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ABSTRACT: Wind and photovoltaic generation integration into power systems has steadily increased in recent
years. To mitigate increasing renewable curtailment and deteriorating operational economics associated with high
penetrations of wind and PV, this paper develops a robust optimal scheduling framework for integrated energy systems
that integrates waste-heat recovery from power-to-ammonia (P2A) processes and ammonia cofiring as a substitution
strategy. First, the energy transfer pathways of electricity–heat, ammonia, and the heat release characteristics of
the entire P2A process are analyzed, enabling waste heat recovery throughout the conversion process. Second,
considering the low-carbon characteristics of ammonia cofiring in gas turbine units, the combustion mechanism
of ammonia–natural gas blends is examined. Subsequently, an energy-curtailment-driven carbon capture control
strategy is developed by introducing electricity-heat flexible loads, and a collaborative operation model coupling carbon
capture equipment with ammonia cofiring is constructed. Finally, a high-dimensional scenario set representing wind
and photovoltaic fluctuations is generated via Latin hypercube sampling, clustered, and embedded into a two-stage
distributionally robust optimization model. The proposed method is solved using the IBM solver, and simulation results
verify its stability under extreme wind and photovoltaic volatility, achieving a 37.2% reduction in total cost and a 68.05%
reduction in carbon emissions compared to the baseline scenario.

KEYWORDS: Power-to-ammonia; waste heat recovery; ammonia cofiring substitution; two stage robust optimization;
curtailment driven carbon capture

1 Introduction

1.1 Background
Driven by the global carbon neutrality strategy, renewable energy sources represented by wind and

Photovoltaic (PV) rapidly shift from supplementary to primary energy roles, becoming the main drivers
of new electricity demand growth [1]. However, while large-scale integration of wind and PV promotes
decarbonization of the energy mix, their inherent intermittency, variability, and reverse peak regulation
characteristics have introduced multiple challenges to the system, including rising curtailment rates, insuffi-
cient reserve capacity, and deteriorating operational economics [2]. To overcome the bottleneck in renewable
energy absorption, the international research community has focused on key technologies such as power
to hydrogen storage, using cross-domain energy conversion to store surplus wind and PV generation [3].
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Nevertheless, energy losses during hydrogen production and the high cost and risk associated with hydrogen
storage and transport constrain their large-scale application [4]. Against this background, ammonia, because
of its high energy density, low liquefaction/transportation costs, and carbon-free combustion, has been
designated by many nations as a strategic energy carrier; consequently, proposals such as blending ammonia
into coal combustion in existing coal plants aim to substitute traditional fossil fuels [5]. Although China has
incorporated ammonia energy into guidelines for novel energy storage technologies, bottlenecks remain in
coupling wind and PV-driven ammonia production, including insufficient consideration of renewable output
uncertainty and unclear quantification of energy losses [6]. Therefore, constructing a multi-energy coupling
mechanism that balances high absorption efficiency and low operating cost, while quantifying the dynamic
impacts of wind and PV uncertainty on the system’s low-carbon economic performance, has become a key
issue for resolving deep renewable integration into the grid and is of great significance for advancing a secure
and low-carbon transformation of the new power system.

1.2 Literature Survey
Wind and PV output are stochastic and intermittent, creating conflicts with power system supply–

demand balance [7]. Electrolytic hydrogen production can convert renewable electricity into hydrogen for
storage, and the hydrogen production process is near-zero carbon [8]; however, electrolytic hydrogen is
constrained by high production costs and difficulties in hydrogen storage and transport. In this context,
ammonia has emerged as a research focus because it is a flexible and low-cost energy carrier for storage and
transport. Power to Ammonia (P2A) converts electricity into ammonia via synthesis following electrolysis,
addressing the hydrogen storage and transport challenge and providing a practical pathway for large-
scale renewable energy storage. Reference [9] demonstrated the efficiency advantages and low carbon
characteristics of P2A relative to fossil fuels. Reference [10] integrated P2A with liquid air energy storage to
form an ammonia power cogeneration system capable of mitigating power supply and demand uncertainty.
Reference [11] analyzed the economic low-carbon benefits and energy consumption levels of ammonia
storage and combustion. Reference [12] proposed a low-carbon economic optimal scheduling model that
jointly operates oxyfuel combustion and P2A. Reference [13] performed thermodynamic modeling of the
P2A electrolysis process and translated long-term degradation into short-term cost terms. However, the
above studies treat P2A as a monolithic system and do not implement modular or detailed modeling, which
hampers accurate quantification of internal energy flow coupling mechanisms and dynamic constraints
within the P2A system, and fails to expose the cascading loss effects of renewable fluctuations on ammonia
conversion efficiency.

As a hub for coupling electricity, heat, and chemical energy, green ammonia enables large-scale
production to supply low-carbon fuel for coal-fired units and simultaneously serves as a fuel substitute and an
energy storage medium. In contrast, ammonia cofiring can achieve low-cost coal-fired units transformation
without extensive equipment retrofits [14]. Reference [15] analyzed key technologies and combustion kinetics
of ammonia and discussed how ammonia cofiring contributes to low-carbon goals. Reference [16] examined
ammonia fuel characteristics and validated the feasibility of ammonia cofiring. Reference [17] demonstrated
the potential for carbon emission reduction via ammonia cofiring in boiler systems. Reference [18] reviewed
application prospects and development trends for ammonia fuel and identified ammonia cofiring as an
important decarbonization pathway. Reference [19] employed curtailed wind power to drive P2A production
of green ammonia to reduce system carbon emissions and enhance renewable absorption. Reference [20]
proposed a two-layer optimization model based on P2A carbon capture coordination and ammonia cofiring
to improve renewable absorption and low-carbon economic operation. Nevertheless, these studies mainly
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focus on emission reduction and absorption capability of ammonia cofiring and do not consider the synergis-
tic benefits of green ammonia deployment and curtailed energy-driven carbon capture for decarbonization
and renewable absorption. Moreover, the high-temperature waste heat recovery from ammonia synthesis
during green ammonia production and the dynamic matching with electricity and heat demand response
(DR) have not been adequately addressed, leaving substantial potential for improving overall system energy
efficiency unexplored.

Ammonia cofiring as a fuel substitution alleviates the energy supply conflict and carbon emission
pressure of carbon capture-equipped units; however, under scenarios with high PV and wind penetration, the
output variability of these resources can still induce electricity to ammonia supply and demand imbalances
within the P2A system. Existing research predominantly relies on stochastic programming and robust
optimization approaches to handle uncertainties in integrated energy systems (IES) [21]. Reference [22], for
an IES with ammonia storage, quantifies wind and PV stochastic fluctuations using joint probability distri-
butions and constructs a coordinated representation model for multi-source uncertainty, mitigating adverse
impacts on economic performance and low-carbon targets. Reference [23] represents renewable generation
(RG) variability using uncertainty sets and develops a two-stage robust optimization formulation for IES
with P2A to ensure feasibility under severe fluctuations. Nevertheless, faced with the high-dimensional and
substantial uncertainty of wind and PV, stochastic programming becomes increasingly difficult to formulate,
and conventional robust optimization struggles to finely capture the spatiotemporal correlation character-
istics of renewable output and their complex impacts on the coupling of electricity and ammonia energy
flows. Reference [24] extracts representative scenario features through scenario generation and clustering
to accurately characterize multiple wind PV and load uncertainties for production planning optimization.
Despite progress in scenario generation and robust optimization, these works have not clarified the intrinsic
coupling between the two approaches in P2A systems, which leads to scheduling solutions that diverge from
low-carbon economic optima and impedes the simultaneous optimization of ammonia-dispatch robustness
and the economic performance of ammonia synthesis under multiple sources of variability.

