electrolyzer and CO; captured by the CCS unit into synthetic natural gas. This
process not only reduces the demand for external natural gas purchase, but also promotes CO; utilization
and hydrogen consumption, thereby helping lower the carbon-related cost of the system and improve its
low-carbon operating performance.

Fig. 6d presents the hydrogen balance of the system over a typical day. Hydrogen is mainly produced by
the electrolyzer and is used for methanation, hydrogen blending in gas-fired equipment, and combined heat
and power generation through the HFC. Meanwhile, the hydrogen storage device achieves intertemporal
balancing through hydrogen charging and discharging. The introduction of the hydrogen energy chain
enhances the system’s cross-period energy shifting capability and improves the utilization of surplus wind
and photovoltaic power.

Fig. 6e illustrates the operating state of the thermal storage system and the variation of stored thermal
energy over a typical day. During the nighttime period from 1:00 to 8:00, the thermal load demand is
relatively high, and the thermal storage unit continuously releases heat to participate in heat supply. As a
result, the discharging power remains at a relatively high level, and the stored thermal energy gradually
decreases, reaching a low level during 6:00-8:00. As the system operating state changes during the daytime,
the thermal storage unit starts charging during 9:00-11:00 by storing surplus thermal energy, and the stored
thermal energy gradually recovers. During 12:00-14:00, the thermal storage unit enters the discharging
state again to meet the thermal load demand and maintain thermal power balance. During 15:00-17:00, the
thermal energy supply is relatively sufficient, and the thermal storage unit resumes charging. The charging
power reaches a relatively high level, and the stored thermal energy increases rapidly, reaching its peak at
17:00. During the evening period from 18:00 to 24:00, as the thermal load rises again, the thermal storage
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unit gradually releases the stored heat for heat supply regulation. Accordingly, the discharging power
increases and the stored thermal energy decreases.
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Figure 6: Multi-energy optimal dispatch results of the virtual power plant in Scenario 6.
5.5 Comparative Analysis of the Conventional User Satisfaction Model and the Proposed Model

To verify the effectiveness of the proposed asymmetric user satisfaction model, the conventional user
satisfaction model in Ref. [23] is selected as the comparison model. Under the same demand response
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conditions, the load adjustment results and the corresponding changes in user satisfaction under the two
models are compared and analyzed.

Fig. 7 shows the demand response results of electric and thermal loads under the conventional user
satisfaction model and the proposed model. It can be seen that, compared with the original load curves, both
electric and thermal loads are adjusted to different extents in the two models, indicating that the established
demand response model is capable of achieving a certain degree of load shifting. On this basis, after
different user satisfaction models are adopted, noticeable differences can be observed in the load adjustment
results during some periods. The conventional user satisfaction model treats load deviations symmetrically,
whereas the proposed model takes into account users’ differentiated perceptions of load deviations in
different directions. As a result, the load adjustment process can be optimized in a more targeted manner,
and the demand response results are more consistent with actual user response characteristics.
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Figure 7: Comparison of electric and thermal load demand response results under different user satisfaction models.

Fig. 8 further presents the variations in user satisfaction of electric and thermal loads under the two
user satisfaction models, where Fig. 8a and Fig. 8b show the temporal curves of electric load satisfaction and
thermal load satisfaction, respectively. It can be seen that, under both models, user satisfaction in all periods
remains above the minimum satisfaction constraint, indicating that the demand response model developed
in this paper can satisfy users’ basic use requirements. On this basis, compared with the conventional user
satisfaction model, the proposed asymmetric user satisfaction model maintains electric and thermal load
satisfaction at a generally higher level, with relatively smaller fluctuations. In particular, during periods
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with more pronounced load adjustment, user satisfaction under the conventional model tends to decline
more obviously, whereas the proposed model is still able to maintain a relatively high satisfaction level.

