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ABSTRACT

Efficient deployment of carbon capture, utilisation, and storage (CCUS) within industrial clusters
requires coordinated CO, allocation under economic, technical, and environmental constraints,
particularly when CO, availability is limited. This paper presents a centralised optimisation frame-
work for allocating captured CO, from nine industrial sources to six utilisation and storage sinks
within an industrial park in Qatar. A multi-objective mixed-integer linear programming (MILP) model
is developed to minimise total system cost while accounting for capture, purification, transport,
and utilisation processes, and enforcing an environmental feasibility constraint to ensure net CO,
reduction. The model is evaluated under four scenarios: a baseline case with sufficient CO, to
satisfy all sink demands, and three scarcity scenarios in which 15%, 25%, and 35% of total source
emissions are available. Results show that under scarcity, allocations prioritise large EOR sinks
supplied by high-volume, low-purity sources, while utilisation pathways are progressively reintro-
duced as availability increases. The findings highlight the critical influence of CO, purity, sink re-
quirements, and supply constraints on allocation outcomes and underscore the importance of cen-

tralised planning for robust CCUS deployment.
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INTRODUCTION

Carbon capture, utilisation, and storage (CCUS) has
been widely recognised as a critical decarbonisation
pathway for energy-intensive industrial systems, partic-
ularly in sectors where direct electrification and fuel
switching remain technically or economically con-
strained. Previous system-level assessments empha-
sised that the effectiveness of CCUS deployment de-
pended not only on capture technologies, but also on the
coordinated planning of CO, transport, allocation, and
end-use across interconnected industrial networks. In
this context, Leonzio et al. (2022) highlighted the im-
portance of integrated supply-chain optimisation for
achieving cost-effective emissions reduction, showing
that sub-optimal source-sink matching and transport de-
sign could significantly undermine the economic viability
of CCUS systems.

Several studies extended CCUS optimisation frame-
works to explicitly include utilisation pathways alongside
storage. Zhang et al. (2024) and Iskandar & Kurihara
https://doi.org/10.69997/sct.174796
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(2025) developed co-optimisation models capturing
trade-offs between CO, utilisation, storage, and
transport modalities, while Susantoro et al. (2023) fo-
cused on CCUS-EOR configurations aimed at meeting
net-zero or near-zero emissions targets. These studies
demonstrated the potential economic benefits of inte-
grating utilisation sinks within CCUS networks, but typi-
cally evaluated system performance under assumed
availability conditions and aggregate emissions targets.
Zhang et al. (2017) investigated the design of integrated
CCS infrastructure under carbon trading schemes and
highlighted the importance of spatial proximity and net-
work configuration in determining optimal capture and
transport strategies.

Recent literature placed increasing emphasis on the
technical characteristics of CO, streams and their impli-
cations for system performance. (Alnouri & Al-Mohan-
nadi, 2023) examined the influence of treatment design
parameters on carbon integration and showed that puri-
fication requirements significantly affect capture effi-
ciency and downstream feasibility. (Sawaly et al., 2026)
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quantified the role of CO, purity and treatment costs in
shaping optimal allocation within energy and petroleum
systems, while (Kumcu et al., 2026) further highlighted
that capture and purification processes often represent
dominant cost components in CCUS supply chains.

Optimisation-based modelling approaches have
been extensively applied to CCUS system design. Mixed-
integer linear programming (MILP) formulations have
been used to minimise total system cost while determin-
ing optimal capture, transport, and storage configura-
tions at regional and national scales. Caselli et al. (2022)
formulated MILP frameworks to support strategic CCUS
infrastructure planning, while Wu et al. (2023) extended
optimisation approaches to address transport and stor-
age coordination under capacity constraints. More recent
contributions incorporated broader system interactions,
including energy-industry coupling and emissions reduc-
tion targets, to assess the role of CCUS within low-car-
bon transition pathways (Al-Mohannadi & Al-Mohannadi,
2023; Sawaly et al., 2024)

Despite these advances, several gaps remained in
literature. First, most optimisation studies implicitly as-
sumed that sufficient captured CO, was available to sat-
isfy utilisation and storage demand, providing limited in-
sight into allocation behaviour under supply-constrained
conditions. Second, life-cycle CO, emissions were com-
monly assessed ex post, rather than enforced directly
within optimisation frameworks through environmental
feasibility constraints. Third, the combined influence of
source CO, purity, sink-specific requirements, and sink-
level emissions on allocation prioritisation was rarely ex-
amined in an integrated manner, particularly within indus-
trial clusters where multiple utilisation and storage path-
ways compete for limited CO, supply.