1.3 Research Gap
Although prior studies have made pioneering contributions, several research gaps remain:

1. Existing models often treat power-to-ammonia (P2A) as a ‘black-box’ unit, neglecting critical processes
such as electrolyzer start-stop delays and the recovery of reaction heat from ammonia synthesis. This
oversight results in the inefficient utilization of thermal energy generated during water electrolysis and
the ammonia production stage, leading to a loss of energy cascade utilization efficiency.

2. Current research fails to consider the synergistic carbon reduction potential between green ammonia
fuel supply and carbon capture driven by curtailed renewable energy. Consequently, the collabo-
rative benefits of green ammonia applications and carbon capture in enhancing renewable energy
consumption remain unexplored. Furthermore, the failure to align these strategies with the dynamic
characteristics of IDR restricts the potential for optimized energy utilization.

3. Existing scheduling studies of systems incorporating P2A rely solely on scenario generation tech-
niques to represent uncertainty or employ robust optimization to handle extreme scenarios. This
approach leads to an imprecise quantification of the electricity-ammonia supply-demand imbalance
risk triggered by fluctuating wind and solar power within the robust framework. Consequently, there is
significant room for improvement in identifying the optimal solution for generating units’ low-carbon
and economic dispatch.
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1.4 Contribution
This study develops a robust optimal scheduling approach for IES that incorporates P2A waste-heat

recovery and ammonia cofiring as a substitution measure. The main contributions are as follows:

1. A novel modular modeling framework for the complete P2A production chain is developed, which
explicitly captures the high-grade waste heat (350○C–380○C) generated during the exothermic ammo-
nia synthesis reaction. This heat is recovered through a dedicated waste heat boiler (WHB) system
and dynamically allocated to either direct thermal load supply or thermal energy storage, enabling
cascade utilization of thermal energy across electricity, heat, and chemical domains. This represents a
significant advancement over existing “black-box” P2A models and provides a foundation for efficient
renewable-driven ammonia production with enhanced energy integration.

2. An innovative curtailment-driven carbon capture strategy is proposed, where the CCPP operates exclu-
sively on surplus renewable energy. Furthermore, we establish a synergistic mechanism between green
ammonia supply and carbon capture, where waste heat from ammonia synthesis partially supports the
capture process, creating a closed-loop carbon-energy nexus. This coordination significantly enhances
both renewable energy utilization and system-wide decarbonization.

3. A scenario generation and robust optimization coordinated framework is adopted, whereby a high-
dimensional scenario set of wind and PV fluctuations is produced and clustered, then embedded into a
two-stage distributionally robust optimization model. This framework precisely transmits the impacts
of renewable variability to ammonia supply and demand, enabling the system to maintain low-carbon
economic operation under high-dimensional uncertainty.

2 IES Model Formulation with P2A Waste Heat Recovery and Ammonia Substitution
The refined electricity–heat–ammonia IES developed in this study is depicted in Fig. 1 and comprises a

hydrogen production unit, a detailed P2A facility, and a power plant equipped with carbon capture, achieving
efficient low-carbon operation via coordinated conversion across multiple energy vectors.
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Figure 1: Structure diagram of the IES
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In the system, electrical demand is jointly supplied by wind farms, PV, coal-fired units, hydrogen
fuel cells, and gas turbines (GT); thermal demand is met by gas boilers (GB), waste heat recovery from
GT, and process heat from the P2A plant. The hydrogen unit and the P2A facility are tightly coupled to
enable multi-directional conversion and storage among electricity, heat, hydrogen, and ammonia. The energy
consumption of the CCPP is supplied by renewable sources and, acting as a flexible controllable load,
participates in system power balancing and renewable absorption.

During abundant wind and PV output coupled with low electric load, surplus electricity drives the
electrolyzer to produce hydrogen, which supplies hydrogen fuel cells for storage and the ammonia synthesis
process. Waste heat generated during ammonia synthesis is recovered via heat exchangers and directly
supplied to thermal loads or storage units. In periods of insufficient wind and PV output and peak electric
load, hydrogen stored in hydrogen tanks is converted to electricity by hydrogen fuel cells. In contrast, liquid
ammonia stored in ammonia tanks is cofired with or substitutes for coal in thermal power units to jointly
alleviate power deficits in the grid. Meanwhile, waste heat from the electrolyzer and ammonia synthesis
continues to meet thermal demand. The CCPP operates flexibly according to system net load and carbon
constraints, enhancing renewable energy absorption capability.

The detailed process of the refined P2A facility is illustrated in Fig. 2. The model comprehensively
characterizes the key stages of ammonia synthesis, including water electrolysis for hydrogen production,
air separation for nitrogen generation, and ammonia synthesis from nitrogen and hydrogen, as well as the
dynamic characteristics of core unit equipment such as compressors, heat exchangers, ammonia reactors,
refrigeration systems, and separation devices. Under catalytic action, nitrogen and hydrogen undergo highly
exothermic thermodynamic reactions to form ammonia. The reaction products are cooled and liquefied by
the refrigeration system, then purified into liquid ammonia via high and medium-pressure separation units.
The model finely captures the gas circulation control process: unreacted nitrogen-hydrogen mixed gas is
recycled through vent pipes back into the system for further reaction, while inert gases accumulated in the
synthesis loop are vented.

Figure 2: Detailed structure of P2A production

2.1 Water Electrolysis Module
The renewable energy hydrogen production system adopts an AEL, with the reactions as follows [25]:

H2O → H2 +
1
2

O2 (1)
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Anode:

2OH− → 1
2

O2 +H2O + 2e− (2)

Cathode:

2H2O + 2e− → H2 + 2OH− (3)

This study focuses on the role of the electrolyzer in accommodating renewable energy, setting the
electrolyzer efficiency as a fixed parameter. The operation model of the hydrogen unit can be expressed as:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

MH2
t =

ηH2 PH2
t

δH2

MHST
t = MHST

t−1 + ηin
HSTMH2

t −
MH2 ,gt

t
ηout

HST

(4)

where MH2
t is the hydrogen mass produced by the electrolyzer; PH2

t is the energy consumption of the elec-
trolyzer; ηH2 , δH2 represents the electrolyzer’s operating efficiency and electricity-to-hydrogen conversion
coefficient; MHST

t , MHST
t−1 denotes the hydrogen storage in the hydrogen tank; ηin

HST, ηout
HST indicates the

hydrogen charging and discharging efficiencies of the storage tank.

2.2 Hydrogen Fuel Cell Module
This study establishes a control model founded on the combined-heat-and-power characteristics of

hydrogen fuel cells. The operational model is given by Eq. (5).

⎧⎪⎪⎨⎪⎪⎩

PHFC
t = ηHFC

t ,e MHFC
t ,H2

QHFC
t = ηHFC

t ,h MHFC
t ,H2

(5)

where MHFC
t ,H2

is the hydrogen mass input to the fuel cell; PHFC
t , QHFC

t are the electrical and thermal power
outputs; ηHFC

t ,e , ηHFC
t ,h represent the electrical and thermal efficiencies of the fuel cell.