Further evidence can be found from Table 3, which shows that the average satisfaction levels of both
electric and thermal loads under the proposed model are higher than those under the conventional user
satisfaction model. This indicates that the proposed asymmetric user satisfaction model can more reasonably
capture users’ differentiated responses to load deviations in different directions. While meeting the require-
ments of demand response regulation, it can effectively mitigate the adverse impact of load adjustment on
users’ energy-use experience, thereby improving the rationality of demand response modeling.
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Figure 8: Temporal variations of electric and thermal load satisfaction under different user satisfaction models.

5.6 Comparative Analysis of CSP-Hydrogen Synergistic Operation

To further quantify the complementary effects of the CSP plant and the hydrogen energy system in
terms of regulation timescale and energy utilization mode, this paper conducts a comparative analysis of
CSP-hydrogen coordinated operation based on the relevant scenarios in Table 3. Specifically, Scenario 1
represents the traditional VPP benchmark model, Scenario 2 represents the case in which only the CSP
plant is introduced, Scenario 7 represents the case in which only the complete hydrogen energy chain is
introduced, and Scenario 4 represents the joint operation of the CSP plant and the hydrogen energy chain.
By comparing the total operating cost, wind and photovoltaic curtailment penalty cost, carbon emissions,
and gas purchase cost under these scenarios, the effects of the CSP plant, the hydrogen energy chain, and
their joint configuration on the VPP operation results are analyzed.

As shown in Table 3, after the CSP plant is introduced into the traditional VPP in Scenario 2, the
total system cost decreases from 5.5113 million yuan to 3.2030 million yuan, corresponding to a reduction
of 41.9%. Meanwhile, the wind and photovoltaic curtailment penalty cost decreases from 0.4351 million
yuan to 0.0580 million yuan. This indicates that the CSP plant can provide flexible heat supply and power
regulation through its thermal storage system, thereby alleviating electricity—heat coupling constraints and
effectively improving wind and photovoltaic power accommodation.

Scenario 7 represents the case in which only the complete hydrogen energy chain is introduced without
the CSP plant. In this scenario, the wind and photovoltaic curtailment penalty cost decreases from 0.4351
million yuan in Scenario 1 to 0.0295 million yuan, and the electricity purchase cost is reduced to zero.
This indicates that the hydrogen energy chain can absorb surplus wind and photovoltaic power through
electrolytic hydrogen production and realize energy conversion and reuse through hydrogen storage, fuel
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cells, hydrogen blending, and methanation, thereby expanding the accommodation pathways of renewable
energy. However, carbon emissions in Scenario 7 increase from 3175.03 t in Scenario 1 to 3785.02 t. The main
reason is that the operation of electrolytic hydrogen production and carbon capture equipment increases the
system electric load. In the absence of the intraday flexible regulation capability provided by the CSP plant,
the additional electric load is mainly supplied by coal-fired units, resulting in increases in both coal-fired
unit cost and carbon emissions.

When the CSP plant and the hydrogen energy chain are simultaneously introduced in Scenario 4,
the total system cost further decreases to 2.7446 million yuan, and the wind and photovoltaic curtailment
penalty cost is reduced to zero. Compared with Scenario 7, in which only the hydrogen energy chain is
introduced, carbon emissions in Scenario 4 decrease from 3785.02 t to 2475.80 t, representing a reduction of
34.6%. Compared with Scenario 2, in which only the CSP plant is introduced, Scenario 4 shows a certain
increase in carbon emissions, but the gas purchase cost is further reduced, and the wind and photovoltaic
curtailment penalty cost decreases to zero. These results indicate that the joint operation of the CSP plant
and the hydrogen energy chain enables a comprehensive trade-off among reducing gas purchase cost,
improving renewable energy accommodation, and controlling carbon emissions.

Further analysis shows that the CSP plant and the hydrogen energy chain are complementary in terms
of power regulation and energy utilization mode. The CSP plant participates in intraday electricity—heat
coordination through its thermal storage system, providing short-term peak regulation and electricity-
heat decoupling capability. In contrast, the hydrogen energy chain realizes the cross-period utilization of
surplus wind and photovoltaic power through electrolytic hydrogen production, hydrogen storage, fuel
cells, and hydrogen blending. Under their coordinated operation, the system can improve renewable energy
accommodation during periods of surplus wind and photovoltaic generation and provide multi-energy
complementary support during peak load periods or periods of insufficient renewable generation, thereby
improving the comprehensive operational performance of the system.

