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Abstract: In pursuit of dual-carbon objectives, establishing a low-carbon, efficient, and adaptable energy
system has become a priority. This study introduces an advanced optimization scheduling model for integrated
energy systems, enhancing system flexibility by optimizing combined heat and power (CHP) units,
incorporating electric boilers and the Kalina cycle, and leveraging both electrical and thermal demand
responses. A novel aspect of this model is the comprehensive integration of hydrogen production, utilization,
and storage, forming an all-encompassing electricity-heat-gas-hydrogen framework. Simulation results
validate the model’s efficacy in minimizing operational costs and carbon emissions while improving renewable
energy uptake.
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1. Introduction

As environmental concerns intensify, there is an escalating urgency to innovate low-carbon,
flexible, efficient, and cost-effective energy solutions [1-3]. Integrated Energy Systems (IES) stand at
the forefront of revolutionizing traditional power infrastructures by seamlessly integrating various
heterogeneous energy sources and orchestrating the control across different energy segments, which
is crucial for achieving ambitious dual-carbon targets [4].

IES is distinguished by its substantial inclusion of renewable energies, characterized by multi-
energy coupling and low-carbon cleanliness. This positions the low-carbon operation of IES as a focal
point of contemporary research [5-7]. One of the integral components of IES, the Combined Heat and
Power (CHP) unit, often encounters operational challenges due to its static heat-to-power ratio, which
struggles to adapt to the dynamic demands of electrical and thermal loads [8-10]. To address this,
several decoupling strategies have been proposed. These include augmenting CHP units with
thermal storage or electric boilers to enhance peak-shifting flexibility [11], modifying steam flows and
integrating make-up combustion devices to achieve cogeneration decoupling [12], or employing an
Organic Rankine Cycle (ORC) to facilitate economic dispatch [13]. These solutions aim to modulate
the rigid heat-to-electricity ratios, yet predominantly focus on single-mode decoupling, either “heat-
to-electricity” or “electricity-to-heat”, without addressing simultaneous dual-mode modifications.
Additionally, despite its superior efficiency in waste heat recovery, the Kalina cycle remains
underrepresented compared to ORC in scholarly studies [14,15].

Demand-side response (DSR) emerges as a crucial regulatory resource within IES, capable of
augmenting system flexibility and diminishing the disparities between peak and valley load periods
[16]. Innovations such as the integrated demand response (IDR) model amalgamate the flexible
characteristics of electricity, heat, and gas loads with their interconnections, thus magnifying the
regulatory capacity of flexible loads [17]. Incentive-based IDR models have shown significant
improvements in the energy efficiency and economic performance of IES by tailoring responses for
electricity, industrial heat, and residential heating demands [18]. Additionally, hybrid IDR models
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that consider varying time scales aim to stabilize the substantial power fluctuations within the system
[19]. However, these regulatory capabilities are somewhat constrained by the potential impacts on
user comfort resulting from load adjustments. Optimal coordination between the source and load
sides could substantially enhance the responsiveness of these systems, a topic that has not been
extensively explored [20,21].

Hydrogen energy, recognized for its low-carbon and clean properties, offers another viable
strategy to meet dual-carbon objectives by integrating into the traditional electric-thermal-gas IES
frameworks [22]. Research has explored the multifaceted roles of fuel cells and electrolyzers,
investigating models that support the combined supply and storage of heat, electricity, and hydrogen
[23]. Other studies have proposed IES optimization models that incorporate hydrogen storage within
park ecosystems, undertaking electrochemical and thermodynamic evaluations to devise optimal
hydrogen storage strategies [24]. Furthermore, utilizing hydrogen as a conversion medium has
prompted the development of innovative low-carbon IES models that consider the flexible demands
of electrical and thermal loads alongside models for hydrogen utilization [25]. However, most
existing research on hydrogen-fueled IES has been limited to one or two utilization scenarios, often
overlooking the broader applications such as hydrogen production, usage, gas blending, and
storage—thus not fully leveraging the potential efficiencies of hydrogen energy [26-28].