2.3 Air Separation Nitrogen Production Module
Part of the electricity generated by wind and PV is supplied to the Air Separation Unit (ASU), which

separates nitrogen and oxygen through cryogenic distillation, exploiting their boiling point difference [26].
The model is expressed by Eq. (6).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

QN2 = Qair ⋅ yN2 ⋅ ηsep
ηsep = ηmax ⋅ [1 − e−k p ⋅(PDC−Pmin)]

Wcomp = Qair ⋅R⋅T1
ηcomp

[( PDC
P1
)

γ−1
γ − 1]

EASU =Wcomp + Qair ⋅ cp ⋅ (T1 − TL)

(6)

where QN2 is the nitrogen production; Qair is the air inlet flow rate; PDC is the operating pressure of the
distillation column; Pmin is the minimum liquefaction pressure; TL is the liquefaction temperature; T1 is
the compressor inlet temperature; ηsep is the air separation efficiency; ηcomp is the compressor efficiency;
ηmax is the maximum separation efficiency; Wcomp is the compressor power consumption; kp is the pressure
influence coefficient; cp is the specific heat capacity of air at constant pressure; EASU is the total energy
consumption of the air separation unit for nitrogen production.



Energy Eng. 2026;123(6):8 7

2.4 Nitrogen Synthesis Unit Modeling
This study employs the mature Haber-Bosch (H-B) process for ammonia synthesis, as illustrated

in Fig. 3.

Nitrogen

Condenser

Ammonia

Mixed
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Air
Compressor
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Figure 3: Haber-Bosch ammonia synthesis process diagram

The process uses hydrogen produced via water electrolysis and nitrogen from the ASU as feed gases.
Ammonia is synthesized at elevated temperature and pressure, subsequently cooled and separated to yield
liquid ammonia; the reaction is shown in Eq. (7).

N2 + 3H2 ⇌ 2NH3 (7)

To ensure production safety and comply with thermodynamic balance and catalyst activity constraints,
the ammonia yield in the synthesis unit must be maintained within specified limits. Its rate of change and
ramping speed must satisfy upper and lower bound constraints [27].

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

mN H3
t = mN H3

t−1 + rN H3
t

rminN H3 ≤ rN H3
t ≤ rmaxN H3

mminN H3 ≤ mN H3
t ≤ mmaxN H3

PN H3
t = cN H3 mN H3

t

(8)

where mN H3
t is the ammonia yield, rN H3

t is the ammonia yield ramp rate; mN H3
max and mN H3

min are the lower
and upper limits of the ramp rate; rmaxN H3 and rminN H3 are the lower and upper limits of ammonia yield;
PN H3

t is the energy consumption of the synthesis unit; cN H3 is the electricity consumption per unit mass of
ammonia produced.

2.5 Waste Heat Recovery and Power Generation Unit
The waste heat recovery process represents a key innovation in our P2A modeling approach. As shown

in Fig. 4, the high-temperature reaction gas (350○C–380○C) exiting the ammonia synthesis tower passes
through a waste heat boiler (WHB), where it is cooled to 240○C–250○C. This temperature reduction enables
the recovery of substantial high-grade thermal energy.
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The recovered heat is utilized through multiple pathways:
Direct thermal supply: Generated high-pressure steam directly serves thermal loads.
Thermal energy storage: Excess heat is stored in thermal storage tanks for time-shifted utilization.
Carbon capture support: Partial heat supply to the carbon capture system’s regeneration process.
This multi-level utilization strategy enables cascade energy recovery from the exothermic ammonia

synthesis reaction, significantly enhancing overall system efficiency. The thermal power recovered by the
WHB is modeled as:
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

QNH3 ,WH
t = MAmNH3

t Cp (T1 − T2)
mG

t = (1 − ηsun) [QNH3 ,WH
t / (H1 −H2)]

PNH3 ,WH
t = mG

t H1
QW HB ,t = ṁN H3,out ⋅ cp ⋅ (Tin − Tout) ⋅ ηW HB

(9)

where QNH3 ,WH
t is the heat recovered by the waste heat boiler; mNH3

t is the ammonia production rate; MA
is the average flow rate of the ammonia synthesis tower outlet gas per unit mass of ammonia produced;
Cp is the average specific heat capacity of the ammonia synthesis tower outlet gas; T1 is the average inlet
temperature of the waste heat boiler gas; T2 is the average outlet temperature of the waste heat boiler gas; mG

t
is the byproduct steam produced by the waste heat boiler; ηsun is the heat loss rate of the waste heat boiler; H1
is the enthalpy of high pressure steam generated by the waste heat boiler; H2 is the enthalpy of boiler water in
the waste heat boiler; PNH3 ,WH

t is the heat output power of the waste heat unit. ṁN H3,out represents the mass
flow rate of synthesis gas, cp denotes specific heat capacity, Tin and Tout are inlet and outlet temperatures,
respectively, and ηW HB is the heat recovery efficiency.

2.6 Coal-Fired Unit Ammonia Cofiring Model
Ammonia possesses a calorific value comparable to coal; consequently, cofiring ammonia in coal-fired

units can reduce coal consumption. The ammonia cofiring technology involves mixing ammonia gas into
the existing pulverized coal combustion process, as shown in Fig. 5.
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Figure 5: Ammonia cofiring schematic

The operation model of ammonia cofiring in coal-fired units is expressed as [20]:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Mcoal,NH3
i ,t = ai (PTP

i ,t )
2 + bi PTP

i ,t + ci −mNH3
t

QNH3

Qcoal
Mcoal

i ,t = ai (PTP
i ,t )

2 + bi PTP
i ,t + ci

ζt =
mNH3

t QNH3

Mcoal,NH3
i ,t Qcoal

(10)

where ai, bi, ci are the coal consumption characteristic coefficients; Mcoal,NH3
i ,t , Mcoal

i ,t represent the coal
consumption of unit i during time period t with and without ammonia cofiring; PTP

i ,t is the power output of
unit i; QNH3 , Qcoal denote the lower heating values of ammonia and coal; mNH3

t , ζt are the ammonia quantity
and ammonia blending ratio of the coal-fired unit.

2.7 Carbon Capture Power Plant Model
The CCPP in this study is fully powered by curtailed wind and PV energy and operates under a flexible

scheduling strategy: it runs only when renewable generation exceeds the grid’s baseload demand, serving as
a controllable load to absorb renewable variability and intermittency. Its structure is shown in Fig. 6. The
CCPP model is given by Eq. (11) [28]:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

PCCS
t = PCCS

r ,t + PCCS
s ,t

PCCS
r ,t = λGEηCPG

t

ECC
t = ηCeGPG

t

0 ⩽ PCCS
t ⩽ Pmax

CCS

(11)

where PCCS
t is the total power of the CCS; PCCS

r ,t is the operating energy consumption of the CCS; PCCS
s ,t is

the fixed energy consumption of the CCS, considered constant; PG
t is the generation power of wind or PV

units; ηC is the carbon capture efficiency of the CCS; λGE is the electrical power consumption per unit of
CO2 captured; Pmax

CCS is the upper limit of CCS operating power.
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Figure 6: CCPP structure

Given the substantial energy demand of carbon capture, this study adopts a CCPP configuration with
a flue-gas bypass to enable controlled CO2 venting and thus limit capture energy use. The corresponding
expression is as follows:

E1 (t) = E (t) − e1 (t) (12)

where E (t) and E1 (t) represent the total emissions and CO2 absorbed by the CCS; e1 (t) is the amount of
CO2 released to the atmosphere via flue gas bypass.

It is important to note that the proposed flexible operation strategy for the CCPP, while reducing its
annual utilization rate, is economically justified within the context of this study under two key premises: First,
the primary energy input for the capture process is curtailed renewable electricity, which has a near-zero
marginal cost. This eliminates conventional carbon capture systems’ most significant operational expenditure
(OPEX) component. Second, the stepwise carbon trading mechanism imposes significantly higher penalties
as emissions increase. The CCPP is a strategic asset to avoid these punitive carbon costs at the system
level. The model optimizes for overall system cost, which includes carbon trading expenses, rather than
maximizing the standalone revenue of the CCPP. The capture equipment’s capital expenditure (CAPEX)
is assumed to be justified by the aggregated value it provides through carbon cost savings and enhanced
renewable energy utilization across the entire IES.

