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ABSTRACT

Towards the carbon neutrality, the traditional fossil fuel-based energy supply in oilfield urgently needs
to be replaced by the integrated energy systems (IES) based on zero carbon and negative carbon
technologies. However, existing studies have not yet to address the challenge of optimization design for
negative carbon IES under flexible load conditions in oilfield. Therefore, three scenarios are proposed in
the present study, an IES integrating renewable energy and negative carbon technology (Case 2), further
incorporating source-load interaction (Case 1) and the conventional energy system (Case 3). A planning
and operational optimization model are developed to validate the advancement of the system and the
effectiveness of the source-load interaction mechanism. The obtained results show that: i) The oilfield
IES increases net present value (NPV) by 10.26% and 1.35% in Case 1 and Case 2 comparing with Case 3
respectively, supporting a cost-effective transition. ii) All three scenarios realize negative-carbon
operation, and the net emission reductions of Case 1 and Case 2 are 9.20% and 8.20% higher respec-
tively comparing with Case 3. iii) The Case 1 with source-load interaction improves the performance in
economic, decarbonization and reliability by 9.04%, 1.00% and 6.67% respectively compared to the Case
2. Therefore, the present study offers a more efficient solution to the trilemma in the low-carbon
transition in oilfield energy system.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

decarbonization pressures, the oil and gas industry is undergoing a
technology-driven energy transition centered on “clean energy

In response to the escalating global climate crisis, carbon
reduction efforts have entered a critical phase of acceleration. The
Sixth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC) asserts that “rapid and deep reductions in
greenhouse gas emissions require major energy system transi-
tions” (IPCC, 2023). Oil production, a significant energy provider
and major energy consumer, plays a crucial role in this transition.
In 2022, the production, transportation, and processing of oil and
gas generated 5.1 billion tons of carbon dioxide (CO;)-equivalent
emissions, accounting for nearly 15% of global energy-related
greenhouse gas emissions (IEA, 2023). Amid increasing
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substitution”. Leading energy companies, including China National
Petroleum Corporation (CNPC, 2022), Total Energy (Total Energy,
2022), Shell Petroleum (Shell Petroleum, 2023), have initiated
new energy-powered oilfield projects integrating wind and solar
energy. The use of renewable energy resources will save significant
amounts of resources such as gas, freeing them to meet the energy
demand for other applications, as well as reducing the environ-
mental impact of the industry (Absi Halabi et al., 2015).

Unlike conventional industrial sectors, oilfield production fea-
tures a unique combination of rigid thermal loads, flexible elec-
trical loads, and multi-energy coupling. Continuous high-
temperature heating is indispensable for maintaining crude
fluidity and pipeline safety, while pumping and auxiliary electro-
mechanical equipment can be modulated or shifted to follow
renewable output. Moreover, the delayed dissolution and migra-
tion of injected CO; create a schedulable demand component on
daily to weekly scales (Ma et al., 2022). System configuration plays
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a decisive role in the performance of energy systems, and the in-
tegrated devices are strongly correlated with the specific energy
utilization scenario of the oilfield integrated energy systems (IES)
itself (Ao et al., 2025). Consequently, oilfield IES must simulta-
neously meet electricity, heat, and CO; supply requirements, with
energy demands across different production stages, resulting in
highly complex load dynamics. Although multi-energy systems are
increasingly recognized as effective for industrial decarbonization
(Wang et al., 2024a), the intermittency and variability of wind and
solar generation lead to it alone cannot meet the oilfield multi-
dimensional load. The coal-fired combined heat and power
(CHP) units equipped with CCS provide a transitional pathway (An
et al., 2025; Fan et al., 2023; Wang et al., 2025), which can deliver
both baseload and peak-shaving power (Lu et al., 2021) while
simultaneously supplying stable thermal energy and CO; stream
(Wang et al., 2024b).

The deployment of renewable energy, CHP, and CCS technolo-
gies in oilfields still faces persistent challenges (Zhang et al.,
2023a). These include the complexities of multi-source integra-
tion, lack of source-load interaction, and market price fluctuations
(Zhao et al.,, 2025; Zhang et al., 2022; Gu et al., 2020). These
shortcomings highlight the limitations of merely stacking low-
carbon technologies without optimizing synergies across energy
sources. Moreover, fluctuating electricity prices, seasonal indus-
trial CO, pricing, and evolving carbon trading frameworks further
influence oilfield energy strategies (Zhang et al, 2023c).
Addressing these challenges necessitates a shift toward IES that
harmonize energy supply, transmission, and consumption.
Meanwhile, oilfields urgently need to upgrade the high carbon
supply model by embracing renewable and flexible energy
solutions.

Currently, the IES has increasingly become a research focus in the
energy sector. They improve energy efficiency, foster energy sav-
ings, and reduce emissions by optimizing the use of multiple energy
sources (Mancarella, 2014). Numerous studies have been conducted
in industries with diverse and high energy consumption, such as
coal mining, steel manufacturing, and chemical industries. For
instance, Hu et al. (2022) proposes a coal mine energy system
integrating byproduct energy and flexible load dispatch, using
multi-objective optimization to balance economy, environment and
demand, enabling sustainable mining. Lin et al. (2023) develops a
park-level energy system with hydrogen chain, optimizing multi-
timescale storage and multi-pressure-ratio compressors, achieving
carbon reduction, cost savings and operational flexibility for
hydrogen integration. Gan et al. (2023) develops a park-level IES
integrating hydrogen-based blast furnace and electric arc furnaces
technologies. With dynamic carbon pricing, the model demon-
strates strong decarbonization potential, offering forward-looking
solutions for steel industry transition. In recent years, source-load
interaction mechanisms have been widely considered in sched-
uling due to their high flexibility, fast response time, and environ-
mental benefits. Core techniques include demand-side
management (Sarker et al., 2020), distributed energy (Qin et al.,
2019), virtual power plants (Li et al., 2024; Machado et al., 2024),
flexible load (Liu et al., 2025), and cross-regional coordinated
dispatch (Zhang et al., 2024). By optimizing source-load interaction,
energy wastage can be minimized while ensuring system stability,
ultimately improving energy utilization efficiency.