Addressing these gaps, this paper introduces a pioneering IES model that incorporates dual-
sided demand response and extensive hydrogen utilization. Initially, the Kalina cycle and electric
boilers are integrated into the CHP units on the source side to decouple the conventional “heat for
electricity” and “electricity for heat” limitations, establishing a CHP thermoelectric flexible response
model. Concurrently, an electricity and heat IDR model based on real-time pricing and thermal
comfort is introduced on the load side and synergized with the CHP flexible response model on the
source side to form a comprehensive dual-sided demand response framework. Subsequently, a multi-
utilization hydrogen model that includes hydrogen production, utilization, gas mixing, and storage
is embedded into the electricity-heat-gas model, culminating in a novel electricity-heat-gas-hydrogen
IES low-carbon optimal dispatch model. The efficacy of this proposed model and methodology is
corroborated through multiple application scenarios, illustrating its potential to transform energy
system operations comprehensively.

2. Source-Load Bilateral Demand Response Modeling

The source-load dual-side demand response model constructed in this paper integrates the
source-side CHP flexible response model and the load-side electric heat demand response model.
The CHP cogeneration flexible response model on the source side can flexibly adjust the output of
electricity and heat, thus achieving similar effects with the electric heat IDR model on the load side.
Therefore, combining the source-side CHP flexible response model with the load-side IDR model can
form a comprehensive source-load dual-side demand response model that optimizes the energy
efficiency and responsiveness of the entire system.

2.1. CHP Thermoelectric Flexible Response Model

Conventional cogeneration models usually consist of a Gas Turbine (GT) and a Waste Heat
Boiler (WHB), which are often operated in “heat for electricity” or “electricity for heat” mode [29-32].
Since the peak-to-valley difference between electricity and heat loads is often opposite, this fixed
heat-to-power ratio output makes it difficult to match CHP with demand fluctuations, thus limiting
the operational flexibility of integrated energy systems. In order to solve this problem, this paper
introduces the Kalina cycle and electric boiler model into the CHP unit, which can decouple its “heat-
to-electricity” or “heat-to-electricity” modes, forming a CHP thermoelectric model that can flexibly
respond to the demand fluctuations. The GT model can be expressed as follows [33-35]:
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Pgtt,e = Tyte Pgtt,g
Pgtt,h = ngt,h Pgtt,gas (1)
Pes < Prigss < Pt

where P, and Py, are the electric and thermal power output from GT; 7,, and 7,, are the

gte
electric and thermal power conversion efficiencies of GT; P, is the gas power input to GT; Py"

and P™

gtg
upper and lower limits of the creep rate of the gas power input to GT, respectively.

With the introduction of the EB model and Kalina cycle, the electrical energy output from the
gas turbine (can flow to the EB and electrical loads, respectively, while the thermal energy output
from the GT can flow to the waste heat boiler and Kalina cycle, respectively, which can be expressed
as follows [36]:

are the upper and lower limits of the gas power input to GT; AP?  and AP%:' are the

F,gtt,e = Pelb,e + Pntet
Pgtt,h = Pa + Patina
0<P! < pm 2

ebe — "ebe
t max
0 < I:)Kalina < PKallina

t max
0 < I:>th < Pwhb

where Py, is the electric power fed into the electrical subsystem by the GT; P, is the electric power

net

fed into the EB by the GT; P}

alina

is the thermal power fed into the Kalina cycle by the GT; P.%",

Painar Pue  and are the upper limit values of Py ., Pg,.,, and P, , respectively.

Therefore, the electrical and thermal flexible output model of CHP can be expressed as:

Pcthp,e = PIialina,e + Pntet

Pcthp,h = P\At/hb,h + Petbh

Petb,h = ﬂeb Peth,e (3)
Plialina,e = nKaIina,e Pléalina

Pvtvhb,h = Mwhbh Puo

t t
where @ and T#n are the total electric and thermal power output from the modified CHP;

t
Raime and aime are the electric power output from the Kalina cycle and its thermal transfer
t
efficiency; Fon and 7, are the thermal power output from the EB and its thermal transfer

t
efficiency; Fuon and 7, are the thermal power output from the WHB and its thermal transfer

efficiency, respectively.
2.2. Electricity and Heat Demand Response Modeling

2.2.1. Electric Load Response Modeling

In this paper, an elastic matrix response model based on real-time tariff optimization is used to
characterize the IDR model of electric load. The real-time tariff can more accurately reflect the change
of supply and demand relationship in IES and dynamically guide the users to adjust the energy load
compared with the traditional time-of-day tariff [37-39], and its model can be expressed as follows:

5;* ‘9;,*0

AL, =L, [Z Eea,t*)—} (4)

t
ge 0


https://doi.org/10.20944/preprints202411.1026.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2024 d0i:10.20944/preprints202411.1026.v1

t gt it
6‘e,b - ﬂ’f,ege,o

T 5
PO T ©
t=1

where T denotes the dispatching period; E, is the elasticity matrix of real-time tariff; AL, is the
amount of electric load change after IDR; L, is the initial electric load; ¢,, is the tariff base value;
¢, is the initial tariff; A;, is the real-time base tariff fluctuation coefficient [40].