2.8 Stepwise Carbon Trading Mechanism Model
This study develops a stepwise carbon trading mechanism based on conventional carbon trading. Fig. 7

illustrates the stepwise carbon trading mechanism.
System carbon emission allowances are determined using the baseline method; the model is given

by Eq. (13):

Eq =
T
∑

t
(δgridPbuy

t + δMTPMT
t + δGBPGB

h,t ) (13)

where Eq is the total carbon emission allowance allocated to the HIES, δ is the carbon allowance per unit
generation of emitting units (t/MWh), Pbuy

t is the system electricity purchase (MW).
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Figure 7: Stepwise carbon trading mechanism diagram

System carbon emissions primarily originate from GT, GB, and coal-fired units. The carbon trading cost
is expressed as follows [29]:

CCO2 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

λ (Ea − Eq) , 0 < Ea − Eq ≤ l
λl + λ (1 + μ) (Ea − Eq − l) ,

l < Ea − Eq ≤ 2l
λ (2 + μ) l + λ (1 + 2μ) (Ea − Eq − 2l) ,

2l < Ea − Eq ≤ 3l
λ (3 + 3μ) l + λ (1 + 3μ) (Ea − Eq − 3l) ,

3l < Ea − Eq

(14)

where Ea is the system’s actual carbon emissions; λ is the base carbon price in the carbon trading market
(¥/kg); μ is the growth rate of carbon trading price across different tiers; l is the length of the carbon emission
interval. Fig. 7 illustrates the stepwise carbon trading mechanism.
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2.9 Electric and Thermal Load DR Model
Adjustable electrical loads include time-shiftable loads and interruptible loads [30]:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

PL
t = PL0

t + PT SL
t − PIL

t

PT SL
min ≤ PT SL

t ≤ PT SL
max

T
∑
t=1

PT SL
t = 0

0 ≤ PIL
t ≤ PIL

max

(15)

where PL0
t is the electrical load before demand response; PL

t is the electrical load after demand response;
PT SL

t is the shiftable electrical load; PIL
t is the interruptible electrical load; PT SL

max , PT SL
min are the upper and

lower bounds of shiftable electrical load; PIL
max is the upper bound of interruptible electrical load.

Adjustable thermal loads comprise interruptible loads and time-shiftable loads [31]:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

ΔQint,t = ΔQint,max,t ⋅ γtemp,t ⋅ (1 − κcomf,t)
T
∑
t=1

Qshift,t =
T
∑
t=1

Q0
shift,t

Qmin
shift,t ≤ Qshift,t ≤ Qmax

shift,t
ΔQt = ΔQint,t + ∣Qshift,t − Q0

shift,t ∣

(16)

where ΔQint,t is the actual reduction of interruptible thermal load; ΔQint,max,t is the maximum theoretical
interruptible amount; γtemp,t is the temperature influence coefficient; κcomf,t is the comfort discount coeffi-
cient (range 0 ≤ κcomf,t < 0.3, ensuring temperature adjustments remain within human tolerance). Qshift,t is
the thermal load power after shifting; Q0

shift,t is the original thermal load power; Qmin
shift,t and Qmax

shift,t are the
lower and upper bounds, respectively, of allowable load shifting. The total adjustable thermal load response
in period t, denoted ΔQt , is composed of interruptible and shiftable loads.

3 Robust Optimization of IES with P2A Waste Heat Recovery and Ammonia Cofiring Substitution

3.1 Two-Stage Robust Optimization Model
Robust optimization typically employs uncertainty sets to describe the uncertainty of wind and PV

output [32–34]. In this study, uncertainty sets are used for wind PV and load. The variability of designated
uncertain variables may be written as follows:

Wind uncertainty set:

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

P∗e ,W T ,t = Pe ,W T ,t + z+W T ,t ΔP+e ,W T ,t − z−W T ,t ΔP−e ,W T ,t

z+W T ,t + z−W T ,t ≤ 1
T
∑
t=1
(z+W T ,t + z−W T ,t) ≤ ΓW T

(17)

where P∗e ,W T ,t denotes the available electrical power of the wind turbine (WT); ΔP+e ,W T ,t and ΔP−e ,W T ,t denote
the upward and downward regulation power of WT; z+W T ,t and z−W T ,t denote the upward and downward
regulation status variables of WT, represented as binary 0 1 variables; ΓW T denotes the fluctuation parameter
of WT uncertainty.
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PV uncertainty set:

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

P∗e ,PV ,t = Pe ,PV ,t + z+PV ,t ΔP+e ,PV ,t − z−PV ,t ΔP−e ,PV ,t

z+PV ,t + z−PV ,t ≤ 1
T
∑
t=1
(z+PV ,t + z−PV ,t) ≤ ΓPV

(18)

where P∗e ,PV ,t denotes the available PV electrical power; ΔP+e ,PV ,t and ΔP−e ,PV ,t denote the upward and
downward regulation power of PV; z+PV ,t and z−PV ,t denote the upward and downward regulation status
variables of PV, represented as binary 0 1 variables; ΓPV denotes the fluctuation parameter of PV uncertainty.

Electric load uncertainty set:

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

P∗e ,L ,t = Pe ,L ,t + z+L ,t ΔP+e ,L ,t − z−L ,t ΔP−e ,L ,t

z+L ,t + z−L ,t ≤ 1
T
∑
t=1
(z+L ,t + z−L ,t) ≤ ΓL

(19)

where Pe ,L ,t denotes the baseline electrical load power; ΔP+e ,L ,t and ΔP−e ,L ,t denote the allowable upward and
downward adjustment magnitudes of the electrical load; z+L ,t and z−L ,t are binary decision variables (0, 1)
indicating whether upward or downward adjustment is enabled; ΓL is the uncertainty budget parameter for
electrical load, which limits the total number of adjustments and controls the conservativeness of the model.

Thermal load uncertainty set:

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

Q∗h ,L ,t = Qh ,L ,t +w+L ,t ΔQ+h ,L ,t −w−L ,t ΔQ−h ,L ,t

w+L ,t +w−L ,t ≤ 1
T
∑
t=1
(w+L ,t +w−L ,t) ≤ ΓL ,h

(20)

where Qh ,L ,t denotes the baseline thermal load power; ΔQ+h ,L ,t and ΔQ−h ,L ,t denote the allowable upward and
downward adjustment amounts of the thermal load; w+L ,t and w−L ,t are binary state variables for thermal load,
independent of electrical load decisions; ΓL ,h is the thermal load uncertainty fluctuation parameter.

The optimization separates the binary startup and shutdown decisions from the continuous output
decisions [35]. In the first stage, startup and shutdown decisions for units are determined. After these
decisions are fixed, they are passed to the second stage, which accounts for uncertain parameters and
derives the optimal solution under worst-case conditions [36]. The standard form of the Two Stage Robust
Optimization model for the IES is:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

miny cT y +maxmin (bT x + dT x2)
u ∈ U , X ∈ T (y, u)
Dy ≥ e, Fx ≥ f , Ex ≥ 0

Lx + Ny ≥ 0, Gx = g

Hx = u, Jx + Ky = 0

(21)

where x is the column vector of all unit output decision variables for the IES; x2 is the column vector of the
squares of all unit output decision variables; y is the column vector of all unit start up and shutdown decision
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variables; T(y, u) denotes the feasible region of second stage decision variables x when first stage decisions y
and uncertain parameters u are fixed.; b, c, d are column vectors of cost coefficients for the IES units; D, E, F,
G, H, L, N, J, K are the constraint coefficient matrices for all decision variables in the IES; e, f, g are constant
column vectors.