The modeling and scheduling of IES for various application
scenarios have been well explored. However, the oilfield IES, a
typical energy producer and high-consumption industry, remains
under-researched. Oilfield production processes involve multiple
energy-intensive stages, such as steam injection, well heating, and
pumping (Cao et al., 2020). Flexible production systems that
enable load shifting and scheduling within defined limits are
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emerging as key strategies for achieving low-carbon trans-
formations in oilfields. By integrating renewable energy sources
like wind, solar, and geothermal energy into the oilfield energy
supply system, the reliance on fossil energy can be reduced,
lowering carbon emissions. For example, Li et al. (2024a) proposes
a polycyclic conjugated hydrocarbons (PCHs)-based solar-gas
heating system, reducing gas use by 7.02% versus water storage,
with optimal efficiency when phase-change temperature is
slightly below demand (80 °C—62 °C cuts boiler demand by
75.60 GJ). Zhang et al. (2021) develops an offshore energy system
model, proving wind power integration reduces emissions by
39.91% and costs by 2.57%, identifying 57.04% as optimal wind
penetration, supporting offshore oilfield decarbonization de-
cisions. Xu et al. (2023) develops an oil-water thermal-flow model
and optimizes geothermal-oil cogeneration in abandoned wells
using NSGA-II (Non-dominated Sorting Genetic Algorithm II). The
optimized scheme boosts economic benefits by $6.75M and outlet
temperature by 7.10 K over 15 years. Nevertheless, reliance on a
single renewable energy source is insufficient to meet the
continuous and stable energy demands of oilfields. Consequently,
many oilfields are combining multiple carbon-neutral technolo-
gies to achieve both stable energy supply and low-carbon emission
reduction goals. For instance, Peng et al. (2025) pioneers an Oil-
field IES optimization model integrating CHP-CCS-PTSF (Photo-
voltaic-Thermal Storage Furnace) units, which employs IGDT
(Information gap decision theory) to address source-load un-
certainties. Achieving 75.11% emission reduction and over 95%
renewable utilization rates. Li et al. (2025) proposed an integrated
framework for oilfield energy transition that incorporates a multi-
energy integration model with microgrids and heating pipelines,
demonstrating in a case study a 30.41% reduction in total costs and
a 24.23% decrease in carbon emissions compared with conven-
tional systems.

As multi-energy coupling technologies are progressively
applied, achieving IES planning while maintaining energy balance
has become another important research direction. Current
research has been widely applied to multi-energy systems
configuration optimization (Ma et al., 2024; Yang et al., 2022;
Zhang et al., 2023b), operational optimization (Chai et al., 2023;
James et al., 2016), and dispatch optimization (Li et al., 2015;
Sima et al., 2024). However, research on integrated energy sys-
tems for oilfields remains limited. As shown in Table 1, existing
works either focus on park-level IES, or, when involving oilfields,
simplify production loads and overlook the dynamic coupling
among steam injection, oil extraction, and gathering-transport
processes. In addition, most studies treat capacity planning and
operational scheduling separately, lacking a framework that co-
ordinates long-term investment with short-term operational
flexibility. Therefore, under carbon-neutrality targets and fluctu-
ating renewable conditions, there is a clear need for an oilfield-
oriented model that captures source-load interaction and sup-
ports integrated planning-operation optimization.

To address persistent research gaps and the urgent low-carbon
transition needs in oilfield production, we propose a negative-
carbon integrated energy system (NC-IES). The system is groun-
ded in an electricity-heat-carbon load model that distinguishes
rigid thermal demand from flexible electrical demand, avoiding
the conventional constant-load assumption. On this basis, we
develop a multi-objective, cross-scale optimization framework
that couples capacity planning with hourly operational dispatch,
ensuring consistent decisions across the planning-operation life-
cycle. This framework jointly enhances cost performance, carbon
reduction, and operational reliability, providing a practical
pathway to resolve the oilfield energy trilemma and align invest-
ment strategy with real time field operations.
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Table 1
Review of integrated energy system studies.
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Author Application System boundary Objective Source-load interaction
scenario considered
Peng et al. (2025) Oilfield IES CHP, CCS, PV-thermal-storage-electric boiler Dispatch optimization v
system
Wang et al. (2022) Oilfield IES PV, CHP Dispatch optimization v
Li et al. (2024b) Oilfield heating Solar energy, geothermal energy, thermal Simulation analysis X
system Storage

Lin et al. (2025) Coal mine IES

pump, energy storage

Qian et al. (2025) IES PV, electrolyze, methanation reactor, hydrogen
fuel cell, energy storage
Li et al. (2023) IES PV, wind power, shared hydrogen storage
Zhang et al. (2021) Offshore Wind power, district heating network
oilfield IES
Ma et al. (2024) IES PV, coal-fired power generation
Zhang et al. (2023a, b, c) IES Wind power, PV, coal power, CCS

PV, wind power, gas combustion engine, heat

Capacity planning
Capacity planning

Capacity + operational optimization
Capacity + operational optimization

Capacity planning
Capacity planning

2. Methodology

The model framework s illustrated in Fig. 1. In step 1, a collaborative
renewable energy-CHP-CCUS (RC-CCUS) is proposed through refined
equipment modeling. Specifically, the CHP unit feeds pulverized coal
into a boiler to generate high-pressure steam, part of which drives
turbines for power generation while the remainder is extracted for
district heating, enabling thermoelectric decoupling. Flue gas un-
dergoes desulfurization and denitrification before CO, is captured
using a lean/rich amine absorption-desorption process. Photovoltaic
arrays and wind turbines are integrated via inverters and transformers,
with their intermittency dynamically balanced by the CHP's peak-
shaving flexibility to form a stable hybrid energy supply system. The
captured CO; is transported for EOR in nearby fields, while the system
collectively satisfies both baseload and peak demand. In Step 2, cost
and revenue parameters are identified across the RC-CCUS workflow.
In Step 3, a nonlinear optimization model is formulated to co-optimize
annual installed capacities of PV, wind, CHP, and CCUS alongside real
time electricity, heat, and carbon flows. The model integrates coordi-
nated annual and hourly operation strategies, incorporating granular
variables such as PV, wind, and CHP generation, CO; injection and oil
production, and external CO, procurement. Finally, the framework is
applied to derive optimal planning and operation schemes under
alternative scenarios, thereby evaluating system performance in terms
of economic viability, decarbonization, and reliability.

2.1. Assumptions

The following are the assumptions of the integrated planning-
operation optimization model:

I. The model spans a twenty-year planning horizon, including
a one-year construction phase. Equipment expansion costs
are depreciated over the 20th year for cost recovery (Lin
et al., 2025).

II. The system prioritizes internal electricity consumption for
production, excluding surplus electricity from grid feed-in.
Seasonal industrial heat demand is considered, and the
CHP system supplies high-pressure steam for external
heating.

IIl. All CO, emissions from the CHP system are used for EOR
processes. Any CO; deficit is supplemented through market
procurement, assuming sufficient supply capacity in the
industrial CO; market.

IV. The model is applied to a new CO,-EOR project in an oilfield
in Xinjiang, China, using an ultra-supercritical indirect air-
cooled coal-fired CHP unit. A 20-year oil production and
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CO; injection plan is considered, assuming homogeneous oil
wells with identical production and injection characteristics.

2.2. Oilfield IES planning and operational optimization model

2.2.1. Photovoltaic model
The maximum output power of the PV system at time ¢,
denoted as ppy,, is calculated as expressed in Eq. (1):

(1)

where Ijjjeeq ¢ is the solar irradiance on the tilted surface at time t,
Amodule 1S the total area of the PV modules, #y,0qule 1S the module
conversion efficiency, and fpy system is the overall loss factor.

Ppv.t = Iiiited r X Amodule X Mmodule X fpv,system

Cpv

— %A
Pmodule

Amodule = panel (2)

where cpy is the total installed capacity of the PV system, pyodule 1S
the power generation capacity of a single module, and A1 COI-
responds to the surface area of a single module. The solar irradi-
ance on the tilted surface is determined by the direct normal
irradiance (DNI), diffuse horizontal irradiance (DHI), and global
horizontal irradiance (GHI).