This paper addressed these gaps by developing a
centralised optimisation framework for CO, allocation
within an industrial park in Qatar. The proposed model in-
tegrated detailed capture and purification cost functions,
explicit life-cycle emissions accounting, and an environ-
mental feasibility constraint to ensure net CO, reduction.
The framework was evaluated under a baseline scenario
with unconstrained CO, availability and under multiple
scarcity scenarios to analyse how allocation patterns, de-
mand satisfaction, and emissions performance evolved
as CO, availability decreased. In doing so, the study pro-
vided new insights into cost-emissions trade-offs and al-
location dynamics relevant to the planning and deploy-
ment of resilient, environmentally robust CCUS systems
in industrial clusters.

2. MODELS AND OPTIMISATION

A multi-objective optimisation framework based on
mixed-integer linear programming (MILP) is developed to
model CO, allocation within an industrial park in Qatar.
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The framework optimises the allocation of captured CO,
from multiple industrial sources to a set of utilisation and
storage sinks while balancing economic and environmen-
tal objectives. The system consists of nine industrial CO,
sources and six application sinks. The optimisation deter-
mines source-sink selection and associated annual CO,
flowrates, where binary decision variables represent
source-sink assignments and continuous variables de-
scribe CO; flows. Each sink is supplied by a single source,
while each source may supply multiple sinks subject to
its CO, availability. Economic performance is evaluated
through minimisation of total system cost, and environ-
mental performance is incorporated through explicit ac-
counting of life-cycle CO, emissions and the enforce-
ment of an environmental feasibility constraint ensuring
net CO, reduction.

To examine system behaviour under different oper-
ating conditions, the model is solved under four distinct
scenarios. The first scenario represents a baseline case
in which sufficient captured CO, is available to fully sat-
isfy the demand of all utilisation and storage sinks. The
remaining three scenarios consider constrained CO,
availability, where only 15%, 25%, and 35% of total source
emissions are available for allocation. These scenarios
enable assessment of trade-offs between cost minimisa-
tion, CO, utilisation levels, and emissions performance
under increasingly stringent system conditions.

2.1 Available Data and Assumptions

cCapture and purification costs are calculated for
each candidate source-sink match using the cost func-
tion developed in Sawaly et al. (2026). The model uses
source-specific CO, availability and CO, purity, together
with sink-specific CO, demand and minimum purity re-
quirements. The CO, emissions available at each source,
together with their corresponding CO, purity, and the
CO, demand and purity requirements at each sink are
summarised in Table 1. The spatial distribution of all
sources and sinks within the industrial park is presented
in Figure 1.

Table 1. Technical and economic characteristics of CO,
sinks.

Sinks CO: demand Purity
(tCO-2/year) required (%)

QAFAC H2 3.86 x 10°¢ 78%

QAFAC NG 3.90x 10° 80%

Pearl GTL 1.28 x 108 47%

Oryx GTL 1.28 x 108 38%

Dukhan Field (EOR) 9.97 x 108 95%

AlShaheen Field 4.30x 10°¢ 95%

(EOR)

Sources Emissions Purity
(tCO-2/year) available (%)
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Ras Girtas Power 4.77 x 108 6%
Company (RGPC)

Mesaieed Power 1.90x 108 5%
Company Limited

(MPCL)

QAFCO 5.85 x 108 52%
QATALUM 4.65x 108 3%
Qatarenergy-LNG 3.50 x 107 17%
Qatar Steel 1.72 x 10° 25%
Q-CHEM 2.16 x 108 20%
QNCC 1.50 x 10° 23%
QP REFINERY 1.20 x 108 11%

@® Sink
@ Source .

)

Figure 1. Spatial Distribution of CO, Sources and Sinks
with Emissions and Demand.

The assumptions made in the model are as follows:

= CO,is transported via pipeline between sources
and sinks.

= All source-sink connections are assumed
technically feasible due to the availability of
capture and purification technologies; feasibility is
reflected through cost and emissions penalties

Sawaly et al. / LAPSE:2026.0445
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rather than excluding pairs a priori.

= Differences in CO, purity are captured through
source-sink-specific capture/purification cost and
capture/purification emission factors, and through
purity-adjusted transportation impacts.

= CO,is assumed to be transferred free of charge
(no CO, commodity price); only operating costs
are considered.

= Capital expenditures and financing effects are
excluded; the optimisation accounts for annual
operating costs only.

= Life-cycle CO, emissions include capture and
purification, transport, and sink utilisation/storage
emissions, consistent with the model’'s emissions
accounting.

2.3 Model Formulation

The model includes the following decision variables:

q;;: Mass flowrate of CO, transported from source i
to sink j (tCO2/year).

;- Binary variable indicating whether sink j is sup-
plied by source i.

To represent CO, scarcity, a non-negative slack
variable u; is introduced to capture unmet CO, demand
at sink j.

