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 A B S T R A C T

The electrolysis of CO2 converts CO2 into value-added products and has the potential to reduce the use 
of fossil feedstocks by serving as a circular alternative in chemical processes. However, existing literature 
lacks comprehensive and quantitative analyses of economic, environmental, and governmental factors that can 
hinder or support its deployment. This study addresses this gap by exploring the potential of CO2 electrolysis 
for the production of synthesis gas, syngas, through a supply chain design that integrates long-term decisions 
on location and infrastructure and medium-term decisions on capacity expansion and aggregate production 
planning. We identify and quantify time-dependent and uncertain parameters using the Delphi method and 
employ multi-period planning and robust optimization approaches to consider them, respectively. Moreover, 
since the environmental impact of syngas is highly dependent on electricity consumption, renewable electricity 
is utilized with battery support alongside grid electricity. Accordingly, we propose a mixed integer linear 
programming model to design a supply chain that can serve as a benchmark to make CO2 electrolysis 
financially and environmentally viable for syngas production. We conduct a case study on the Benelux region, 
analyzing different scenarios to derive managerial and design insights. The results show that a design that 
takes uncertainty into account can reduce syngas production costs by up to 22%. Additionally, although 
renewable electricity supply variability and different grid characteristics across countries can lead to different 
strategic decisions with higher costs, increased battery installations and higher government financial support 
for renewable electricity can help eliminate differences in designs.
1. Introduction

Motivation
Reducing greenhouse gas emissions demands significant efforts from 

industrialized countries. To meet the Paris Agreement targets, Europe 
has set a goal to be climate neutral by 2050 (European Council, 
2024). Achieving this goal will require the adoption of new promising 
technologies, as currently widely used technologies still rely heavily 
on fossil fuels as carbon sources. One promising approach involves 
capturing carbon dioxide (CO2) either directly from the air (DAC) 
or from the flue gases of point sources. Once captured, CO2 can be 
stored through carbon capture storage (CCS) or utilized through carbon 
capture utilization (CCU) technologies. CCU focuses on converting CO2
into valuable products that replace fossil-based alternatives, offering 
an option to defossilize (part of) the process industry (IRENA, 2024), 
especially the chemical industry where the carbon molecule from fossil 
fuels can be replaced by carbon from CO2. 
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E-mail addresses: o.mahmutogullari@tue.nl (Ö. Mahmutoğulları), m.d.m.perez-fortes@tudelft.nl (M. Pérez-Fortes).

1 Project coordinator.

The electrochemical reduction of CO2 (CO2E) arises in the context 
of CCU with the potential to produce chemicals and fuels by using CO2, 
H2O, and electricity. This approach not only supports the transition to a 
more sustainable chemical industry but also enhances the energy inde-
pendence of the European chemical industry. By electrifying chemical 
processes and utilizing CO2, Europe can reduce its reliance on imported 
fossil fuels (European Parliment, 2023a).

While CCU technologies offer advantages in producing non-fossil-
based chemicals and synthetic fuels while reducing dependence on 
fossil fuels, they also present challenges. These include the efficiency 
and scalability of CO2 capture and conversion processes, the need for 
substantial infrastructure investments, uncertainties in market demand, 
and the critical role of supportive government policies and incentives 
to ensure timely development and adoption (Zhao et al., 2023). Ad-
dressing these challenges is essential in the design of supply chains. 
However, the current literature on supply chain design in the context 
of CCU is scarce. Moreover, as CCU technologies are still developing, 
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Fig. 1. CO2-based syngas supply chain network.
it is important to consider the uncertain nature of their supply chain 
designs. Since a supply chain design involves many interconnected 
decisions, uncertainties at one level can significantly impact the entire 
planning process. For example, the uncertainty in CO2 or electricity 
supply can disrupt production planning and transportation scheduling; 
the uncertainty in market demand for CO2-based products can lead 
to over or under investment in production capacity; the uncertainty 
in policies and regulations can directly affect financial considerations 
or consumer acceptance. In light of this, incorporating uncertainty 
into supply chain design is crucial to ensure both effectiveness and 
resilience.