Itilted,t = DNI; x cos ¢ + DHI¢ stky + GHI; x fground (3)
cos@=cosZxcosT+sinZ xsinT x cos (¢f¢p) (4)
1+cosT
fsky = f (5)
1—-cosT
fground = Pground X <f) (6)

where cos @ is the cosine of the angle between the PV panel's
normal direction and the solar radiation direction, Z is the solar
zenith angle, T is the PV panel tilt angle, ¢ is the solar azimuth
angle, ¢, is the azimuth angle of the PV panel, f, is the correction
factor for sky diffuse radiation, fgro,nq is the correction factor for
ground-reflected radiation, and pg;ynq is the ground reflectance.

2.2.2. Wind turbine model
The maximum output power of the wind power system at time
t, denoted as pying ¢, is calculated as follows:
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Step 1: Electro-thermal-carbon flow modeling of renewable energy-coal power CCUS system (RC-CCUS)

;o= cinputr s = === CHP power generation - = - = - - | == CCUS- = =" == === 1 1°— Output = -3
i I | sss | I (\ Liquefaction I | |
. | I o 1 I & Lean liquid v I I I
1 . . ue gas .
Coal _I_"_EI_'O 1 . e ﬁ co |
1 Co .o Mo MVR 1 !
. 1| Coalmil Boler [ [?—» ! - .
| | . . I re | ’ Sttorakge 11 1
- . I— an . -
| . I T I | L‘ a exchanger iQ—_ l 1 |
. [ De-SOx 1 R e - _ = .o .
I . De-NOx 2(22 . | Interco Rich liquid .. 1 |
N | 1 SALLD _| . I pump .. .
1 R Steam . | 1M E—» S8 !
. I | | . U .o :
! 1, | I Absorber Reboiler Regeneration I I .
1 I s s E— ] I 1 tower tower 11 |
Iy | — Thermal :
| I . Steam Steam turbine . I | o '
i | . ] i i l l l T Electricity ,
. CorT New energy power generation = = | | _,Iall ] 1 !
i . l . | Gas injection l—ﬁ m I | 1
. Solar | - "'~7' — : : pump —g —=——> Petroleum -
1 _ " /4 4\/\/‘ Inverter 1 ! Booster i e M !
energy | . ' ' . pump Qil Oil-water ~ Electric ., . .
1 . 1 I 1 pumping separator heater | | |
. 1 . Photovoltaic . . I I - N
. | 1
] 7 =
| I 1 1 | ' Thermal flow I
1 | 1 ' Transformer I " D I
. . . o, . * Electricity flow .
Wind . 21 1
1 Kl | 11
. energy . l . .. — |
1 - » 1 I 1 CO.flow
I . Wind Turbine - -
| e 1 [ R !
Step 2: Cost & revenue analysis Step3: Planning and operation integrated optimization model
e selelon o e Integrated optimization model Solution process
Historical Geometric — : .
price brownian motion Objective function: c=1,y=1 —
* * Maximize net profit v
- Drift rate Calculating 2 ‘2 Reliable Setting initial l—
« Volatility rate predicate price Endogenous variables values
* v
| Decision variables: N Integrated e oA
fm=-------- nl.———i———————l ——————— i———: nonlinear model ST 4%
1 1 - H H H > o
! External |! Crudeoil Thermal | Carbon |, et e e Sl elicn sl ’ S
! fundraising |1l revenue | | revenue | | revenue |! .| + PV, wind & CHP power| o - Solver 2> 2l
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! :: . « Wind capacity C > s
! " | * CHP capacity + Qil production ; i -
: h Net Ca|5h flow ! + O, injection Load Optimal solution
| ) - ¥ 1 No
| ) i i . d *
1| Capital cost h Mainte- Material Labor ! Y
1 1 1/nance cost cost cost Constraints: s No
1 -
: PV, wind, CHP, |: 1 * Real-time Carbon balance constraint
| carbon capture, | |1l Insurance| | Interest Other ! + Real-time Power and heat balance constraint Yes
i|  EORretrofit 1 cost cost O0&M | + Real-time CO,-EOR production constraint : : ;
| n cost |i Optimal planning and operational
Lol bt ! solution for RC-CCUS
Construction period Operation period
Fig. 1. Model framework.
Pwind,t = Prated,t X fwind,system (7)

0, vwind <Vin O Vyind > Vout

(Vwind,t,h — Vin
Ur — Vjp

where praeeq 1S the actual output power of the wind turbine at

wind speed vying n» AN fiyind system 1S the system correction factor. Drated,t =
The calculation of ppyeq is defined piecewise based on different

wind speed ranges as follows:

) X Crated> Vin <Vwind <Vr (8)

Crated Ur <Vwind < Vout
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where C4eq 1S the rated power of the wind turbine, v;,, vr, and vour
represent the cut-in wind speed, rated wind speed, and cut-out
wind speed, respectively, and vyyinq ¢ 1 is the wind speed at height h.

To extrapolate the wind speed wyinq,n from the reference
height Zsgp,, to the turbine hub height Z,pine, the calculations are
performed using Eqs. (9) and (10).

Z a
Vwind,t,h = Vsom (Zsﬁ) (9)
_ In(Vsop) — In(Vigm) (10)

“ = In(Zsom) — In(Z10m)

where « is the wind shear exponent, V5o, and Vigp, are the wind
speeds at 50 m and 10 m above ground level, respectively, and Zsg,
and Z;o, correspond to the reference heights of 50 m and 10 m,
respectively.

2.2.3. CHP + CCS model

2.2.3.1. CHP model. The operation of the CHP system involves the
simultaneous production of electricity and useful heat from a
single energy source, improving overall energy efficiency. The core
processes of the CHP system include the boiler superheater, initial
electricity generation by the steam turbine, steam extraction for
heating, and the reheater system. Under specified thermal and
electrical load conditions, the electricity generation and heat
supply of the cogeneration unit are determined as follows:

Pchp = Eload + Eself—use (1 1)
Qmp + le

Qenp = —36 (12)

Protal = Pchp + Myurbine X Qeoal (13)

Esetr—use = Protal X Tself—use (14)

where P, is the total electricity generation, Qcp, is the total heat
supply, and Py, corresponds to the total electricity generation of
the cogeneration unit after equivalent thermal load adjustment.
Ejoad is the electrical load, Egejr_yse iS the in-plant self-consumption
of electricity, and Qmp and Qy, are the medium-pressure and low-
pressure steam demands, respectively. rgr_yse iS the self-
consumption rate.

a. Steam cycle power generation process

a). Initial power generation by the steam turbine. The feed-
water is heated by the boiler superheater to form high-
temperature, high-pressure steam, which is then directed into
the steam turbine for initial expansion and power generation.
(15)

Emain = Qsh X Mboiler turbine X Mturbine

Qsh = Ahmain*mmain (16)
where E i, is the heat consumption for main steam power gen-
eration, Qy, is the heat input to the superheater, 7ppiter turbine 15 the
heat loss rate from the boiler to the turbine, and #ypine iS the
absolute internal efficiency of the turbine. Ah,,;, is the enthalpy
increase of the main steam, m,,,;, is the mass flow rate of steam
produced by the boiler per hour.

b). Secondary power generation. Partially expanded steam is
directed into the reheater system, where it is reheated to form
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reheated steam. The reheated steam is then returned to the steam
turbine for secondary power generation.