The amount of electric load transfer and the amount of tariff change are subject to the following
constraints:

0<AL,, <ALTY

e,st

g <g <&l (6)

e,min — “e e,max

As!

e,mi

t t t
n < Ee ~Eep < A‘C"e,max

ALY . . . - & .
where *tis the upper limit of electric load variation; "*™ and "™ are the minimum and
. . e AC AC, o . .
maximum values of real-time tariffs; min - and mX are the minimum and maximum values of
real-time tariff fluctuation constraints, respectively.

With the introduction of tariff IDRs, customer satisfaction with energy use needs to be taken into

account:
u t
Z|ALe,st
=1 i
1— tT— > remln (7)
> Lo
t=1
where r™ is the lower limit of satisfaction of the customer’s electrical load.

e

2.2.2. Thermal Load Response Modeling

Temperature, as the main indicator for regulating the heat load, allows the heat load to be
adjusted within a specified range according to changes in the indoor temperature under the premise
of ensuring the comfort of users [41—43]. For example, when the heat load demand reaches the peak,
the heat load can be reduced by lowering the indoor temperature, thus reducing the pressure on
power generation under the “heat for power” mode of the CHP system. On the contrary, during the
low demand, increasing the indoor temperature can accumulate heat and utilize the energy during
off-peak hours to increase the energy efficiency of the system [44]. Based on the thermal circuit model
of a building, the relationship between user heat load and temperature can be expressed as [45,46]:

—At —At
Tnt:l =T|tneT + (Rpht +T(;ut)(1_eT) (8)
7=RC,
where R is the equivalent thermal resistance of the building; Cair is the indoor air heat capacity of the

building; P, is the thermal power of the building; T and T, denote the indoor and outdoor

temperatures of the building, respectively.
From Eq. (8), the relationship between indoor temperature change and heat load can be obtained

as [47,48]:
;M
1 T —e T,
Py = (T8 )
l-e-
T <T, <Tp™ (10)

where T,"™and T,™ denote the minimum and maximum room temperatures, respectively.
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3. Modeling of Multiple Uses of Hydrogen Energy

3.1. Electric Hydrogen Generation Segment

Electrolytic (EL) tank is the main equipment for electric hydrogen production, EL can convert
the surplus electric energy into hydrogen energy, and considering the waste heat utilization of the
electrolysis process [49,50], its energy conversion model can be expressed as follows:

PetI,Hz = nel IDetl,e
Petlh = (1_’7eI)Pe[I,e (11)
Pmln < Pl < Pmax

ele — "ele — "ele

APdown < Pt _ Pt—l < APUp

ele ele ele — ele

where 77, is the electric-hydrogen conversion efficiency of the EL; p is the amount of hydrogen

is the input electric power of the EL; P/ and P,\" are the

corresponding to 1kWh of electricity; P,

ele

maximum and minimum values of the P, _;

Pe‘Isz is the amount of hydrogen produced by the EL;

P},is the amount of residual heat recovered by the EL; AP,? and AP{>" are the maximum and

minimum values of the creep rate.

3.2. Hydrogen to Cogeneration Link

Hydrogen Fuel Cell (HFC) can realize the coupling between hydrogen energy and thermal and
electrical energy to realize the efficient use of hydrogen energy, and its model can be expressed as
[51-53]:

t t
Phtce = Mhtce Phtcr ,

t t
Puteh = Mrten thc,H2

min t max
thc,HZ < thc,H2 < thc,H2

down t t-1 up
Athc,Hz < thc,Hz - thc,Hz < Athc,Hz

(12)

where 7, and 7., are the electric and thermal conversion efficiency of HFC, respectively;
Pien, is the input hydrogen power of HFC; Py . and Py, are the electric and thermal power of
HFC, respectively; Py and Ph'fnci,'ﬁ,z are the maximum and minimum values of P, and

up down . P t ’ .
APy, are AP A" the maximum and minimum values of the Py, ’s creep rate, respectively.