This work focuses on the production of synthesis gas, or syngas, 
via CO2E and explores the design of a CO2-based syngas supply chain. 
Syngas is a mixture of carbon monoxide (CO) and hydrogen (H2) 
and serves as a chemical building block for many products such as 
hydrocarbons and fuels (Khosravani et al., 2023).  Currently, syngas 
is mainly produced on-site through steam methane reforming using 
natural gas as feedstock (IEAGHG Technical Report, 2023). Since CO2E 
is an alternative to steam methane reforming, the adoption of CO2E has 
great potential to reduce the net CO2 emissions of the chemical industry 
and other related sectors, such as transportation. However, realizing 
this potential requires more than just technological innovation because 
it also demands a well-designed and coordinated supply chain that 
ensures cost efficiency, scalability, and reliability. Additionally, given 
the high capital and operating costs, it is essential to have a central-
ized and optimized design. Such a design should integrate production 
and distribution systems, incorporate financial support mechanisms, 
and identify potential bottlenecks. Furthermore, governance plays a 
crucial role in shaping the viability of this transition because policies 
and financial incentives directly influence investment decisions, mar-
ket competitiveness, and the long-term economic and environmental 
feasibility of CO2-based syngas production.

We present a case study for the CO2-based syngas supply chain 
design considering uncertainty, including economic, environmental, 
and governance aspects, and providing insights into the necessary 
conditions for the deployment of CO2E at scale for Benelux countries 
(Belgium, the Netherlands, and Luxembourg). We explore how the 
supply chain design is affected by various scenarios, which are defined 
by different grid characteristics and renewable electricity transmission 
rules, and various parameter settings, such as different financial support 
for capital and operational expenses, operating hours of electrolysis 
plants, and variability levels of renewable electricity.
Case study

A supply chain network is a multilayer network where the layers 
generally represent (i) suppliers, (ii) facilities like plants and ware-
houses, and (iii) customers. As depicted in Fig.  1, we consider a 
supply chain network consisting of CO2 sources where CO2 is captured, 
electrolysis plants where the electrochemical reduction of CO2 takes 
place, as in the chemical Eq. (1) (Hou et al., 2024), and syngas demand 
sites where syngas is consumed. The figure also shows the inlet water 
and electricity streams and CO2 and CO2-based syngas flows that may 
come/go to different sites.

H2O + CO2 ←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→Electrolysis
H2 + CO + O2 (1)
2 
Fig. 2. The proposed electricity consumption system at electrolysis plants.

Electrolysis is inherently energy-intensive, leading to a high de-
mand for electricity. Hence, the global warming potential of CO2-based 
syngas is largely determined by the carbon footprint of the electric-
ity consumed during production (Nishikawa et al., 2023; Bachmann 
et al., 2023). Electricity may be provided by the grid or by exclusive 
renewable plants. While connecting electrolyzers only to the grid allows 
continuous electrolyzer operation, it is currently not preferable due to 
the low share of renewables in the grid, e.g., only 41% for European 
Union countries in 2022 (Eurostat, 2023a,b). Alternatively, investments 
can be made in renewable electricity sources, such as solar or wind, for 
exclusive use by electrolyzers. Although this option is environmentally 
ideal, the variability in electricity supply can interrupt continuous 
operation, leading to reduced performance and higher degradation of 
electrolyzers (Kojima et al., 2023). To address these issues, an inte-
grated approach can be adopted – using electricity from both renewable 
sources and the grid. Additionally, electricity storage systems can en-
hance the use of renewable electricity by storing the excess supply for 
later use (Tebibel, 2021; Li et al., 2023a). Accordingly, this case study 
considers an electricity consumption system based on the coordinated 
use of the grid, renewable electricity generation plants, and batteries 
(see Fig.  2), with corresponding investments in renewable electricity 
and storage included in the supply chain design.