Ereh = Qren X Mboiler turbine X Mturbine (17)

Qren = Afrep X Myen (18)
where E.}, is the heat consumption for reheated steam power
generation, Q. is the heat value of the reheated steam, Ahp, is
the enthalpy increase of the reheated steam, m,y, is the mass flow
rate of the reheated steam.

c). Leveraging the deep peak-shaving capability of the electric
boiler, a combined heat supply method utilizing both the electric
boiler and intermediate steam extraction is employed. In this
approach, intermediate steam extraction is prioritized for heat
supply, while the electric boiler provides supplementary heat.

Qcoal = QSt tap + Edgl X Ndr (19)

where Qst tap is the heat supply from intermediate steam extrac-
tion, Egg is the power consumption of the electric boiler, and #q; is
the electro-thermal conversion efficiency.

The cogeneration unit satisfies the following balance:

Ecoat = (Emain + Eren) x 3.6 (20)

Mmain = Mep + Mmp + my, (21)

b. Water consumption calculation. The hourly water replenish-
ment for CHP system is calculated as the steam flow rate at time
t minus the recovered water volume at time ¢t — 1.

Mwater = MaX(0, Mpain (£) — Meep(t — 1) x (1 —n;)) (22)

where 7, is the condensation recovery rate.

c. Coal consumption and carbon emission calculation. Due to the
nonlinear relationship between CHP load and standard coal
consumption, the calculation method referenced from Lu et al.
(2014) is adopted in this study:

2
Meoal = A X Pyoral” + b X Progar + € (23)

Mco, = Meoal X Hearbon X Hee (24)
where my, is the standard coal consumption, and a, b, and c are
the coal consumption coefficients of the unit, mcg, is CO> emis-
sions, pcarbon iS the carbon content of standard coal, and . is the
CO, conversion factor for standard coal.

2.2.3.2. Carbon capture model. The CO, capture system consists of
two stages: capture and liquefaction. The capture stage typically
uses chemical absorption with organic amine solutions (Rochelle,
2009). Flue gas is first pretreated in a composite absorption tower,
where its temperature is reduced to —40 °C via alkaline washing,
removing moisture, trace gypsum, and acidic gases to ensure
optimal conditions for absorption. Absorbent regeneration involves
removing impurities and dissolved organic compounds using acti-
vated carbon, followed by regeneration with low-pressure satu-
rated/high-temperature steam, typically sourced from plant waste
heat or auxiliary boilers (Liu et al., 2023). The energy and material
consumption for both stages are calculated as follows:

a. Captured CO; quantity.
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Mco, cap = Mco, X Mcap (25)
where mco, cap is the quantity of captured CO, mcq, is the CO;
emissions from the CHP system and 7,j, is the capture efficiency of
the carbon capture system.

b. Total electricity consumption.

Ecap = Mo, cap X €cap device + M0, cap X €liq device (26)

The total electricity consumption Ec,p is the sum of the elec-
tricity consumption in the capture stage and the liquefaction stage.
€cap device AN €jig device TEPresent the unit electricity consumption
for the capture stage and the liquefaction stage, respectively.

c. Total heat consumption.

Qcap = McQ, cap X hreb (27)
Qcap is the regeneration heat consumption, which is the heat
required for absorbent regeneration during the CO, capture pro-
cess. hyp, is the regeneration heat consumption per unit of CO».

2.2.4. EOR model

CO,-EOR uses captured CO; to enhance oil extraction in mature
fields while storing CO, underground. Based on actual CO,-EOR
processes, the energy demands of four key stages—CO, injection,
oil production, CO; reinjection, and gathering/transportation—are
evaluated (Zhang et al., 2024). Energy consumption for each stage
is calculated as follows:

Eoilfietd = Einj + Eext + Ereinj (28)

. CO;, injection stage. CO; is injected into the reservoir using
high-pressure equipment (e.g., gas injection pumps, compres-
sors) to boost formation pressure and enhance oil recovery.
Electricity demand depends on the injection rate and equip-
ment power.

Einj = Mco, inj X €inj (29)
where E;y; is the injection stage electricity consumption, mco, iyj is
the CO; injection rate (t/h), and e;y; is the electricity consumption
per unit of injected CO».

b. Oil production stage. Key equipment includes pumping units
and auxiliary heaters. Pumping units lift oil-containing fluids to
the surface, with power demand tied to well depth, pump ef-
ficiency, and fluid production rate. Heaters prevent oil
condensation and pipeline blockages. The fluid production rate
for each well is calculated as follows:

a
Moil = Miiquid X Mwell X 77 X (1 — watercur) (30)

mliquid = Atubing X Lstroke X Nstrokes x 60 x & x €pump (31)
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dtubing
2

2
) (32)
where m;, is the total oil production, water.,: is the water content,
Nyer 1S the total number of wells, and « is the ratio of production to
injection wells. my;qiq is the fluid production rate per well, Agping
is the tubing cross-sectional area, Ly, iS the stroke length,
Ngirokes 1S the strokes per minute, ¢ is the pump efficiency, and
epump iS the pumping unit efficiency. The oil production stage
energy consumption is calculated as follows:

Atubing =n X (

(33)

Eext = n 2
it X X
ext = Ppump unit well X 77

Ppump unit = (Ppump + Dheater X € +anX) X epump (34)
where Eqx; is the total electricity consumption in the oil production
stage, Ppump. Pheater» aNd Paux are the power of the pumping unit,
heater, and auxiliary equipment, respectively, and ¢ is a binary
variable (1 for winter, O otherwise).

c. Reinjection stage. During CO,-EOR, some CO> is recovered with
produced fluids and reinjected into the reservoir using high-
pressure compression and transport equipment.

Ereinj = Mco, inj X Nreinj X Creinj (35)
where Ejy; is the total electricity consumption during reinjection,
freinj 1S the reinjection ratio, and eyjy; is the electricity consump-
tion per unit of reinjected CO,.

d. Gathering and transportation stage. This stage covers the
transport, separation, and processing of oil-containing fluids
from wells to treatment facilities, primarily involving oil-water
separation and pipeline transport.

Ega_trans = Myjj X €sep + Mgj| X €trans (36)
where esep is the electricity consumption per unit of oil-water
treatment, and eaps is the gas consumption per unit of oil transport.

2.2.5. Objective function

This study maximizes the oilfield production’s annual total profit
(TPy). An oilfield IES planning and operational optimization model
enables simultaneous optimization of equipment investment and
hourly operations. A year-by-year optimization strategy ensures
dynamic state transfer. The mathematical expressions are as follows:

maXTPy :Roil,y JrRheatAy +Rcarbon,y - chaptial,s«y - CO&M,s,y +4
s

8760 8760 )
> (ppv,r,y +pwind,t,y) —J2 Y Aprysepv,wind,chp.EOR  (37)
t t

where Ceyprialsy and Cogmsy are the capital and operational and
maintenance (O&M) costs of system s in year y. Ryj ¢, Rpear and
Rearbony are the revenue selling crude oil, high-pressure steam, and
carbon market in year y. 1; is the decarbonization weight, with
higher values indicating greater renewable energy generation.
Ppv.ty and pying ¢y are the power generation of PV and wind at time
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t in year y. 1 is the stability weight, with higher values favoring
self-consumption, it is assumed to be 0.025. Ap; is the power
supply-demand imbalance at time t in year y.