Further comparison between Scenarios 5 and 6 shows that, after demand response and the user
satisfaction mechanism are introduced on the basis of CSP-hydrogen coordinated operation, source—load
coordinated optimization is further achieved. Compared with the symmetric satisfaction model in Scenario 5,
the asymmetric user satisfaction model adopted in Scenario 6 increases the average electric load satisfaction
from 0.97435 to 0.99404 and the average thermal load satisfaction from 0.88547 to 0.99361. Meanwhile, the
total system cost decreases to 2.5204 million yuan, and carbon emissions decrease to 2017.54 t. These results
indicate that the asymmetric user satisfaction model can further improve the comprehensive operational
performance of the system while ensuring users’ energy-use experience.

Therefore, the CSP plant and the hydrogen energy chain are not simply connected to the system in
parallel, but form complementary regulation capabilities within a unified optimal dispatch framework.
The CSP plant mainly contributes to intraday electricity—heat coordination and short-term regulation,
whereas the hydrogen energy chain mainly undertakes surplus wind and photovoltaic power conversion
and cross-period energy utilization. Under the case-study conditions of this paper, their joint operation
can improve renewable energy accommodation and reduce system operating cost. In the complete model,
they further cooperate with demand response and the asymmetric user satisfaction mechanism to achieve
coordinated optimization among economic performance, low-carbon operation, and user satisfaction.

5.7 Sensitivity Analysis of Asymmetric Satisfaction Parameters

To further analyze the influence of key parameters in the asymmetric user satisfaction model on the
optimization results, the ratio of the negative to positive deviation penalty coefficients, A; = o~ /™, is
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selected as the sensitivity analysis parameter. Here, " denotes the penalty coefficient for positive load
deviation, while o~ denotes the penalty coeflicient for negative load deviation. When A = 1.0, the same
penalty coefficient is adopted for positive and negative load deviations, and the model degenerates into the
traditional symmetric satisfaction model. When A > 1, it indicates that users are more sensitive to load
curtailment or insufficient energy supply than to load increase, and the model therefore exhibits asymmetric
satisfaction characteristics.

With the other parameters kept unchanged, A; is set to 1.0, 1.5, 2.0, and 2.5, respectively. The total
operating cost, carbon emissions, DR and satisfaction penalty cost, average satisfaction of electric load, and
average satisfaction of thermal load are compared, and the results are shown in Table 4.

As can be seen from Table 4, when A = 1.0, the same penalty coefficient is adopted for positive and
negative load deviations, and the model degenerates into the traditional symmetric satisfaction model. In
this case, the average satisfaction of electric load and thermal load is 0.97435 and 0.88547, respectively, and
the DR and satisfaction penalty cost is 235,348.19 yuan. This indicates that when positive and negative load
deviations are treated symmetrically, the model cannot fully reflect users’ differentiated perception of load
deviations in different directions, especially resulting in relatively low thermal load satisfaction.

Table 4: Sensitivity analysis results of asymmetric penalty coefficient ratio.

Asymmetric Penalty Total Operating Carbon DR & Satisfaction Avg. Electric Avg. Thermal
Coefficient Ratio Cost Emissions Cost Satisfaction Satisfaction
1.0 2,586,592.01 2310.26 235,348.19 0.97435 0.88547
1.5 2,548,654.05 2285.38 165,239.20 0.98761 0.96243
2.0 2,520,357.65 2017.54 127,871.98 0.99404 0.99361
2.5 2,539,874.48 2176.29 132,588.37 0.99520 0.99413