3.3. Hydrogen Methanation Link

The methane reactor (MR) converts the hydrogen produced by the EL to gas energy, and its
energy conversion is modeled as [54-56]:

t t
Pmr,g - 77mr I:>mr,H2
min t max
Pmr,H2 < Pmr,H2 < Pmr,H2 (13)
down t t-1 up
AI:’mr,Hz < Pmr,H2 - Pmr,Hz < AI:’mr,Hz

where P, and P, are the hydrogen consumption power of MR and the gas production power

0
of MR, respectively; 7, is the reaction efficiency of methanation; PJ% and P,y —are the

mrH, mrH,
maximum and minimum values of P! . ; AP* and AP

meH, meH, men, are the maximum and minimum

values of the P, ’s creep rate, respectively.

3.4. Natural Gas Hydrogen Blending Link


https://doi.org/10.20944/preprints202411.1026.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2024 d0i:10.20944/preprints202411.1026.v1

Mixing a certain proportion of hydrogen in the natural gas pipeline can increase the utilization
path of hydrogen as well as improve the energy utilization efficiency [18]. Assuming that hydrogen
is uniformly distributed in the natural gas pipeline, the proportion of hydrogen mixed with gas at
time period ¢ can be expressed as [57]

(pt _ PgtLHz PgtLHz + Pgttg (14)
_H2

’ VHz VHz VQ

where ¢, is the proportion of hydrogen mixed with gas; Py, is the total amount of hydrogen

mixed with natural gas; Pj, is the amount of hydrogen fed into the GT; V,, is the low calorific

value of hydrogen; P, is the amount of natural gas fed into the GT; V, is the low calorific value

of natural gas
Because more hydrogen doping will lead to “hydrogen embrittlement” phenomenon, so the
proportion of hydrogen doping shall not exceed 20%, then there are [58-60]:

0< @,y <20% (15)

Therefore, the total amount of hydrogen mixed with natural gas after hydrogen blending can be
expressed as:

pt pt

Pgt-Hz = mix{ ngz +VLIQJ (16)
H, 9

Viix = (p;-HZVHZ +[l_¢;-H2Ng (17)

where V. is the low calorific value of natural gas mixed with hydrogen gas.

3.5. Hydrogen Storage Link
In this paper, the high-pressure gaseous hydrogen storage technology is selected to model the
hydrogen energy storage (HES) tank, i.e., [61]:
t _ pH 2 S ':'ankm moITTank
YTank - 5 \/
RHZVTank

t t-1 t t
STank = STank + (Vin,H _vout,H) At

Phles,c = Vi[n,HVHz’ Ph[es,d = V(tJut,HVH2 (18)
S t — Y‘IEank

hes Ymax
0< P, <P

hes,c — " hes,c

t max
0 < Phes,d < Phes,d

where Y;,, and Y __ are the pressure inside the HES tank and its upper limit, respectively; S},
is the amount of hydrogen stored in the HES; p, and R,, are the density and relative molecular

mass of hydrogen, respectively; m_ is the molar gas constant; T, is the temperature of the gas

inside the HES tank; v, , and v, are the rate of hydrogen charging and discharging in the HES

out,

tank; Pjs.and Plgq is the power of hydrogen charging and discharging, respectively. V., is the
tank volume of the HES; S/, is the hydrogen storage state of the HES. P&z and P are the

hse hes,c

maximum values of hydrogen charging power and hydrogen discharging power, respectively.

4. IES Scheduling Model
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4.1. Objective Function

In this paper, the lowest total operating cost of IES is taken as the optimization objective for low-
carbon economic dispatch, and its objective function can be expressed as follows:

min FIES = {FCO2 + I:Buy,e + I:Buy,g + Fmain + le} (19)

. . F F . .
where F, isthe cost of carbon trading; ~ ®¥¢ and ~ ®¥9 are the cost of purchasing electricity and

gas; Foper is the cost of equipment operation and maintenance; and F, is the cost of wind
abandonment. The rest of the equation can be expressed as follows:

(1) Carbon trading costs C1

The baseline method is used to allocate carbon allowances to IES, which consists of three main
components, namely, purchased electricity, GT and GB. In addition, a portion of carbon dioxide can
be absorbed when converting hydrogen to natural gas in MR, so the carbon allowances of IES are
allocated as follows:

. T
EIgE”Sd = z ¢e Pgtrid
t=1
h C t t
EICEg = Z q)h (ﬂ“e-h Pchp,e + Pchp,h)
= (20)
T
E|gEbs = Z¢h Pgtb,h
t=1