In IES optimization, capital costs are a key factor in system
economics. In year y, the capital cost of subsystem s is calculated as
follows:

Ccaptialsy = Z (Zceq,s.,ty + Ceonsy + Cint,s‘y + Craxsy
N i

+C0ther,s,y> X Csy (38)

where csy is the installed capacity of subsystem s, and i is equip-
ment within subsystemss. Ceq 5 ;  is the equipment acquisition cost,
Ceonsy is the construction and installation cost, Gy, is the in-
terest during construction, Ciaxsy is the value-added tax, and
Cother.sy 1S other construction costs.

O&M costs are a critical factor influencing the long-term eco-
nomics of the system. In year y, the O&M cost of subsystem s is
calculated as follows:

CO&M,si,y = Z
s

Zomat,sj,y"'omai,sy +Osal,s‘y +Oins,s,y
j
(39)

+Oint¢s,y +Oother,s.y XCsy

where j is raw materials in subsystem s production process.
Omatsjy i cost of raw material j in subsystem s. Opy; s, is main-
tenance cost, Ogyy 5y is 1abor cost, Oy sy, is insurance cost, Oy sy 1S
interest cost, and Ogper s, is Other O&M costs.

The system's revenue is calculated as follows:

365
Roity = Y | Y myii, x pricegg (40)
d=1 \teday
365
Rheaty = Z Z Qmp,t X PriCepest g (41)
d=1 \teday
365
Rearbony = Z Z Mco, pur,t X PIC€carbon.d (42)
d=1 \teday

where mg; ; is the oil production at hour t, Qmp, is the heat pro-
duction at hour t, Mo, pur is the purchased CO; at hour ¢, pricey; 4,
Pricepeat g and pricec,hon g are the oil price, heat price, and carbon
price on day d, respectively.

2.2.6. Constrains

a. Real-time power generation constraints for PV and wind power.
The real-time power generation of PV and wind power systems
must not exceed the theoretical generation capacity under
current weather conditions.

y y-1
Ppvty < Pputy X Z (va,k - va,k—l) x H (1 - apv,-[) (43)
k=1 =k
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y-1

H (1 - “wind,r)

y
Pwind,t,y < Pwind,ty X Z (Cwindﬁk - Cwind,k—l) X
=k
(44)

k=1

where Ppy ¢y and Pyinq ¢, are the power generation of PV and wind
at time ¢ inyear y. cpvy and Cying,, are the installed capacities of PV
and wind in year y. apyy and ayinqy are the annual degradation
rates of PV modules and wind turbines in year z.

b. Power and heat balance constraints. CHP power supply must

exceed the power deficit, and heat supply must meet the heat
load to ensure power and heat balance.

Pchp,t - Eself use,t > max (EcapAt + Eoilﬁeld,t - PPVI - Pwind,tv 0)

(45)
Eself use,t— (ECBP,H'Eoilfield,t+’7turbine X Qcap,t) *rself-use (46)
Qchp.t > Qmp,¢ + Qeap,t (47)

where Py, ¢ is the total CHP power supply at time ¢, Egejf-yse ¢ iS
the self-consumption at time ¢, and Qgp is the heat supply at
time t.

c. Carbon balance constraint.

z:mco2 inj,t z:mco2 to air,t = Z:mco2 pur,t T Z:mco2 capt

teT teT teT teT
(48)

where mcog, ; and mco, cap are the total carbon emissions and
captured carbon from the CHP unit at time t, respectively. mco, inj ¢
is the CO; injection for EOR at time ¢, Mo, 10 air ¢ 1S the CO2 emitted
to the air, and mco, pur; is the CO, purchased from external
sources.

d. CO, storage tank constraints. The hourly storage change is
calculated based on the balance of capture, purchase, injection,
and storage. The CO, storage must not exceed the tank's
capacity.

Mco, pur,t +Mco, cap,t — mCOZ inj,ts t=0

Mco, sto,t =
Mco, sto,t—1 — Mco, pur,t +1Mco, cap,t — Mco, inj,t: > 0

(49)
where mco, st ¢ 1S the storage amount in the tank at time t.

e. CO2-EOR production constraints. Annual oil production is
capped at the target level, with daily production meeting
minimum requirements. CO; injection is limited to a range tied

to annual oil output.

Zmoil,t = Doil

50

teT ( )
> Mgite > Do daily, Vd € {1,2,-+,365} (51)

te(1.24]

> Mo, inj¢ € [Poit X Tco,—oil» Poil X Tco,—oil X 1.2] (52)

teT
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where p; is the annual oil production target, pj gaily is the min-
imum daily production, and rcg, oy is the annual CO3-oil
replacement rate.

f. Ramp rate constraints for CHP.

Pcoal,t - Pcoal,t—l
At

<

T'min ramp < 'max ramp (53)
where Py, is the coal-fired CHP power output at time t, At de-
notes the time interval, and r'yinramp and 'maxramp are the lower

and upper ramping limits of the CHP unit, respectively.

g. Other fluctuation constraints.

€pump,t — €pump,t—1
At

(54)

< 'max pump

Mco, inj,t — MCO, injt—1|

At | < Tmax inj (55)

where epump is the pumping unit efficiency. rmax pump and rmay in;
are the maximum fluctuation rates for pumping efficiency and CO,
injection rate.

h. Capacity and boundary constraints.

Csto tank = max(mcoz storage,t) (56)

Ccapture = choz,t (57)
teT

0 < mco, purt < MaXco, pur (58)

0 < Mco, inj¢ < MaXco, inj (59)

where maxco, pyr is the maximum hourly CO; purchase limit, and
MaXco, jnj i the maximum hourly CO; injection limit.

i. Installed capacity expansion constraints. Current installed ca-
pacity must not be less than the previous period's capacity to
enable expansion.

d>d! (60)
In addition, renewable energy capacity is subject to spatial con-
straints imposed by the available land area within the oilfield:
hv*apy + Cying*Awind < Aoilfield (61)
where apy represents the land area required per unit of PV ca-
pacity, a,inq represents the land area required per unit of wind
capacity, and Agjfelq denotes the total available land area for
renewable energy deployment in the oilfield.

2.2.7. Indicator evaluation

This study further conducts a comprehensive quantitative
evaluation of the optimization results in terms of economic,
decarbonization, and reliability.
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a. Economic indicator. onpy measures the system's economic
performance over the planning period using net present value
(NPV):

20

Onpv — Z
y

CFy

1 +rY (62)

- chaptial‘s,y
s

where CF), is the net cash flow in year y, and r is the discount rate.

b. Decarbonization indicator. o reflects the system's low-carbon
performance as the annual average renewable energy genera-
tion share:

8760
1 20 ; (va,t,y JrI—"wind,t,y)
ore =55 > — x 100% (63)
Y ; ptotal,t,y

where Poral ¢y 1S the total power generation at time ¢ in year y.

c. Reliability indicator. ¢4 assesses supply-demand balance by
calculating the dynamic normalized fluctuation rate (Khan and
Javaid, 2020). A lower value indicates better source-load
interaction:

?760 Apt,y‘
8760%*Lavy.y

1 20
o|ld = Ezyzlﬂldy =

(64)

where Ap;y is supply and demand power deviation, Layyy is the
average load in year y.