3.2 Objective Function
This study minimizes the aggregate of energy purchase/sale costs, equipment operating expenses, elec-

trolyzer startup and shutdown costs, and other related expenditures, while explicitly modeling uncertainties
associated with wind, PV, and load. A two-stage distributionally robust optimization model for renewable-
driven ammonia production is formulated. Within this two-stage robust optimization framework, ambiguity
sets for uncertainty distributions are constructed using composite norms (i.e., the infinity norm and the
one-norm) to characterize system variability.

The first stage solves a minimization problem whose primary purpose is to obtain the cost-minimizing
scheduling plan under a given probability distribution of renewable scenarios. The second stage solves a
max-min problem that searches for the probability distribution that maximizes system operating cost. The
worst-case renewable scenario distribution, expressed as:

CIES,BiRO =maxu=U min CIES

min CIES = CA + CB + CC + CD + CE + CC O2 + CCT

CA =
T
∑
t=1
(Wgas,price,t (Fgas,GT ,t + Fgas,GB ,t) +Wcoal,priceFcoal,t +Welectricity,price,t Pe ,buy,t)

CB =
T
∑
t=1
(ηab ,W T Pab ,W T ,t + ηab ,PV Pab ,PV ,t)

CC =
T
∑
t=1
(βW T Pe ,W T ,t + βPV Pe ,PV ,t + βGT Pe ,GT ,t + βGBPe ,GB ,t + βcoal Pe ,coal,t)

CD =
T
∑
t=1
(αGT ,tCoff-on,GT + αGB ,tCoff-on,GB + αcoal,tCoff-on,coal)

CE =
T
∑
t=1
(ηe ,ILPe ,IL ,t + ηh ,ILPh ,IL ,t + ηe ,Y Pe ,Y ,t + ηh ,Y Ph ,Y ,t)

(22)

In this formulation, the objective is to minimize the IES operating cost. CIES,BiRO signifies total IES
cost over one scheduling period, considering uncertainty in wind, PV, electrical load, and thermal load; u
signifies uncertain variables corresponding to wind, PV, electrical load, and thermal load. U is uncertainty
set of the IES; CA signifies IES energy purchase cost; Wgas,price,t and Welectricity,price,t signify system natural
gas purchase price and electricity purchase price; Wcoal,price signifies coal purchase price; CB signifies penalty
cost for curtailed wind and PV; ηab ,W T and ηab ,PV signify penalty coefficients for wind curtailment and
PV curtailment; Pab ,W T ,t and Pab ,PV ,t signify wind curtailment and PV curtailment amount; CC signifies
operating costs of individual units in the IES; Pe ,W T ,t and Pe ,PV ,t signify electrical power outputs of WT and
PV; βW T , βPV , βGT , βGB and βcoal signify operating cost coefficients for WT, PV, GT, GB and coal fired units.
CD signifies startup and shutdown cost vector for IES units; αGT ,t , αGB ,t and αcoal,t signify operating state
variables for GT, GB and coal fired units (1 indicates on, 0 indicates off); Coff-on,GT , Coff-on,GB and Coff-on,coal
signifies single event startup and shutdown costs for GT, GB and coal fired units; CE signifies IDR related cost
for the system; ηe ,IL , ηh ,IL , ηe ,Y , ηh ,Y signify economic compensation coefficients for interruptible electric
and thermal loads and for shiftable electric and thermal loads. CC O2 represents the system’s carbon emission
cost, and CCT represents the system’s carbon trading cost.
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3.3 Constraints
(1) Electrical balance constraint [37]

P̂pv
t + P̂wt

t + Pbuy
t + PGT

t + Pg_0
t + Pbt,dis

t = Pload
t + PP2A

t + PCCPP
t + PW

t (23)

where P̂pv
t and P̂wt

t denote the forecasted wind and PV outputs; Pg0
t is the coal-fired unit generation; PCCPP

t is
the CCPP operating energy consumption; PW

t is the curtailed renewable power; Pbt,dis
t is the hydrogen fuel

cell discharge power; Pload
t is the electricaad.

(2) Thermal balance constraint

HHFC
t +HHB

t +HWHB
t +HP2A

t + Pdist,dis
t = Ptst,ch

t +Hload
t (24)

where HHFC
t is the thermal power output of the hydrogen fuel cell; HWHB

t is the thermal power output of the
waste heat boiler; HHB

t is the thermal power output of the gas boiler; HP2A
t is the P2A waste heat recovery

power; Ptst,ch
t and Pdist,dis

t are the thermal storage charge and discharge powers; Hload
t is the thermal load.

(3) Electrolyzer constraints
The reserve capacity deliverable by the electrolyzer is constrained by its energy consumption bounds

and the hydrogen tank capacity, as expressed in Eq. (25):

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0 ≤ RH2 ,u
t ≤min{PH2

t , Mhs
t HH2

ηH2 ηin
hs
}

0 ≤ RH2 ,d
t ≤min{PmaxH2 − PH2

t , (Mmaxhs−Mhs
t )HH2

ηH2 ηin
hs

}
(25)

where RH2 ,u
t and RH2 ,d

t are the upward and downward reserve capacities provided by the electrolyzer; PmaxH2

and Mmaxhs denote the maximum energy consumption of the electrolyzer and the maximum capacity of the
hydrogen storage tank.

⎧⎪⎪⎨⎪⎪⎩

0 ≤ Mbs
t ≤ Mbs

max

Mbs
0 = Mbs

24 = 0.5Mbs
max

(26)

where Mbs
0 and Mbs

24 denote the hydrogen mass in the storage tank at the initial and final time points of the
scheduling horizon.

(4) GB constraints
The GB thermal output is subject to lower and upper bounds.

αGB ,t Ph ,GB ,min ≤ Ph ,GB ,t ≤ αGB ,t Ph ,GB ,max (27)

where Ph ,GB ,max and Ph ,GB ,min are the lower and upper bounds of GB thermal output.
(5) GT constraints
Considering the GT as a controllable generator, its operation is constrained by power output bounds

and ramping limits.

⎧⎪⎪⎨⎪⎪⎩

αGT ,t Pe ,GT ,min ≤ Pe ,GT ,t ≤ αGT ,t Pe ,GT ,max

Rdow n ,GT Pe ,GT ,max ≤ Pe ,GT ,t − Pe ,GT ,t−1 ≤ Rl p ,GT Pe ,GT ,max
(28)

where Pe ,GT ,max and Pe ,GT ,min are the lower and upper bounds of GT electrical output, Rl p ,GT and Rdow n ,GT
denote the GT ramp-up and ramp-down limits within a scheduling interval.
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(6) WHB operation constraints
The WHB recovery of GT waste heat and the WHB thermal output are subject to thermal power

bounds [38].

αW HB ,t Ph ,W HB ,min ≤ Ph ,W HB ,t ≤ αW HB ,t Ph ,W HB ,max (29)

where αW HB ,t is the WHB operation state variable (1 denotes on, 0 denotes off).
(7) HFC constraints [39]
Like the electrolyzer, the HFC operation is subject to power magnitude, ramping range, and fuel cell

stack temperature constraints.

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

ζhfc,minδhfc,tCap,hfc ≤ Phfc,in,t ≤ ζhfc,maxδhfc,tCap,hfc

∣Phfc,in,t − Phfc,in,t−1∣ ≤ ΔPhfc,max

Thfc,min ≤ Thfc,t ≤ Thfc,max

(30)

where ζhfc,max and ζhfc,min denote the fuel cell maximum and minimum load factors; δhfc,t is a 0 1 variable
indicating whether the fuel cell is operating at the current time; Cap,hfc is the installed capacity of the fuel
cell; ΔPhfc,max is the maximum ramp power of the fuel cell per time period; Thfc,max and Thfc,min are the lower
and upper bounds of the fuel cell stack operating temperature.