T
EIrIrE"S = Z Drae Prrtlr,g

t=1

Eis' = Eis +Eg + B —Eigs (21)
where EZ! is the free carbon allowance of IES for purchasing electricity from the external grid; EZ?
and EZ, are the free carbon allowances of CHP and GB, respectively; ¢, and ¢, are the carbon
emission allocation coefficients per unit of electricity and per unit of heat, respectively; Py, is the
purchased power of the system; E is the amount of carbon dioxide absorbed by the MR; 4., is the
electricity-heat conversion coefficient; E,%' is the total carbon allowance of the IES; ¢, is the
efficiency of carbon dioxide absorption by the MR; P, is the purchased electricity of the IES; and
Ppn is the heat output of the GB.

Therefore, the carbon trading cost borne by IES can be expressed as follows:
Feo, = Ceo, (Eis —Eie) (22)

where c, is the price per unit of carbon traded; Eggis the actual carbon emissions of IES, which

can be calculated in the literature [62].
(2) Cost of electricity and gas purchases C2

T
FBuy,e = Zg; Pgtrid (23)
t=1
TP +P)
FBuy,g — ;6‘;( gt,gv gb,g ) (24)

9
Where: & and ¢ are the price of electricity and gas purchased by IES from the external grid,

respectively; P is the amount of natural gas imported by GB.

(3) Equipment operation and maintenance costs C3

Fran =X (DA P Y (PL AP (29)
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where i and j are the types of energy conversion equipment and energy storage equipment,
respectively; P is the output power of energy conversion equipment i; P/ and P, the charging

and discharging power of energy storage equipment j, respectively; A,

. is the operation and

maintenance coefficients of energy conversion equipment i; and y,; is the operation and

maintenance coefficients of energy storage equipment j.
(4) Wind abandonment costs C4

"
Fue =00 (Pao —P)  (26)
t=1

where §,, is the cost per unit of wind penalty; P, is the power of wind power on-line; P,  is

the predicted power of wind power

4.2. Restrictive Condition

(1) Equipment operating constraints
The operating constraints for the GI, WHB, EB, Kalina cycles and the involved hydrogen
multiple utilization models in IES can be found in Egs. (1)-(3) and (11)-(18) and will not be repeated
here. And the operational constraints of the battery (BT) and heat storage tank (HST) can be expressed
as [63]:

t t max
O < Pk,c < Kk,cPk,c
t t max
0< Ry <&y aPs
Kyo +Kig <1 (27)
min t max
S < S < g

Sli = Si A=-r)+ (Pkt,cnk,c - Pkt,d /77k,d)

where k € {BT, HST}; «;. and &k, are the operating states of the energy storage device k,
respectively; S, is the energy storage capacity of the energy storage device k; Bt is the upper limit
value R ; n,.and 7, arethe charging and discharging efficiencies of the kh type of energy storage
device, respectively; B/ is the upper limit value B ;; S;""and S are the minimum and maximum

values, respectively.
(2) Interacting power constraint

grid
28
0< Py, <P 2%)

gas =

{0 <Py PR

where P is the upper purchased gas power of the IES; Pgi‘and Pg™ are the upper purchased

power limit and upper purchased gas power limit, respectively [64].
(3) Power balance constraints

t t t t t
Pt + Pae + thc,e +Pyg +P,

ot t t
chp,e grid — Le + Pbt,c +P

ele
t

t t t t to_ gt
Pgb,h + Pchp,h + Phst,d + thc,h + I:)el,h - Lh + Phst,c (29)

t t _ pt t

Pgt,g + Pgb,g = Pgas + Pm,,g
t t _ pt

P,, +P...= Pm,’HZ

t t t
elH, hes,c + thc,H2 + Phes,d + I:)gt,HZ

t t t t
where Pote and Pota are the charging and discharging power of BT, respectively; P and Prsca are

the charging and discharging thermal power of HST, respectively [65].


https://doi.org/10.20944/preprints202411.1026.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2024 d0i:10.20944/preprints202411.1026.v1

5. Case Study

5.1. System Settings

In order to verify the effectiveness of the proposed method, the IES topology diagram in Figure
1is taken as an example to be analyzed. Among them, the electric and thermal load prediction curves
and the wind power prediction curve are shown in Figure 2; the initial tariff is shown in Table 1; the
IES equipment parameters are shown in Table 2; the outdoor temperature is shown in Figure 3; the
upper and lower constraints on the tariffs are taken as [0.35, 1.4] yuan/kWh; T,™ and T, are 18°C

and 24°C, respectively; ¢, and ¢, are 0.728t/(MWh) and 0.102t/(GJ), respectively.

g
P - o fct
[Katinafis# ] ﬁwsmimh 3
x |

B
VRN 2
g - == MRS |1 e - - -]

‘ | v
T o FmeEs ‘r—Yﬁm@/ﬁ%n‘:] [&mm]

— i —— > A - > e — - AR

Figure 1. IES Topological structure diagram.
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i
Figure 2. Electricity, heat load and wind power prediction curve.