3. Data

The hourly PV and wind energy resources for a certain region in
Xinjiang, China, in 2023 are presented in Fig. 2. This study utilizes
Monte Carlo simulations to model the uncertainties associated
with solar radiation, wind speed and price. The historical prices of
coal, crude oil, industrial CO,, carbon and time-of-use electricity
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Fig. 2. Irradiance and wind speed in Xinjiang, China in 2023.
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Table 2
Key technical parameters of the RC-CCUS.
Equipment Parameter Parameter description Value
PV Nmodule Module conversion efficiency 22.50%
Sovsystem Loss factor 87.23%
Pmodule Module power capacity 580 W
Apanel Module surface area 2.583 m?
T Solar tilt angle 38°
apy Land area required of PV capacity 202.47 m?/kW
wind Swind system System correction factor 80%
Vin Cut-in wind speed 3m/s
vr Rated wind speed 11.3 m/s
Vout Cut-out wind speed 25 m/s
Zy Turbine hub height 110 m
Ayind Land area required of wind capacity 71.20 m?/kW
CHP a,b,c - 7.2E-05, 0.23, 14.62
Nboiler Boiler efficiency 92.67%
Nturbine Turbine efficiency 43.84%
T'self use Self-use power ratio 6%
Nboiler to turbine Boiler to turbine efficiency 83.03%
Hcarbon Standard coal carbon content 71%
Hee Standard coal CO, conversion factor 3.67 t/t
T'max ramp Maximum ramp rate 12 MW/min
ccs Ncap Capture efficiency 90%
hrep Heat requirement for reboiler 2.4 GJ/t CO,
€cap device Electricity consumption of capture CO, 51.04 KWh/t CO,
eliq device Electricity consumption of liquefaction CO, 170.13 KWh/t CO,
EOR watercyt Water cut 80%
reinj Reinjection ratio 23%
Ppump Pump power 55 kW
Pheater Heater power 20 kW
Daux Auxiliary power 2 kW
Lytroke Stroke length 25m
Nitrokes Strokes per minute 8 strokes/min
Awubing Tubing cross-sectional area 0.05 m?
Cinj Electricity consumption of injected CO, 54.99 KWh/t oil
ereinj Electricity consumption of reinjected CO, 54.99 KWh/t oil
€sep Electricity consumption of oil-water treatment 39.89 KWh/t oil
€trans Gas consumption of oil transport 51.04 mz/t oil
Avilfield Total available land area 106 km?
are collected from Wind and Bloom.berg.database. The key tech- 1000 { 1 pv capaciy, W S Case1ls =
nical parameters of the IES are provided in Table 2. 2 w0 CHP capacity, MW Carbon capture, Mt 5
To validate the effectiveness of the refined energy equipment i 00 Fe 2
modeling and the integrated planning-operation optimization § 8
. . . 3
method, three cases with distinct energy-technology configura- g 40 5
tions were designed: Case 1 (Renewable energy + © 200 L2 S
CHP + CCUS + Source-load interaction), Case 2 (Renewable L
; 6
energy + CHP + CCUS + Stable production), and Case 3 1000 ] Case 2 =
(Grid + CCUS + Stable production). Cases 2 and 3 were used as 2 a0l S &
baseline comparisons to assess the model's generalizability under i 42
. . . . 2 600 o
different operational constraints and technology mixes. S rs 8
8 400 A L, <
8 8
4. Results and discussion 2007 8
0 0

4.1. Oilfield IES planning and operational optimization results

Oilfield development follows a two-phase pattern. In the ramp-
up phase (1st-12th years), crude oil output increases at 0.12 Mt per
year, peaking at 2.33 Mt in 12th year, while CO; injection rises from
3.13 to 7.26 Mt to support enhanced oil recovery. In the stable
production phase (13th-20th year), CO, injection maintains an
output of 2.30 Mt per year.

Fig. 3 compares the planning results of the oilfield IES under
two different production modes. In Case 1, as the oilfield produc-
tion capacity expands, PV capacity increases significantly by
215%-392 MW, wind power capacity rises by 94%-301 MW, CHP
capacity increases by 88%-593 MW, while carbon capture capacity
also increases by 73% to 3.9 Mt. In contrast, Case 2, which operates
under a stable load production mode, exhibits distinctly different
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Fig. 3. Installed capacities of PV, wind power, CHP, and carbon capture infrastructure
over the planning period.

characteristics. The system relies heavily on larger clean coal units
and carbon capture facilities to ensure the security and cleanliness
of the energy supply. In the stable production phase, CHP capacity
increases by 84%-910 MW. Simultaneously, the system requires
higher carbon capture capacity to minimize its environmental
impact, with carbon capture rising to 4.4 Mt. However, the
development of renewable energy is severely constrained, with PV
capacity only reaching 152 MW, while wind power capacity
slightly increases to 330 MW.
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Case 2 (without source-load)
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Fig. 4. Comparison of CHP power, heat, CO, injection, and oil extraction between Case 1 and Case 2 in 20th year.

In the oilfield IES, flexible loads are classified into two cate-
gories. Electrical flexible loads (e.g., electric submersible pumps,
progressing cavity pumps, CO, compression, CO, injection and
electric heating) can be regulated hourly through frequency con-
trol, staggered start-stop, and well group rotation. Quasi-flexible
thermal loads, such as solvent circulation and regeneration in
CO, capture and pipeline insulation, are bound by heat balance,
fluid quality, minimum transport temperature, and safety con-
straints, permitting only limited intra-band adjustment. Fig. 4 il-
lustrates the optimized real-time operation results for
representative winter and summer days derived from the pro-
posed framework.

In winter, Case 2 maintains a fixed EOR output and a nearly
constant electricity load (314.43 MW), resulting in minimal
alignment with wind-solar fluctuations. System variability is
largely absorbed by the CHP, which ramps at 117.3 MW/h, while
coal-fired and industrial heating remain rigid. In contrast, Case 1
adopts flexible scheduling (daytime extraction, nighttime recov-
ery, well-group rotation, tiered power allocation), reducing
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average load to 26717 MW and improving correlation with re-
newables to 0.866. CHP ramping falls to 59.03 MW/h, and daytime
well productivity increases by 60%. Seasonal contrasts are
magnified in summer. Case 2 sustains a nearly constant
303.39 MW load with only 14.26% renewable penetration and

£ 500 1 =33 Py + wind, MWh

; B3 Coal generation, MWh
= 400 | == Oilfield electricity demand, MWh
c T

RS

=1

© 300

[}

5

o 200 T

2

£ 100
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@

L 04 —_

Low-RES Non-extreme High-RES

Fig. 5. Distribution of PV + wind and coal generation relative to demand across low-
RES, non-extreme, and high-RES hours under Case 1.
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69.72 MW/h CHP ramping. Case 1, by following renewable avail-
ability, raises average load to 323.72 MW, increases renewable
penetration to 30.41%, and achieves a correlation of 0.959. CHP
ramping remains controlled at 123.35 MW/h, and daytime pro-
ductivity is 73.9% higher than nighttime. These results highlight
the efficiency and low-carbon benefits of flexible source-load
coordination.