The price and environmental competitiveness of CO2-based syngas 
depend heavily on supply chain design decisions, such as the location 
and capacity of electrolysis plants, CO2 and syngas transport infras-
tructure, and the sizing of renewable electricity and battery systems. 
Hence, it is essential to design the supply chain considering both 
financial and environmental concerns. For better consideration of these 
concerns, we take into account the time-dependency and uncertainty 
of parameters during the decision-making process. Accordingly, we 
adopt a multi-period planning approach to reflect changes over time 
and incorporate the pricing decision of CO2-based syngas to ensure 
economic feasibility while meeting carbon footprint targets. To have 
a design that is immune to the syngas demand uncertainty, we employ 
a robust optimization approach and define interval uncertainty sets for 
syngas demand realizations, where sets are dependent on the chosen 
price.

In this work, a robust optimization approach is used instead of a 
stochastic optimization approach for three main reasons. First, while 
handling the uncertainty, robust optimization can provide higher com-
putational efficiency because stochastic optimization often necessitates 
solving large-scale scenario-based models that can become intractable 
for complex multi-period supply chain decisions. Second, robust op-
timization does not rely on precise probabilistic information, making 
it suitable for our context where historical data is lacking due to the 
absence of a merchant market for syngas. Third, it offers worst-case 
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guarantees, ensuring feasible and cost-effective designs under uncer-
tainty, especially vital for long-term strategic decisions such as facility 
location and infrastructure investments.

We propose a mixed integer linear programming model to solve 
the robust multi-period supply chain design problem by linearizing 
nonlinearities caused by the uncertainty and interdependencies be-
tween decisions. Over the planning horizon, the following decisions are 
made: electrolysis plant locations, capacities of plants, batteries, and 
renewables, the infrastructure for CO2 and syngas transportation, the 
product price, served demand sites, capacity expansions for electrolysis 
plants, batteries, and renewables, delivery amounts of CO2 and syn-
gas, syngas production amounts, and amounts of grid electricity and 
renewable electricity – including direct and battery usage – consumed 
during syngas production. Long-term decisions related to location, ini-
tial capacity installations, and transportation infrastructure are made at 
the beginning of the planning horizon. Medium-term decisions related 
to capacity expansions are made at the beginning of each period, 
and short-term decisions related to production planning and electricity 
consumption can be made multiple times within each period. Our case 
study considers the Benelux region over a 20-year horizon, divided into 
four 5-year periods, and short-term decisions are made annually. In a 
period, short-term decisions and their associated costs occur five times. 
The cost analysis accounts for the time value of money by calculating 
the present value of annual costs. 

The proposed model aims to ensure both economic and environmen-
tal feasibility. To this end, the proposed model respects the targeted 
carbon footprint level for electricity consumption through constraints. 
Additionally, the objective function maximizes the total profit to si-
multaneously support the deployment of CO2-based syngas for con-
sumers and provide economic incentives for investors to invest in the 
technology for its future development.
Contributions to the literature

The contributions of this paper can be evaluated from the case 
study and methodological perspectives. In this section, we review the 
existing studies that form the basis of our study and highlight the key 
differences and novel aspects of our work.

First, to the best of our knowledge, this work is the first to consider 
a multi-period planning approach for the supply chain design of a 
product produced based on a CCU technology where the uncertainty 
is taken into account in the decision-making process. A review of 
existing studies in the context of supply chain optimization for CCU 
technologies shows that the majority of them deal with design decisions 
related to CO2 capture and its distribution to storage or utilization 
sites, but they lack consideration of utilization processes or transporta-
tion of final products. Hasan et al. (2014) present the first work to 
design a cost-efficient supply chain with a special focus on the costs 
of using different technologies and materials for carbon capture from 
point sources.  Zhang et al. (2018) extend this work by considering 
intermediate nodes between CO2 capture and storage and utilization 
sites to reduce overall transportation cost by reducing the total length 
of pipelines. A connected supply chain design for European countries 
is proposed by d’Amore et al. (2021), where the authors analyze the 
effects of different scales in capture and transportation costs. Zhang 
et al. (2020) consider both environmental and financial concerns while 
minimizing the carbon footprint of the electricity consumed at the 
stages of CO2 capture, transportation, and injection. Unlike the men-
tioned works, Wiltink et al. (2023) consider the transportation of final 
products and examine how centralized versus decentralized plant loca-
tion strategies affect the design of a CO2-based syngas supply chain for 
Europe. However, none of these works consider the time-dependency 
and uncertainty of the parameters.