(8) Power consumption constraints for ASU and ammonia synthesis

PNS
s ,t = ϕnN2

s ,t =
1
3

ϕnH2 ,out
s ,t ,∀s ∈ Ω, t ∈ T (31)

PAS
s ,t = ψn⋅NH3

s ,t = 2
3

ψn⋅H2 ,out
s ,t ,∀s ∈ Ω, t ∈ T (32)

where ϕ and ψ are the energy consumption coefficients for the air separation unit and the ammonia synthesis
process in the P2A system.

(9) Ammonia production upper and lower bound constraints

μAS
s , l KAS,minn̂NH3

s , l ≤ n̂H2 ,out
s , l ≤ μAS

s , l KAS,maxn̂NH3
s , l ,∀s ∈ Ω, t ∈ T (33)

where μAS
t is the startup variable of the P2A reactor, KAS,max and KAS,min are the lower and upper bounds of

hydrogen flow into the ammonia reactor.
(10) Ammonia blending ratio constraint
Because ammonia cofiring affects furnace combustion characteristics, the ammonia blending ratio is

limited as [40]:

0 ≤ y1 ≤ ymax (34)

where ymax denotes the allowable maximum ammonia blending ratio. In this study, the upper limit of the
blending ratio is set to 20%.

(11) Coal-fired unit ramping constraints

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

−ΔPmaxth,th ≤ Pth,th
t − Pth,th

t−1 ≤ ΔPmaxth,th

−ΔPmaxth,chp ≤ Pth,chp
t − Pth,chp

t−1 ≤ ΔPmaxth,chp

−ΔHmaxth,chp ≤ Hth,chp
t −Hth,chp

t−1 ≤ ΔHmaxth,chp

(35)
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where ΔPmaxth,th is the maximum allowable ramp power for a coal-fired generation unit. ΔPmaxth,chp and
ΔHmaxth,chp are the maximum allowable ramp powers for electrical output and thermal output of a cogener-
ation unit.

(12) P2A equipment ramping constraints
The P2A plant’s ramp-up and ramp-down ceilings are set at 10% and 20% of nameplate capacity,

respectively, and production rate may be altered no more than once within any four-hour window.

⎧⎪⎪⎨⎪⎪⎩

−20%PmaxP2A ≤ PP2A
t − PP2A

t−1 ≤ 10%PmaxP2A

PP2A
t+1 = PP2A

t , t ∈ [4i + 1, 4i + 3] , i ∈ {0 ∼ 5}
(36)

(13) Power purchase and sale bounds

Pgrid
min ≤ PRE2A,grid

s ,t ≤ Pgrid
max ,∀s ∈ Ω, t ∈ T (37)

(14) CCPP equipment constraints

⎧⎪⎪⎨⎪⎪⎩

PCCPP
t = γeQc

t

Qc
t = ηt (εMT PMT

t + εGB HGB
t )

(38)

where γe is the electric power consumed per unit CO2 captured; ηt is the carbon capture rate of CCPP; Qc
t

is the amount of CO2 captured by the CCPP; εMT and εGB are the carbon emission coefficients of the gas
turbine and the gas boiler.

(15) Ammonia storage tank constraints
The mass balance and charging discharging limits of the ammonia tank are as follows:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

mas
t = mas

t−1 +mas+
t −mas−

t
mas

1 ≤ mas
t ≤ mas

u
mas+

1 ≤ mas+
t ≤ mas+

u
mas−

1 ≤ mas−
t ≤ mas−

u

(39)

where mas
t , mas+

t and mas−
t denote the stored ammonia mass, the ammonia charging amount, and the

ammonia discharging amount; mas
1 and mas

u , mas+
1 and mas+

u , mas−
1 and mas−

u denote the lower and upper
bounds for storage, charging, and discharging quantities. The ammonia exported from the storage tank,
denoted mas−

t , is the hourly ammonia demand for sale and is treated as a fixed value in this study.
(16) Thermal storage tank operation constraints
The TSK is subject to capacity bounds and charge discharge power limits [23].

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

QHST ,min ≤ QHST ,t ≤ QHST ,max

0 ≤ Ph ,HST ,ch ,t ≤ Ph ,HST ,ch ,max

0 ≤ Ph ,HST ,dis,t ≤ Ph ,HST ,dis,max

Ph ,HST ,ch ,t ⋅ Ph ,HST ,dis,t = 0

(40)

where QHST ,max and QHST ,min denote the lower and upper bounds of thermal storage tank storage capacity;
Ph ,HST ,ch ,max and h ,HST ,dis,max denote the maximum charging power and maximum discharging power of
the thermal storage tank.
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3.4 Solution Method
The above two-stage robust optimization model is solved using the column-and-constraint generation

(C&CG) algorithm. The detailed solution procedure is provided in the Fig. 8.

Figure 8: Flowchart of two-stage robust dispatch

4 Case Study
The case study is implemented on the MATLAB R2022a platform. Problem instances are formulated in

YALMIP and solved using the IBM ILOG CPLEX solver.

4.1 Parameter Settings
To validate the proposed model in terms of scheduling performance, energy saving, emission reduction,

and robustness against stochastic fluctuations, a representative IES depicted in Fig. 1 is selected for numerical
analysis. Major components include a P2A facility, coal-fired generation units, wind and PV, carbon capture,
and hydrogen utilization units. Relevant parameters are listed in Table 1. Time-varying electricity and
natural gas prices are given in Fig. 9a, and the forecast profiles for renewable generation and loads are
shown in Fig. 9b. Latin hypercube sampling is used to generate 1000 samples, which K-means cluster into
10 representative scenarios for wind, PV, and load; the typical scenario generation results are presented
in Appendix A, Fig. A1.
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Table 1: Main parameters used in the model

Stepped carbon trading
mechanism Base carbon price (CNY/t) 200

Increase rate 25%
Actual step prices (CNY/kg) [0.2, 0.25, 0.3]

Ammonia fuel properties Ammonia density (kg/m3) 0.771
Ammonia mass calorific value (kWh/kg) 5.82

Ammonia volumetric calorific value (kWh/m3) 4.49

Other fuel calorific values Coal calorific value (kWh/kg) 8.14
Gas boiler natural gas calorific value (kWh/m3) 9

Gas turbine natural gas calorific value (kWh/m3) 7.5

Cost compensation
coefficients Electrical/Heat load shift compensation (CNY/kWh) 0.26/0.5

Electrical/Heat load interruption compensation
(CNY/kWh) 0.7/0.9

Wind/PV curtailment penalty coefficient (CNY/kWh) 1
Thermal power operating cost coefficient (CNY/kWh) 0.03

Thermal unit startup/shutdown cost (CNY/cycle) 1.6
Ammonia cofiring revenue coefficient (CNY/kWh) 0.0947

Equipment capacity limits Thermal power unit output (MW) 120, 400
Gas turbine output (MW) 50, 200

Fuel cell (MW) 0, 300
Electrolyzer (MW) 0, 300

Grid purchase limit (MW) 160
PSA unit (MW) 0, 200

Gas boiler (MW) 0, 300
P2A ammonia production unit (MW) 0, 100

Waste heat boiler (MW) 0, 100
Hydrogen storage tank (Volume, m3) 600,000
Ammonia storage tank (Volume, m3) 400,000