- Total power supply, GWh

_ Curtailed power

- Total heat supply, GWh

Petroleum Science 23 (2026) 4364-4379

Carbon-energy interactions are shaped jointly by seasonal
supply-demand patterns and operational flexibility. In winter,
higher CHP output ensures abundant CO, supply, with the average
injection rate reaching 1222.97 t/h. In summer, maintenance
outages and partial-load operation reduce CO, availability, while
intensified industrial demand raises CO, prices by 21.46%
compared to winter. Accordingly, a seasonally differentiated EOR
injection strategy is adopted: injection is maximized in winter and
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Fig. 6. Electricity, heat, and carbon flow dynamics in the 1st, 10th, and 20th years of the planning period.
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moderated in summer (average 360.57 t/h), which both tracks
market signals and releases electro-thermal capacity to support
flexible production under renewable variability.

As shown in Fig. 5, under the Case 1 configuration, the hourly
operating states are classified into low renewable energy supply
(low-RES), non-extreme renewable supply (non-extreme), and
high renewable energy supply (high-RES) conditions (905/6979/
876 h, respectively). During High-RES periods, PV and wind gen-
eration increases substantially (357.7 MWh), enabling the oilfield
to raise electricity demand to 413.5 MWh while suppressing coal-
fired output to 173.0 MWh. Conversely, under Low-RES conditions,
renewable supply is nearly absent, prompting the system to reduce
electricity demand to 195.2 MWh and increase coal-fired genera-
tion to 365.2 MWh to maintain heat-power security. The Non-
Extreme regime shows intermediate behavior (PV + wind 139.3
MWh, demand 310.6 MWh, coal 327.6 MWh). These results
demonstrate a clear renewable-contingent operational strategy:
when renewable availability is high, the system shifts to load ab-
sorption and coal displacement; when it is low, demand is cur-
tailed and coal generation becomes the primary stabilizing
resource to ensure continuous supply.

Fig. 6 illustrates the system's energy and material flow char-
acteristics in the 1st, 10th, and 20th years. In Case 3, the system
relies entirely on the external power grid for electricity supply,
while heat is provided through natural gas combustion. Total
electricity demand increases from 584 GWh in 1st year to 1274
GWh in 20th year, with consumption primarily concentrated in
energy-intensive processes such as oil well recovery (56.0%), CO2
injection (30.2%), CO, reinjection (6.9%), and oil-water separation
(6.9%). Heat demand is mainly associated with gathering and
transmission heating. CO; supply is fully dependent on external
procurement, with annual purchases rising from 3.13 to 7.07 Mt,
underscoring the system's lack of self-regulation and long-term
sustainability. Under this scenario, the CO,-EOR process exhibits
a carbon intensity of 456.4 kgCO, per ton of oil, with annual
emissions reaching 0.94 Mt during the stable production stage.

With the introduction of the IES in Case 2, the CHP system
emerges as the central hub for coordinated electricity, heat, and
carbon supply, while the share of renewables increases to 23.2%.
Electricity use follows a clear hierarchy in which gathering and
transmission heating accounts for 33.3%, carbon liquefaction 22.5%,
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and CO; injection wells 16.4%, together representing more than 70%
of total demand. In comparison, CHP self-consumption, carbon
capture, and CO, reinjection together contribute less than 20%. On
the heat side, solvent regeneration in amine-based carbon capture
dominates, supplemented by medium-pressure steam extraction for
industrial waste heat recovery. Expansion of coal-fired generation
raises captured CO; from 2.4 to 4.0 Mt, yet internal supply meets
only 48% of the EOR injection demand, driving external procurement
from 0.76 to 3.0 Mt. Residual emissions mainly stem from uncap-
tured CO,, totaling 0.442 Mt annually during stable production,
which represents a substantial reduction relative to Case 3.

The optimized Case 1 system with source-load interaction
markedly improves renewable integration. While the CHP system
remains the dominant energy source, wind and PV penetration
increases modestly from 31.3% to 32.4%. At the same time, the CHP
heat-to-power ratio falls from 2.42 to 1.46, indicating a transition
from a heat-driven model to an electricity-heat synergistic model,
marking a significant step in energy structure optimization.
Compared with Case 2, where the ratio declines from 1.98 to 1.35,
Case 1 delivers a more substantial structural shift while still
maintaining a high ratio to satisfy the heat demand of carbon
capture. In terms of carbon emissions, the internal CO;, supply in
Case 1 meets only 56% of the requirement for EOR injection, and
external procurement rises from 1.2 to 3.8 Mt over the 20-year
horizon.

4.2. Economic and multi-indicator analysis results across cases

The economic performance of the oilfield IES across the three
cases (Fig. 7) reveals significant differences. Case 1 demonstrates
the highest NPV of 36.52 billion CNY at a 6% discount rate, sur-
passing Case 2 by 10.26% and Case 3 by 11.61%, reflecting its su-
perior economic efficiency. This outcome is driven by dynamic
supply-demand matching, which maximizes renewable energy
utilization through load shifting and strengthens CHP load-
following flexibility. As a result, total installed capacity is
reduced, capital expenditure falls by 1.22 billion CNY, and opera-
tional efficiency improves. Annual CHP operating hours increase
from 3631 to 4726 h, yielding 1.34 billion CNY in fuel and opera-
tional savings compared with Case 2. Case 2 performs moderately
well but lacks the full benefits of flexible coordination, while Case
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Fig. 7. Cost-benefit comparison across Case 1, Case 2, and Case 3.
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Fig. 8. (a)-(c) Annual cash flow dynamics of the RC-CCUS system for Cases 1, 2, and 3; (d) Internal rate of return (IRR) evaluation for Cases 1, 2, and 3.

3, without renewables or CCUS, faces the heaviest economic
burden, with operational costs reaching 33.97 billion CNY due to
high dependence on purchased electricity and external CO;
procurement.