Second, to the best of our knowledge, this work is the first to 
incorporate an integrated electricity supply including grid, renewable 
sources, and battery at electrolysis plants into the supply chain design 
3 
decision-making process to mitigate the drawbacks of the renewable 
electricity supply variability. Although Wolff et al. (2023) propose a 
multi-period planning approach for supply chain designs of renewable 
fuels – produced via various technologies, including CCU – and incor-
porate investments in renewable electricity sources by considering their 
capacity and seasonal intermittency, they do not explore the effects of 
combining grid electricity and battery storage with renewable sources. 
A system that supports the renewable electricity usage with batteries at 
water electrolyzers is proposed by Tebibel (2021) and Li et al. (2023a). 
However, these studies fall within the scope of production planning 
rather than supply chain management, where production planning 
is only one component, and also neglect the potential use of grid 
electricity in the system.

Third, to the best of our knowledge, this work is the first to consider 
the price-dependent demand uncertainty in the supply chain design, 
where the price is a decision variable. In the broader literature on 
supply chain design under uncertainty, demand uncertainty is mostly 
studied, where most of these studies employ a stochastic optimiza-
tion approach while a few of them employ a robust optimization 
approach (Govindan et al., 2017). The works on robust supply chain 
designs can be categorized according to how the uncertainty realization 
is defined. While Peng et al. (2011) and Ramezani et al. (2013) consider 
scenarios for demand realizations, Zokaee et al. (2017) and Keyvan-
shokooh et al. (2016) consider uncertainty sets that define realizations 
due to, as stated by Zokaee et al. (2017), challenges associated with 
defining scenarios accurately and solving models if the number of 
scenarios is large. Zokaee et al. (2017) employ the robust optimiza-
tion with interval data uncertainty where all realizations between 
pre-determined intervals are possible. Unlike the aforementioned stud-
ies, Keyvanshokooh et al. (2016) consider multi-period planning for a 
closed-loop supply chain design, incorporating strategic decisions re-
lated to the facility location and capacity and tactical decisions related 
to production planning and shipment. The authors define polyhedral 
uncertainty sets that include the budget of uncertainty within the 
interval model. However, these works treat the demand uncertainty as 
exogenous to the problems. We incorporate the idea of the dependency 
of demand realizations as proposed by Ardjmand et al. (2016) for the 
robust multi-period production planning problem into the proposed 
robust multi-period supply chain design problem, including production 
planning and product pricing decisions.

We conduct a case study on the Benelux region for the implemen-
tation of a CO2-based syngas supply chain by applying the proposed 
robust multi-period supply chain design formulation to data generated 
based on expert elicitation, literature, and technical reports, where 
different scenarios and parameter settings are considered. As an expert 
elicitation method, we employed the Delphi method, consisting of 
multiple rounds of getting expert opinions on research questions until 
consensus is reached on answers (Withanaarachchi et al., 2015). We 
prepared two rounds of a questionnaire and organized a workshop in 
the third round. We gathered the opinions of experts from sectors, 
including the fossil fuel industry, CO2 capture and purification industry, 
funding bodies, electrolysis technology developers, chemical industry, 
and academia, and asked their views on the price of grid electricity, 
capital costs of electrolyzers, government financial incentives, and reg-
ulatory support, among others. The detailed results of the data obtained 
from the Delphi method can be found at the link https://edu.nl/bpxfh.