Thermal storage tank (Energy Capacity, kWh) 240,000

Energy conversion
efficiency Alkaline electrolyzer (Electricity to Hydrogen) 67%

Fuel cell (Hydrogen to Electricity) 85%
Gas turbine power generation efficiency (Gas to

Electricity) 35%

Gas turbine cogeneration efficiency 40%
Gas boiler efficiency (Gas to Heat) 70%

Energy storage
charge/discharge efficiency Hydrogen storage 90%

Ammonia storage 95%
Thermal storage 90%

(Continued)
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Table 1 (continued)

Ramp rate constraints Thermal power unit (MW/h) ±100
Gas turbine (MW/h) ±150
Gas boiler (MW/h) ±25

Demand response ratio
constraints Electrical load shift ratio ±15%

Electrical load curtailment ratio 10%
Heat load shift ratio ±15%

Heat load curtailment ratio 10%

Waste heat recovery system Waste heat boiler power-to-heat ratio 1.47
Waste heat boiler heat recovery efficiency 80%

Ammonia waste heat recovery coefficient (MW
heat/MW ammonia) 0.1187

Carbon emission
coefficients Thermal power unit (t-CO2/MWh) 0.9

Gas turbine (t-CO2/MWh) 0.4
Gas boiler (t-CO2/MWh) 0.4

Carbon capture system Specific capture energy consumption (kWh/t-CO2) 370
Carbon allowance benchmark for thermal power

(t-CO2/MWh) 0.7

Carbon allowance benchmark for gas-fired units
(t-CO2/MWh) 0.15

Ammonia cofiring
parameters Maximum ammonia cofiring ratio 20%

Ammonia cofiring cost coefficient (CNY/kWh) −0.0947

Figure 9: Time of use, electricity and gas prices, and forecast profiles for wind and PV. (a) Time of use electricity and
gas prices; (b) Forecast profiles for WT, PV, and loads
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4.2 Uncertainty Sets
The 10 representative wind and PV scenarios obtained by clustering are directly embedded into the

optimization model as mandatory operating conditions, forcing the dispatch plan to adapt to their fluctuation
characteristics. Simultaneously, for load and PV forecast errors, robust optimization constructs uncertainty
intervals for load and renewable fluctuations and uses budget parameters to control the frequency of worst-
case occurrences.

The load uncertainty budget parameter is set to 12, and the PV uncertainty budget parameter to 6.
This means that during dispatch optimization, load power may take the maximum of its forecast interval
in at most 12 time periods, and PV output may take the minimum of its forecast interval in at most 6 time
periods; in other periods, the values equal the forecasts. In practice, allowable maximum forecast deviations
for microgrid load and PV output can be set based on historical forecast error statistics. In this study, the
forecast deviation margins are 10% for load power and 15% for PV output. Fig. 10a–d shows the forecast and
worst-case load and PV curves, where shaded areas represent the uncertainty sets considered.

Figure 10: Illustration of uncertainty sets
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4.3 Design of Scenarios
To comprehensively assess the effectiveness of the IES dispatch model that considers ammonia cofiring

and DR, four optimization scenarios are defined:
Scenario 1: Baseline hydrogen scheduling model (Including wind and PV-driven hydrogen production,

hydrogen fuel cells, stepwise carbon trading, scenario generation method, two-stage robust optimization);
Scenario 2: Scenario 1 plus curtailment-driven CCPP;
Scenario 3: Scenario 2 augmented with ammonia utilization;
Scenario 4: Scenario 3 plus electric and thermal IDR.

4.4 Analysis of Dispatch Results for Each Scenario
Table 2 summarizes key dispatch results of the IES under the four operating scenarios.

Table 2: Dispatch results under different operating scenarios

Scenario 1 2 3 4
Operating

cost/10,000CNY 718.54 638.93 615.34 451.07

Coal
cost/10,000CNY 55.7 55.6 50.54 46.452

Electricity purchase
cost/10,000CNY 5.74 8.71 5.42 0

Gas purchase
cost/10,000CNY 286.97 287.12 268.01 260.5

Carbon trading
cost/10,000CNY 60.766 32.787 27.535 19.63

Carbon emissions/t 2870.84 1490.66 1452.41 917.6
Renewable

curtailment rate/% 24.05% 20.69% 15.62% 3.17%

CCS energy
consumption/MW 0 373.02 373.02 382.43

Total ammonia
cofiring/MW 0 0 332.53 870.40

IDR
cost/10,000CNY 0 0 0 11.25

Scenario 1 employs the baseline hydrogen utilization dispatch strategy and does not include carbon
capture. Under this scenario, renewable curtailment and carbon emissions are relatively high. The sys-
tem requires substantial natural gas purchases to meet demand, resulting in peak operating costs and
carbon emissions.

Scenario 2 introduces the curtailment-driven carbon capture plant (CCPP) to Scenario 1. The CCPP
operates flexibly, consuming only surplus renewable energy that would otherwise be curtailed. Despite its
reduced annual operation, this strategy creates outsized system value. It eliminates the primary energy
cost of carbon capture and leverages the stepwise carbon price. The results confirm its efficacy: renewable
curtailment decreases by 4.5%, and a massive emission reduction of 1380 t (47%) slashes carbon trading costs
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by CNY 279,800. The total operating cost falls by 11.12%. This demonstrates that the synergistic benefits of
avoided carbon penalties and zero-cost energy can economically justify the flexible operation of the CCPP,
validating it as a key system asset for simultaneous economic and environmental improvement.

Scenario 3 further introduces P2A and waste heat recovery based on Scenario 2 and implements
ammonia cofiring. The P2A facility absorbs 466 mw of curtailed wind and PV power and produces 332.5 mw
of ammonia energy, realizing chemical storage of renewable energy. The produced green ammonia replaces
coal and reduces unit fuel cost by CNY 51,000 (a 9.11% reduction); recovery of synthesis waste heat lowers
gas heating consumption, and thus gas purchase cost decreases by 6.62%. System operating cost and carbon
emissions decrease further relative to Scenario 2 by 7.95% and 11.41%, respectively. This scenario significantly
enhances the IES performance regarding low-carbon operation and economic efficiency through reduced
coal consumption and emissions. Furthermore, the waste heat recovered from the P2A process in Scenario
3 amounted to 166 mw of thermal energy. This contributed to approximately 2.2% of the system’s total daily
thermal load, quantitatively demonstrating the role of ammonia synthesis in supporting the heat supply and
enhancing overall energy utilization.

Scenario 4 builds on Scenario 3 by introducing IDR. Time of use electricity and gas price signals
dynamically guide load adjustments, enabling deep coordination between demand side resources and the
ammonia energy system, and forming a dynamic optimization closed loop of “supply following load and
ammonia smoothing peaks and filling valleys”. IDR shifts 12.7% of peak period electric load to periods
of high renewable output, creating sustained green power windows for P2A. Ammonia cofiring increases
from 332.5 to 870.4 mw. This indirectly helps coal-fired unit fuel cost decline by 8.1%, and system carbon
emissions fall by 36.8%. Temporal and spatial shifting of electric and thermal loads reduces gas peaking
pressure, lowering gas purchase cost by 2.8%. An IDR investment of CNY 112,500 leverages a total system
cost reduction of CNY 1,642,700; the renewable curtailment rate falls to 3.17%. This scenario successfully
unlocks the zero-carbon closed-loop potential of green ammonia, achieving combined benefits of reduced
fuel cost and lower emissions.

Electric and thermal power balance plots for the four scenarios are given in Figs. 11–14.