Objective function
The optimisation minimises the total annual operat-

ing cost of the CO, allocation network:
minZ* = %" %" [C” + Ciflay + A u (1)
J

ieS jeJ
where Cl.cjﬁ“p and Cj; denote capture-purification and

transportation costs, respectively, and 1 is a penalty pa-
rameter associated with unmet CO, demand.

The optimisation is subject to the following con-
straints:

(i) Source capacity constraint, limiting total CO, sup-
plied by each source to its annual availability:

> q;<EVies )
jel
where E; is the annual CO; availability of source i.
(i) Sink demand constraints, ensuring that CO, de-
mand is satisfied or, in scarcity scenarios, captured as
unmet demand:
ieS
This constraint enforces full satisfaction of each
sink's CO, demand D;. It ensures that every sink receives

exactly the amount of CO, required for its operation, pre-
venting both under-supply and over-supply.
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(iii) Single-source supply constraints, restricting
each sink to be supplied by at most one source:
> oy <1vjel 4)
ies
(iv) Flow-selection linking constraints, enforcing

consistency between binary source-sink selection and
continuous CO, flows:

(v) Capture and purification emissions, calculating
emissions associated with CO, capture and purification:

= z z ER?;P qij (6)

ieS jeJ

anp, emis

where ER;® denote the capture and purification
emission rate.

(vi) Transportation emissions, accounting for pipe-
line transport of CO,:

tr, emis — tr l .
z ;;Hw”ﬂ, (7)
where EFT = 1.986 x 1076 tCO, / (tCO,/km), x; is the
CO2 mass fraction (purity) of source i, and d;; is the dis-
tance between each source-sink linkage.
(vii) Sink utilisation or storage emissions, capturing
process-specific emissions at the sinks:

Y, 2 ER™q; (®)

ieS jeJ

sink, emis __
7 =

where ER?}““ represents emissions generated during
CO,, utilisation or residual emissions during storage.

(viii) Total system emissions, aggregating all life-cy-
cle emission components:

. 1 .
zems =3 S [ER?}‘P +EF"dy —+ER{™|q;  (9)
ieS jeJ t
(ix) Environmental feasibility constraint (e-con-
straint), ensuring net CO, reduction:

zemis <3N gy (10)
ieS jeJ
This e-constraint ensures that the total life-cycle
emissions generated by the CCUS system do not exceed
the amount of CO, captured and diverted from atmos-
pheric release. It guarantees that all feasible solutions
deliver a net reduction in CO, emissions relative to the
baseline system without CCUS.
(x) Variable domain constraints, enforcing physical
feasibility:

q;>0VieSVjelr (11)
u;>0vjer (12)
yij €{0,1}Vie S, VjeJ 13)
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These constraints ensure physical feasibility of the
solution. CO, flows cannot be negative, and the binary
variable enforces discrete selection of source-sink rela-
tionships.

RESULTS AND DISCUSSION

The optimisation results reveal that, across all sce-
narios, system-level performance is governed by the in-
teraction between CO, availability, sink demand, and
technical compatibility between sources and sinks.
Figure 2 presents an aggregate comparison of total CO,
demand, supplied CO,, unmet demand, and overall de-
mand satisfaction for the baseline and scarcity scenarios,
highlighting the progressive decline in system-wide de-
mand fulfilment as CO, availability becomes constrained.
To understand the allocation mechanisms underlying
these aggregate outcomes, Figure 3 illustrates the opti-
mal source-sink CO, allocation pathways for the baseline
and each scarcity scenario, showing how flow magni-
tudes and supplier-consumer relationships evolve under
constrained availability.

In the baseline case, high-volume but low-purity
sources such as QatarEnergy LNG (x17% CO,) are sys-
tematically allocated to EOR sinks, where purity require-
ments are less stringent and large flowrates dominate
system performance. This explains why Dukhan Field and
Alshaheen Field EOR jointly receive more than 14 MtCO,
yr=1, despite their relatively long transport distances. In
contrast, chemical and GTL sinks, which impose higher
purity constraints and incur higher penalties for purifica-
tion, are preferentially supplied by QAFCO (252% CO5,)
and Qatar Steel (#25% CO,), even when their emission
capacities are smaller. This reflects the model’s internal
trade-off: allocating higher-purity streams reduces both
purification costs and capture-related emissions, improv-
ing overall cost-emissions efficiency for utilisation path-
ways. As a result, sink satisfaction in the baseline sce-
nario is not uniform but structured around technical com-
patibility rather than proximity alone.