The managerial and design insights derived from our case study 
fill the knowledge gaps of a CO2-based syngas supply chain design by 
presenting quantitative results on the following aspects:

• Demand uncertainty: A robust design ensures feasibility in all de-
mand scenarios and reduces syngas production costs significantly 
in worst-case conditions.

https://edu.nl/bpxfh
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• Renewable electricity availability: In a centralized design for 
multiple countries, electrolysis plants are mainly located in the 
country with the lowest grid-related emissions. While this in-
creases syngas transportation distances, it reduces overall costs by 
minimizing investments in renewable electricity generation, the 
largest cost component, resulting in lower syngas prices.

• Trade-off between battery and electrolyzer capacities: When bat-
tery costs and degradation rates are high, larger electrolyzers are 
preferable for maximizing renewable electricity use instead of 
relying on batteries. If electrolysis plants operate flexibly with-
out fixed schedules, production becomes discontinuous. However, 
with fixed operating hours, batteries are heavily used for storage, 
allowing for smaller electrolyzer installations.

• Government financial support: Increased financial support for 
capital and operational expenses reduces costs both directly and 
indirectly because it provides more options for strategic infras-
tructure and location decisions. For example, higher financial 
support can enable the inclusion of large syngas demand sites that 
would otherwise be excluded due to high marginal costs, can lead 
to lower transportation investments by mitigating the impact of 
grid differences between countries on electrolysis plants locations, 
and can allow higher battery installations to increase renewable 
electricity usage.

The rest of the work is organized as follows. In Section 2, we 
explain the assumptions used to define the supply chain problem model. 
Later, the problem definition and mathematical models are provided, 
first defining the deterministic setting and then introducing demand 
uncertainty for the robust version. In Section 3, we present the results 
of computational experiments. We show the value of considering the 
demand uncertainty while designing the supply chain of CO2-based syn-
gas and investigate the effects of important factors, such as government 
financial supports, battery usage, and renewable electricity variability, 
on economic analyses of the supply chain under different parameter 
settings. In Section 4, we present concluding remarks and some future 
research directions.

2. Methodology

Modeling assumptions
To design a realistic supply chain that has time-dependent and 

uncertain parameters, we employ a multi-period planning approach 
to incorporate the changes in the parameters over time and include 
pricing decisions to consider economic feasibility while respecting the 
targeted carbon footprint level of the electricity consumed during 
production and employ a robust optimization approach to have a 
design that is immune to the demand uncertainty. The multi-period 
planning of supply chain design is also compatible with scaling up the 
CO2E technology over time, where the use of technology is gradually 
expanded until widespread adoption, i.e., the set of syngas consumers 
to be served in each period is a decision and its size is nondecreasing 
over periods. In the case study, while modeling the supply chain design, 
we use the following assumptions:

• Solid oxide electrolyzers are used for CO2 electrolysis. A stack 
lifetime is 5 years (Detz et al., 2023), after which the stack is 
replaced leading to replacement costs.

• Electricity usage is modeled based on bidding zones, which dif-
fer across the Netherlands, Belgium, and Luxembourg (European 
Network of Transmission System Operators for Electricity, 2021). 
Statistical data shows that grid characteristics, like the pene-
tration of renewable sources and the global warming potential 
of non-renewable sources, can be different for these countries. 
Hence, we assume that grid characteristics depend on zones. 
4 
Investments in renewable electricity are made based on zones. 
If renewable electricity generation plants are located in a zone, 
they can provide electricity to multiple electrolysis plants whose 
locations are in the same zone and other pre-determined zones.

• CO2 and syngas are only transported by pipelines because pipeline
transportation is the most common mode for CO2 (Metz et al., 
2005; Nguyen et al., 2023) and the primary mode for syngas 
(European Industrial Gases Association, 2022; Linde Gas, 2024). 
CO2 pipelines connect CO2 sources to electrolysis plants and 
syngas pipelines connect electrolysis plants to syngas consumers. 
Maximum allowable pipeline lengths are imposed for CO2 and 
syngas. As suggested by Hasan et al. (2014), we set a maxi-
mum length for each CO2 pipeline. For each syngas pipeline, 
a maximum length is also set due to safety concerns related 
to the flammability and toxicity of syngas (European Industrial 
Gases Association, 2022). No pipelines are assumed to exist at 
the beginning of the planning horizon.