When Ag increases from 1.0 to 2.0, the average satisfaction of electric load increases from 0.97435 to
0.99404, and the average satisfaction of thermal load increases from 0.88547 to 0.99361. Meanwhile, the DR
and satisfaction penalty cost decreases from 235,348.19 yuan to 127,871.98 yuan, the total operating cost
decreases from 2,586,592.01 yuan to 2,520,357.65 yuan, and carbon emissions decrease from 2310.26 t to
2017.54 t. These results indicate that an appropriate increase in the negative deviation penalty coefficient
can make the model place greater emphasis on users’ sensitivity to negative load deviations, such as
load curtailment, thereby improving the demand response regulation results and making load adjustment
more consistent with users’ actual energy-use perception. While improving user satisfaction, the system
operating cost and carbon emissions are also reduced.

When A further increases to 2.5, the average satisfaction of electric load and thermal load increases
to 0.99520 and 0.99413, respectively. However, the total operating cost increases from 2,520,357.65 yuan
to 2,539,874.48 yuan, carbon emissions increase from 2017.54 t to 2176.29 t, and the DR and satisfaction
penalty cost also increases from 127,871.98 yuan to 132,588.37 yuan. This indicates that an excessively large
negative deviation penalty coefficient strengthens the user satisfaction constraint, compresses the feasible
space for load regulation, and consequently weakens the optimization effect of demand response on system
economy and low-carbon performance.

Therefore, the asymmetric satisfaction parameter is not necessarily better when it is larger. Instead,
there exists a trade-off among economic performance, low-carbon performance, and user satisfaction.

Overall, when As = 2.0, the system achieves the best comprehensive performance in terms of total
operating cost, carbon emissions, DR and satisfaction penalty cost, and average satisfaction of electric and
thermal loads. This result demonstrates that the parameter setting of the asymmetric satisfaction model



28 Energy Eng. 2026;123(11):21

adopted in this paper can effectively balance user-side energy-use experience and the low-carbon economic
operation requirements of the system, thereby verifying the rationality of the proposed asymmetric user
satisfaction model parameters.

6 Conclusion

In this paper, an optimal dispatch model for a CSP-hydrogen coordinated virtual power plant consider-
ing asymmetric user satisfaction is established. Based on the integrated consideration of the operational
constraints of the CSP plant, hydrogen energy system, carbon capture, and demand response, the model is
optimized with the objective of minimizing the total operating cost of the system. The case study results
show that the proposed model can simultaneously take into account the economy, low-carbon performance,
and user satisfaction of the virtual power plant. The main conclusions are as follows:

(1) The CSP plant and the hydrogen energy system exhibit good complementarity in terms of regulation
timescale and energy utilization mode. The CSP plant mainly undertakes intra-day electricity—heat
coordination and short-term regulation, while the hydrogen energy system mainly provides inter-
temporal energy transfer. Their coordinated operation within a unified optimal dispatch framework
enhances the multi-energy regulation capability of the system and helps improve operating economy
under the case-study conditions of this paper.

(2) The coordinated operation of CSP and hydrogen energy helps improve the accommodation of wind
and photovoltaic power, and reduces wind and photovoltaic curtailment as well as external energy
purchase demand. Meanwhile, the carbon capture and methanation processes promote carbon dioxide
utilization, reduce the system’s carbon emission pressure and carbon trading cost, and improve the
low-carbon operating performance of the virtual power plant.

(3) The proposed asymmetric user satisfaction model can better reflect users’ differentiated perceptions
of load regulation in different directions. Compared with the conventional satisfaction model, the
proposed model achieves more reasonable load adjustment while satisfying user satisfaction constraints,
and further improves the level of user satisfaction.
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Abbreviations

VPP Virtual power plant

WT Wind turbine

PV Photovoltaic

CSP Concentrated solar power
CCS Carbon capture and storage
CHP Combined heat and power
HFC Hydrogen fuel cell

EB Electric boiler

GB Gas boiler

EL Electrolyzer

MR Methanation reactor

ES Electrical energy storage
HS Heat storage tank

P2G Power-to-gas
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