Table 1. IES’ electricity price parameters.

Items Time periods Yuan/kWh
08:00-11:00,
Peak 1.21
17:00-22:00
Off-peak 7:00-8:00, 11:00- 0.88
period 17:00, 22:00-23:00 '
23:00-24:00,00:00-
Valley 0.48
07:00

Table 2. IES Equipment Parameters.

operating
Capacity Conversion Ramp
Units cost
(kW) efficiency  constraint(kW)
/(Yuan/kWh)
Power:0.40
MT 700 150 0.056

Heat:0.50
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10
Waste Heat
800 0.85 200 0.035
Boiler
Gas Boiler 800 0.9 200 0.03
EB 400 0.88 80 0.032
Kalina
400 0.75 80 0.06
Cycle
Electrolyzer 300 0.9 60 0.048
Methane
150 0.7 30 0.055
Reactor
Hydrogen
Storage 150 0.92 30 0.018
Tank
12 —
10k R JE
—~ 8 [
= 47
Wo2r
= oof
2k
s
%00 o400 08:00 12220 1600 2000  24:00

i 21|

Figure 3. Typical Daily Outdoor Temperature.

5.2. Validation of the Effectiveness of Source-Load Bilateral Demand Response

5.2.1. Source-Side CHP Thermoelectric Flexible Response Analysis

In order to verify the effectiveness of the source-side CHP thermoelectric flexible response
model, the following four scenarios are set up for comparative analysis:

Scenario 1: taking into account the traditional CHP IES scheduling model; Square Scenario 2:
introducing the EB model on the basis of Scenario 1; Scenario 3: introducing the Kalina cycle model
on the basis of Scenario 1; Scenario 4: forming the CHP thermoelectric flexible response model on the
basis of Scenario 1 by introducing the EB model and the Kalina cycle at the same time.

Table 3 shows the cost comparison results of the four scenarios. Firstly, the cost comparison
results of each scenario are analyzed. From Table 3, it can be seen that the total cost of IES and carbon
emission are the highest in Scenario 1, while Scenario 2 and Scenario 3 decouple the CHP’s “heat by
electricity” and “heat by electricity” modes, respectively, with the introduction of the EB model and
the Kalina cycle model, respectively. “With the introduction of the EB model and the Kalina cycle
model respectively, the total cost of CHP decreases by 4.16% and 4.57%, and the total carbon emission
decreases by 3.82% and 7.32% compared with Scenario 1, respectively. For Scenario 4, due to the
introduction of both EB and Kalina cycles to realize the flexible output of CHP thermoelectricity, the
total cost of its IES decreases by 4.32% and 3.91% compared with Scenario 2 and Scenario 3,
respectively, and the total amount of carbon emission decreases by 7.19% and 3.68% compared with
Scenario 2 and Scenario 3, respectively, which verifies the validity of the CHP thermoelectricity
flexible response model proposed in this paper.

Table 3. Cost results under four schemes.
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Scenarios C1/ C2/¥ C3/¥ C4/¥ Total Carbon
Cost/¥ Emissions/kg
1 21091.7 -11314 3185.6 1247.3 24393.2 11785.8
2 20112.6 -884.1 3311.5 826.9 23376.9 11335.9
3 19974.3 -1395.6 3533.5 1164.3 23276.5 10922.8
4 19628.9 -1527.0 3643.1 620.2 22365.2 10520.4

As can be seen in Figures 4 and 5, wind power consumption is lowest in Scenario 1, which is
mainly due to the peak-to-valley difference between electricity and heat loads and the operational
constraints of the CHP system. The fixed patterns of “heat for electricity” and “electricity for heat”
limit their flexibility during the peak hours of 22:00-24:00 and 01:00-06:00 at night, and the waste heat
boiler needs to generate a large amount of heat to meet the heat demand, which leads to an increase
in the power output of the gas turbine, thus failing to effectively utilize the available wind power.
power output to increase, thus failing to effectively utilize the available wind resource. This situation
makes IES show the lowest operational flexibility in Scenario 1.
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Figure 4. Wind power consumption results in four scenarios.