 Total demand (tCO2/yr) Total supplied 1CO2/yr) W Totalunmet ({C02/yr) W Den

100.00% 38.67% 63.99% s207%

7.50E406 m

BASELINE SCENARIO 1 (0.15)

Figure 2: Scenario-Based Comparison of CO, Supply and
Demand Satisfaction

SCEMARIO 2 (0.25) SCENARIO 3 (0.35)
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AlShaheen Field
4,300,000

QatarEnergy LNG

14,270,000
Dukhan Field
9,970,000
Baseline
21,080,000
Oryx GTL
Qatar Steel 1,280,000
1,670,000
QAFAC NG
390,000
Pearl GTL
QAFCO 1,280,000
5,140,000
QAFAC H2
3,860,000
QatarEnergy LNG Dukhan Field
8,750,000 8,750,000
Scenario 2
13,490,000
QATALUM B cAFAC H2
1,160,000 1,160,000
Qatar Steel QAFAC NG
390,000 390,000
RGPC Pearl GTL
1,190,000 1,190,000
Q-CHEM Oryx GTL
540,000 540,000
QAFCO AlShaheen Field

1,460,000 1,460,000

QatarEnergy LNG Dukhan Field
5,250,000 5,250,000
Scenario 1
8,151,000
QATALUM QAFAC H2
698,000 698,000
MPCL QAFAC NG
285,000 285,000
RGPC Pearl GTL
716,000 716,000
QAFCO Oryx GTL
878,000 878,000
Q-CHEM AlShaheen Field
324,000 324,000
QatarEnergy LNG Dukhan Field
9,970,000 9,970,000
Scenario 3
18,670,000 QATALUM QAFAC H2
1,450,000 1,450,000
Qatar Steel QAFAC NG
390,000 390,000
RGPC Pearl GTL
1,280,000 1,280,000
Q-CHEM Oryx GTL
1,280,000 1,280,000
QAFCO AlShaheen Field
4,300,000 4,300,000

Figure 3: Source-Sink CO, allocation across Baseline and Scarcity Scenarios in tCO,/year.

Under CO, scarcity, this compatibility-driven logic
becomes more pronounced. When availability is limited to
15%, the optimisation increasingly favours sinks with
lower marginal emissions per tonne utilised and greater
tolerance to purity variability, particularly EOR operations.
Chemical sinks such as QAFAC H., despite their strategic
importance, are deprioritised because allocating scarce,
high-purity CO, to these sinks displaces larger volumes
that could otherwise satisfy EOR demand at lower system
cost and emissions intensity. As availability increases to
25% and 35%, the reintroduction of chemical and GTL
sinks reflects the point at which the marginal benefit of
serving additional utilisation pathways outweighs the

Sawaly et al. / LAPSE:2026.0445
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combined penalties of purification, transport, and sink-
level emissions. Notably, sources with moderate purity
and favourable locations, such as QAFCO, QATALUM,
and RGPC, emerge as critical “bridging” suppliers in these
scenarios, supporting diversification without sharply
increasing system emissions. This behaviour highlights a
key structural insight: CO, purity acts as an implicit
scarcity multiplier, shaping allocation decisions even
more strongly than absolute emission capacity. This
progression, observed in Figure 3, explains the non-linear
improvement in demand satisfaction reported in Figure 2.
Consequently, the results demonstrate that CCUS
system performance is governed not only by how much
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CO, is available, but by how well source characteristics
align with sink-specific technical and environmental
constraints.

CONCLUSION

This study develops a centralised optimisation
framework to examine CO, allocation within an industrial
cluster under varying availability conditions, explicitly in-
tegrating economic costs, technical compatibility, and
life-cycle emissions. By formulating the problem as a
multi-objective mixed-integer linear program, the frame-
work captures the trade-offs between cost minimisation,
utilisation coverage, and environmental feasibility that
arise when multiple sources and sinks compete for lim-
ited CO, supply. The results demonstrate that allocation
outcomes are governed not only by emission volumes,
but by the alignment of source CO, purity, sink require-
ments, transport distances, and sink-specific emissions
profiles.

Scenario analysis reveals that CO, scarcity funda-
mentally reshapes allocation behaviour, with large EOR
sinks consistently prioritised under constrained supply,
while chemical and GTL utilisation pathways become vi-
able only as availability increases. Importantly, the find-
ings show that modest increases in captured CO, can
yield disproportionate improvements in demand satisfac-
tion and system balance without compromising net emis-
sions performance. These insights highlight the limita-
tions of assuming unconstrained CO, supply in CCUS
planning and underscore the value of centralised alloca-
tion mechanisms, such as CO, hubs or banks, for manag-
ing competition among sinks.

The proposed framework provides a flexible basis
for supporting CCUS infrastructure planning under un-
certainty and can be extended to incorporate dynamic
policy instruments, investment decisions, or decentral-
ised market behaviour. As such, it offers a practical tool
for designing resilient, cost-effective, and environmen-
tally robust CCUS systems in industrial clusters.
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