Figure 11: Scenario 1 power balance
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Figure 12: Scenario 2 power balance

Figure 13: Scenario 3 power balance
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Figure 14: Scenario 4 power balance

4.5 Carbon Emission and Capture Analysis
Fig. 15a,b presents the dynamic changes in carbon emissions and capture following the integration of

carbon capture plants. Analysis of Scenario 1’s power balance reveals that during 00:00–05:00 and 16:00–
24:00, surplus renewable output is available, which is directed to the carbon capture system to reduce CO2
emissions actively. The total CO2 emissions decrease from 2.872 t in the base case to 1.491 t, representing a
48.08% reduction, confirming the effectiveness of coordinated renewable utilization and carbon capture in
emission reduction.

Figure 15: Carbon emission and capture analysis

Fig. 16 compares renewable energy curtailment before and after introducing carbon capture driven by
surplus energy, showing a clear improvement in wind-PV utilization.
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Figure 16: Comparison of curtailed energy utilization in CCPP

4.6 Power-to-Ammonia Utilization Analysis
The ammonia energy utilization in Scenario 3 is shown in Fig. 17. Fig. 17a shows that P2A ammonia

production mainly occurs during 01:00–07:00 when renewable output exceeds demand. Ammonia is stored
in tanks, with no ammonia cofiring in coal units. Between 08:00–14:00, when load demand peaks and
renewable output is insufficient, coal units operate with ammonia cofiring, drawing on stored ammonia.
Some ammonia remains stored to buffer against future demand fluctuations or extreme events.

Figure 17: Ammonia utilization analysis

Fig. 17b shows that when ammonia production spikes between 07:00–09:00, ammonia cofiring output
also increases sharply. Coal unit output even rises significantly (from 0 to 400 mw) between 09:00–
11:00 due to the substitution of green ammonia for coal, reducing coal consumption while maintaining
generation capacity. Between 00:00–07:00, renewable output fluctuates sharply, with P2A operating at a
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low, stable level. From 08:00 onward, renewable output exceeds the baseline grid absorption capacity,
prompting a rapid ramp-up of ammonia production and continuous operation until 16:00, resulting in full
renewable utilization.

4.7 Ammonia Cofiring Ratio Analysis
As shown in Fig. 18a,b, increasing the cofiring ratio from 0% to 20% continuously reduces operating

costs from 4.7924 to 4.3507 million CNY, although marginal benefits diminish. In the 0%–6% range, cost
reduction reaches 375,200 CNY, whereas in the 6%–20% range, it is only 66,500 CNY.

Figure 18: Ammonia cofiring ratio analysis. (a) Operating cost and P2A energy consumption; (b) Cofiring power and
curtailment

Renewable energy absorption saturates at a 6% cofiring ratio, with wind-PV curtailment dropping
from 730.9 to 370.44 mw and stabilizing around 363.21 mw, indicating that 6% represents the maximum
curtailment reduction potential under current grid and P2A constraints.

4.8 DR Effect Analysis
Fig. 19a,b shows that after the introduction of IDR, deep coordination between demand side resources

and the ammonia energy system is achieved. As illustrated in Figs. 14 and 19a,b, IDR shifts shiftable electric
load in the 08:00–16:00 window under electricity price signals to periods of high wind and PV output,
effectively reducing grid electric load during that interval. Simultaneously, parts of the shiftable thermal load
from other periods are shifted into the 08:00–16:00 window, producing coordinated temporal optimization
of electric and thermal loads.

This operation substantially frees up grid capacity during 08:00–16:00, enabling surplus renewable
electricity to be efficiently allocated to P2A production and driving a substantial increase in green ammonia
output. At the same time, the temporal redistribution of thermal load combined with P2A waste heat recovery
improves heat supply and demand matching and alleviates peaking pressure on gas turbine units.
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Figure 19: Comparison of electric and thermal load before and after DR

4.9 Impact of Carbon Price Base Level
Fig. 20a,b reports the system response under a stepwise carbon price policy simulated over CNY 0–

0.5 per ton range. In the low price range CNY 0–0.1 per ton, the system maintains a high emission level
of approximately 1880 t; limited ammonia cofiring yields only marginal emission reductions while user
satisfaction remains about 98.6%. When the carbon price rises into the transition band CNY 0.15–0.25 per
ton, carbon emissions decline markedly, and the ammonia cofiring power increases to around 870 mw,
indicating activation of deeper decarbonization measures. Once the carbon price exceeds a threshold of CNY
0.3 per ton, the system enters a transformed steady state: ammonia co firing stabilizes near 860 mw and,
together with coordinated CCPP operation, achieves net zero carbon emissions; however, operating cost
stabilizes at approximately CNY 4.43 million and user satisfaction decreases to 97.5% due to reduced GB heat
supply and increased proportion of thermal load interruptions. The analysis indicates that the carbon price
band CNY 0.15–0.25 per ton yields the best cost effectiveness, whereas prices ≥ CNY 0.3 per ton drive a zero
carbon transition at significantly higher system cost.

Figure 20: Impact of base carbon price on system performance
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5 Conclusions
This paper develops a two-stage robust optimization scheduling model for an IES incorporating P2A

waste heat recovery and ammonia cofiring substitution. To address uncertainty, scenario generation and
clustering are combined with a two-stage distributionally robust optimization framework. Case study results
support the following conclusions:

(1) A curtailment-driven CCPP that consumes otherwise curtailed wind and PV power substantially
enhances the system’s carbon neutrality and energy utilization. After introducing the CCPP, renewable
curtailment declines by 4.5%, total CO2 emissions decrease by 1380 t (47% reduction), carbon trading
cost declines by approximately CNY 279,800, and total operating cost falls by 11.12%, demonstrating
clear synergistic benefits for both economics and environmental performance.

(2) The P2A facility converts curtailed wind and PV electricity into green ammonia and, combined with
ammonia cofiring and waste heat recovery, absorbs 466 mw of curtailed renewable power and yields
332.5 mw equivalent ammonia energy. Green ammonia substituting coal reduces coal unit fuel cost
by about CNY 51,000 and lowers gas heating demand and gas purchase cost by 6.62% via synthesis
waste heat recovery. The system’s total operating cost is reduced by 7.95% and CO2 emissions decrease
by 11.41%, yielding a substantive improvement in the system’s low-carbon economic indicators.

(3) IDR enables the system to follow renewable availability and creates sustained green power windows for
P2A. With IDR, the ammonia cofiring power increases from 332.5 to 870.4 mw, yielding an additional
reduction of coal unit fuel cost by 8.1%. Temporal and spatial shifting of electric and thermal loads
combined with waste heat recovery relieve gas peaking pressure and reduce gas purchase cost by 2.8%.
An IDR investment of CNY 112,500 leverages a total system cost reduction of 26.7% and reduces
renewable curtailment to 3.17%, effectively unlocking the low-carbon potential of green ammonia.

(4) The scenario generation and robust optimization coordinated framework effectively preserves the
spatiotemporal correlation features of wind PV and load while dramatically reducing computational
burden compared with naive high-dimensional formulations. The proposed approach improves
system resilience: total system cost decreases by 37.2% and carbon emissions decline by 68.05% relative
to the baseline, enabling the IES to maintain low cost, low emissions, and low curtailment even under
extreme renewable output conditions.

While a future energy system may ideally rely solely on pure ammonia power generation, the approach
of ammonia cofiring in existing coal-fired units presented in this study is positioned as a pragmatic transition
strategy. It addresses the current reality of coal-dependent energy infrastructures by offering a feasible, low-
retrofit, and cost-effective pathway for rapid decarbonization, bridging the gap between the present system
and a future renewable-ammonia-based paradigm.
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Appendix A

Figure A1: Typical scenarios generated for wind and load via clustering
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