In Scenario 2, the application of an electric boiler allows for the complete conversion of gas
turbine power to heating energy from 11 p.m. to 7 a.m., thus breaking the conventional constraint of
“heat for electricity”. This shift significantly enhances the utilization of wind power at night, although
the constraint of “heat for electricity” remains. Moving on to Scenario 3, the addition of the Kalina
cycle allows the GT to convert a portion of its thermal output into electricity, removing the “heat to
power” constraint, which helps to alleviate the pressure during peak hours and reduces the need to
purchase external power [66]. As for Scenario 4, the CHP system achieves complete decoupling
between the dual constraints of “heat for electricity” and “heat for electricity” by integrating both EB
and Kalina cycle technologies. As shown in Figure 5, this measure makes the CHP’s thermoelectric
output extremely flexible and enhances the adjustment and response capability of the whole system.
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Figure 5. Decoupling results of cogeneration in four scenarios.

Figure 6s and 7 show the distribution of electrical and thermal power from the gas turbine (GT)
in scenario 4, as well as the results of the electrical and thermal energy balance. From these figures, it
can be seen that during the nighttime hours of 23:00-24:00 and 01:00-07:00, due to the high wind
power, the electrical power generated by the GT is used exclusively to drive the electric boiler to
generate thermal energy, thus increasing the consumption of wind power. During the daytime hours
of 10:00-20:00, part of the thermal output of the GT is used to drive the Kalina cycle to generate
electricity, thus reducing the demand for electricity purchased from the external grid by the IES, due
to the similarly high level of electric loads and electricity prices. In addition, according to the data in
Table 3, Scenario 4 is the lowest in terms of total IES cost and carbon emissions, which verifies the
high efficiency of the CHP thermoelectric flexible demand response model. Meanwhile, the peak-to-
valley regulation of electric and thermal loads is also effectively supported by energy storage devices-
battery storage and thermal storage-which charge energy during load troughs and release energy
during peaks, further optimizing the load profile and demonstrating the important role of peak
shaving and valley filling.
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Figure 6. Electric and thermal power flow direction in scenario 4.
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Figure 7. Electric and thermal power scheduling results for scenario 4.

5.2.2. Load-side electrical and thermal IDR modeling analysis

In order to verify the validity of the proposed electric and thermal IDR models, the electric and
thermal IDR models are introduced to form Scenario 5 based on Scenario 1. Table 4 shows the cost
comparison results for Scenario 1 and Scenario 5. Figure 8 shows the load, wind and GT comparison
results for Scenario 1 and Scenario 5.

From the data analysis in Table 4 and Figure 8, it can be seen that the high output characteristics
of wind power in the evening lead to a high abandonment rate. In Scenario 5, by adjusting these peak
electric load hours of 10:00-12:00 and 15:00-19:00 to the high wind power output hours of 23:00-07:00,
the nighttime wind power dissipation capacity is effectively improved. In addition, as shown in
Figure 8b,d, by responding to the thermal load adjustment, the nighttime peak thermal load is
reduced, which correspondingly reduces the electrical output of gas turbines (GTs) and provides
more accommodating space for wind power to be connected to the grid. From Figure 8(c), it is
observed that in Scenario 5, the efficiency of wind power consumption is significantly better than that
of Scenario 1. According to Table 4, compared with Scenario 1, the integrated energy system (IES) of
Scenario 5 reduces the total cost, wind abandonment loss, and carbon emission by 8.79%, 40.9%, and
10.93%, respectively, which are the results proving that the electric and thermal demand response
models have a Significant effect.

Table 4. Comparison results between Scenario 1 and Scenario 5.

Scenario Cl1/¥ C2/¥ C3/¥ C4/¥ Total cost/¥ Carbon
Emissions/kg
1 21091.4 -1131.4 3185.6 1247.3 24393.2 11785.8

5 19665.1 -1253.1 3099.6 737.1 22248.7 10497 .4
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Figure 8. Comparison results of electric heating Load, wind power, and GT for schemes 1 and 5.

5.2.3. Flexible Demand Response Analysis for Source and Load Bilateral

In order to verify the effectiveness of source-load bilateral flexible demand response, Scenario 6
is added to compare and analyze with Scenario 4 and Scenario 5. Scenario 6 is the IES optimized
operation model considering flexible demand response at source-load bilaterally. Table 5 shows the
cost comparison results of the three scenarios. Figure 9 shows the power dispatch results of scenario
6 and the wind power consumption comparison results of the three scenarios, respectively.