The comparative analysis of cash flow dynamics, shown in
Fig. 8, highlights clear differences in investment structures and
operating costs. Case 1 delivers the strongest economic perfor-
mance, with total capital expenditure of 31.1 billion CNY. Most of
the investment is directed to oilfield EOR retrofitting, which ac-
counts for 64.7%, and to carbon infrastructure, which accounts for
19.7%, while renewables and CHP together contribute 15.5%. This
allocation ensures stable operating costs in the mature phase be-
tween 10th and 20th year, with renewable O&M expenses
remaining steady at 32-40 million CNY for PV and 28-37 million
CNY for wind, whereas fossil-based system costs gradually rise
from 1.08 to 1.17 billion CNY. Case 2 requires a higher fixed asset
investment of 32.5 billion CNY, 4.5% more than Case 1, largely due
to greater allocations for CHP and CCS infrastructure. The
expanded CHP and CCS capacity raises annual O&M costs to
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1.40-1.49 billion CNY. However, the enhanced capture capacity
reduces reliance on purchased CO,, lowering EOR O&M costs to
1.15-1.35 billion CNY. Case 3 requires substantially lower capital
investment—23.49 billion CNY, representing a 24.5% reduction
relative to Case 1—with 85.6% allocated to oilfield retrofitting.
However, this cost-saving strategy results in considerably higher
operating expenditures, driven by annual electricity costs of
0.52-0.53 billion CNY, natural gas costs of 0.41-0.42 billion CNY,
and CO, procurement costs of 2.50-3.10 billion CNY. Across all
cases, carbon trading revenues help to offset the decline in oil
revenues. Case 1 achieves the greatest benefit, with carbon reve-
nues rising from 4.45% to 8.59% of total income as carbon prices
increase from 417 to 853 CNY per ton. District heating contribu-
tions remain steady at 4.62%, ensuring robust annual revenues of
9.3-9.9 billion CNY throughout the mature operational phase.

As shown in Fig. 8(d), the relatively lower IRR of Case 2
compared with Case 3 arises from its larger-scale integration of
renewables and higher upfront capital investment, which delay
the break-even point and weaken early cash flow performance.
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Fig. 9. Three-dimensional evaluations of economic, stability, and low-carbon per-
formance across Case 1, Case 2, and Case 3.

Yet the 20-year horizon does not fully capture Case 2's long-
term technical advantages, as the extended lifespans of its
assets—30 years for CHP and 25 years for PV and wind-
—together with declining marginal costs are expected to deliver

PV capacity, MW Wind capacity, MW

800

800
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sustained benefits beyond the assessment period. By contrast,
Case 3's profitability is highly vulnerable to market volatility,
particularly in electricity procurement and CO, sourcing. Case 1,
which secures a higher IRR than Case 2 while remaining broadly
comparable to Case 3, demonstrates superior efficiency across
both short- and long-term horizons, underscoring the resilience
and structural flexibility conferred by an integrated energy
system.

In the reliability dimension (Fig. 9), the combination of source-
load interaction and real-time optimization deliver clear advan-
tages. Case 1 achieves a load deviation (oq) of 0.70%, a 6.67%
improvement over Case 2 at 0.75%. As shown in Fig. 4, the load
fluctuation of CHP units in Case 1 is reduced by 41.4% relative to
Case 2, lowering regulation costs and mitigating equipment aging
from frequent ramping, thereby enhancing long-term stability.
Although Case 3 theoretically achieves ¢)4 = 0 by relying on grid
regulation, this shifts the burden to the external grid, increasing
regional dispatch pressure and systemic risk. On the decarbon-
ization front, Case 1 also holds a significant advantage, achieving a
renewable penetration of 32.44%.

4.3. Multi-objective sensitivity analysis

To assess the influence of decarbonization and reliability pri-
orities in Case 1, the decarbonization weight 1; and reliability
weight 1, were set to {0, 0.05, 0.10} and {0, 0.025, 0.05}, corre-
sponding to lenient, moderate, and strict constraint intensities. As
shown in Fig. 10, increasing the decarbonization preference under
moderate reliability (1, = 0.025) leads to a marked expansion of
renewable capacity during the stable production period, with
wind and PV capacities rising from 301/392 to 667/776 MW.
Conversely, tightening the reliability constraint under moderate
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Table 3
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Trade-offs among economic, decarbonization, and reliability under different weighting preferences.

Parameters Indicator Economic (onpy) Decarbonization (ore), % Reliability (o14), %
M 0 A2 0 35.74 33.20 0.87
0.025 36.52 32.44 0.70
0.05 35.71 32.88 0.65
0.05 A2 0 35.75 49.44 5.12
0.025 35.79 46.48 3.51
0.05 35.79 44.38 2.68
0.01 A2 0 3291 78.08 58.21
0.025 35.06 63.52 16.07
0.05 35.49 58.20 9.82

decarbonization preference (11 = 0.05) shifts the capacity mix from
(582 MW wind + 453 MW PV) with 530 MW coal to (548 MW
wind + 388 MW PV) with 544 MW coal, reflecting a structural shift
toward dispatchable power.

The performance results in Table 3 indicate a clear operating
threshold. When the wind-solar share is maintained at around
50%, the system attains a balanced regime: economic returns
remain stable (onpy &~ 35.5-35.8 billion CNY) and reliability stress is
contained (o}q =~ 3%-5%), while decarbonization remains effective.
Beyond this range, further emissions reduction is achieved mainly
through continued capacity expansion, which triggers a non-linear
increase in operational stress (o)q up to 58.21%) and a decline in
economic performance. The system thereby shifts into a high-cost
operating state. These results suggest that maintaining a renew-
able share near ~50% yields the most favorable trade-off among
decarbonization outcomes, economic viability, and reliability.

5. Conclusions

By using the planning-operation integrated optimization
model, the installed capacity of the oilfield IES is obtained for
producing 2.30 Mt crude oil per year. The Case 1 is equipped with
593 MW CHP, 301 MW wind, 392 MW PV, and 3.74 Mt CCS ca-
pacity, on the other hand, The Case 2 requires 910 MW CHP,
330 MW wind, 152 MW PV, and 4.40 Mt CCS.

The oilfield IES increases NPV by 10.26% and 1.35% in Case 1 and
Case 2 comparing with Case 3 respectively, supporting a cost-
effective transition. At the same time, all three scenarios realize
negative-carbon operation, and the net emission reductions of
Case 1 and Case 2 are 9.20% and 8.20% higher respectively
comparing with Case 3. Therefore, the findings reveal that the
economic and decarbonization benefits in Case 1 and Case 2 are
improved substantial with a very limited reduction of reliability
degree comparing with Case 3, and it offers an efficient solution to
the trilemma in the low-carbon transition in oilfield energy
system.

The Case 1 with source-load interaction improves the perfor-
mance in economic, decarbonization and reliability by 9.04%, 1.00%
and 6.67% respectively compared to the Case 2. These improve-
ments are attributable to the coordinated scheduling of flexible
oilfield load, including electric submersible pumps, progressing
cavity pumps, CO, compression and injection, and electric heating
using strategies such as daytime extraction with nighttime re-
covery, well-group rotation, and tiered power allocation.

6. Limitations and future work

This study focuses on a representative oilfield system and does
not yet extend to larger regional or national-scale comparative
analysis. In addition, the model adopts deterministic parameters
and does not account for uncertainties such as price volatility and
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technological progress. Future work may expand the analysis to
interconnected multi-regional systems and incorporate stochastic
optimization or real-options approaches to evaluate investment
and operational decisions under uncertainty, while also including
additional low-carbon technologies such as energy storage and
hydrogen to enhance the model's applicability.
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Abbreviations

NC-IES Negative carbon integrated energy systems
CHP Combined heat and power

EOR Enhanced oil recovery

GHG Greenhouse gas

DNI Direct normal irradiance

GHI Global horizontal irradiance

IES Integrated energy systems

CCUs Carbon capture, utilization, and storage
NPV Net present value

RC-CCUS Renewable energy-CHP-CCUS

DHI Diffuse horizontal irradiance

CO, Carbon dioxide
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