According to the analysis in Figure 9, Scenario 6 integrates the source-side CHP thermoelectric
flexible demand response model and the load-side electric and thermal IDR models, which enables
the IES to flexibly adjust the thermoelectric output of the CHP according to the actual changes in
electric and thermal loads. Compared with Scenarios 4 and 5, Scenario 6, by integrating the source-
side and load-side strategies, not only realizes the transfer of peak electric loads to the valley hours,
but also converts the excess nighttime electric energy into thermal energy through the electric boiler,
which significantly improves the wind power consumption capacity and reduces the cost of energy
purchases and carbon emissions. This result emphasizes that the economy and flexibility of the
system can be significantly improved through the synergistic optimization of the source side and the
load side.
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Figure 9. Comparison of power dispatch results for scenario 6 and wind power consumption

results.


https://doi.org/10.20944/preprints202411.1026.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2024 d0i:10.20944/preprints202411.1026.v1

15

5.3. Analysis of the effectiveness of multiple utilization of hydrogen energy

Next, the impact of the proposed hydrogen energy multiple utilization model on the optimal
scheduling of the system is verified. In this paper, on the basis of Scenario 6, Scenario 7 and Scenario
8 are added for comparative analysis. Scenario 7: On the basis of scenario 6, a hydrogen energy
utilization model composed of EL, MR, and HFC is introduced. Scenario 8: On the basis of Scenario
7, the gas hydrogen mixing link is introduced.

Table 5 shows the cost comparison results of Scenario 6-Scenario 8. Calculated from Table 5, it
can be seen that compared with Scenario 6, the total cost and carbon emission of IES in Scenario 7 are
decreased by 4.83% and 10.52%, respectively, and after the introduction of the hydrogen utilization
model, the wind power of IES is completely consumed, which verifies the role of the hydrogen
utilization model in this paper.

Table 5. Cost comparison results of three schemes.

Parameters Scenario 6 Scenario 7 Scenario 8
C1 /Yuan 18673.1 17931.4 17457.9
C2 /Yuan 3500.8 3813.6 3890.9
C3 /Yuan 391.3 0 0
C4 /Yuan -1760.6 -1945.3 -1964.1
Total Cost /Yuan 20804.6 19799.7 19403.7
Total Carbon Emissions /kg 9397.5 8408.4 8179.7

6. Conclusion

This study has developed a comprehensive low-carbon optimal dispatch model for integrated
energy systems that incorporates both source and load-side demand responses along with extensive
hydrogen energy utilization. This model strives to enhance the low-carbon and cost-effective
operations through a synergistic source-load coordinated approach. From the analysis of practical
examples, we derive several key insights:

(1) The proposed flexible response model for Combined Heat and Power integrates an electric
boiler and the Kalina cycle, effectively decoupling the fixed “heat-determined electricity” and
“electricity-determined heat” operational modes of CHP. This adaptation facilitates flexible
thermoelectric output from the source side, markedly enhancing the system’s capacity to integrate
renewable energy.

(2) By synchronizing the flexible demand response mechanisms from both the source and load
sides, the model allows for adaptable adjustments in CHP output power. This alignment optimizes
the electric and thermal load profiles concurrently, achieving an integrated optimization of both
source and load. The results indicate that this model not only boosts the overall system flexibility but
also significantly lowers both wind curtailment and operational costs.

(3) Incorporating a multi-faceted hydrogen utilization model, which includes electrolyzers,
methane reactors, hydrogen Fuel Cells, and gas-hydrogen blending capabilities, the system can
effectively harness and maximize the use of excess nighttime wind energy. This integration enhances
the energy efficiency, cuts total carbon emissions, and reduces the operating expenses of the IES.

While this model demonstrates significant potential, it acknowledges certain limitations, such
as the assumption of constant market conditions and regulatory environments, which may not hold
in dynamic real-world settings. Future research should explore the adaptability of the model under
fluctuating economic conditions and varying regulatory frameworks. Additionally, integrating
artificial intelligence, as explored in the context of enhancing transient stability in power systems
[67,68], could further optimize energy management and security in integrated energy systems. These
directions promise to refine the scalability and applicability of the model, paving the way for more
resilient and adaptable energy system frameworks.
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