• Batteries can be located on-site at electrolysis plants. We consider 
lithium-ion (Li-ion) batteries (Jung et al., 2020) because they 
have the greatest share in the total installed capacity (IEA, 2023) 
compared to other types of batteries in the industrial sector. 
Specifically, 4-hour Li-ion batteries are considered because they 
are mostly used in utility-scale battery storage (IEA, 2023). Bat-
tery capacity degradation, affected by factors such as varying cell 
temperature, charge and discharge amounts, and time spent for 
charging and discharging (Vermeer et al., 2021), is simplified by 
assuming a fixed degradation rate over periods.

• To reduce computational complexity related to the capacity-cost 
functions, the capacities of electrolyzers and batteries are defined 
as continuous variables. However, to account for the impact of 
economies of scale (Store & Go, 2019b), the electrolysis plants are 
categorized as small and large plants, with varying installation 
costs for electrolyzers per unit capacity. The overall capacity 
of electrolyzers in a large-scale electrolysis plant is from 50 to 
1000 MW, whereas the total capacity of electrolyzers in a small-
scale electrolysis plant is up to 50 MW. The 50 MW threshold 
is based on the information presented in the report of Store & 
Go (2019b) because the cost function for capacity installations 
has a breakpoint at 50 MW once the other breakpoints are set to 
capacities of 0 and 1000 MW. The function is approximated by a 
piecewise linear function, i.e., the cost of unit capacity installation 
between two breakpoints does not change.

• The planning horizon, with the start and end years of 2030 
and 2050, has four 5-year periods. Each year consists of 365 
days with 24 hours. The demands for syngas occur annually. To 
alleviate the computational burdens caused by a large number of 
decision variables and constraints, annual production decisions 
for satisfying annual demands are the same and repeated for every 
5 years in a period (Wolff et al., 2023). The annual demands, 
share of renewable sources in the grid, and the grid electricity 
price remain the same during a period.

• Multi-period supply chain design problems involving capacitated 
facility location decisions can consider different capacity expan-
sion strategies for facilities at different layers (Melo et al., 2009). 
We consider capacity expansions for electrolysis plants, batteries, 
and renewable electricity generation plants. To align with the 
increasing demand over time, as suggested by the Delphi method 
for our case study, we assume non-decreasing capacity expansions 
for these facilities (Melo et al., 2006). In each period, capacity 
expansions are allowed up to a predefined limit determined by 
the capacity expansion factor (Li et al., 2023b).

• For customer satisfaction, if a demand site is served in a period, 
its demand is fully satisfied. If a demand site is once served, it 
should remain served until the end of the planning horizon.
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• The electricity consumption at electrolyzers is measured in kWh, 
aligning with how grid electricity prices are typically reported
(Eurostat, 2024d), while the capacity of renewable electricity 
generation plants is usually specified in kW (European Commis-
sion, 2024c,b). Accordingly, investments in renewable sources are 
made in kW, or MW, and the total electricity generated from 
renewable sources is converted into kWh, or MWh to ensure 
consistency with grid electricity usage. To calculate the total 
electricity generated by renewable plants, we use capacity factors 
associated with renewable sources. The capacity factor is a pre-
calculated ratio obtained by dividing the annual gross electricity 
generation by the net capacity, assuming 8760 operating hours 
per year (IEA, 2021a).

Problem definition
The problem focuses on optimizing a multi-period supply chain for 

CO2-based syngas production using captured CO2, water, and electric-
ity, where the demand uncertainty is taken into account. The supply 
chain network includes CO2 sources where CO2 is captured, potential 
electrolysis plant sites where the syngas is produced if a plant is 
located, and syngas demand locations where the syngas is consumed. 
The electricity needs of electrolysis plants are satisfied by the electricity 
from the grid, renewable sources, and batteries if installed. With the 
pipeline infrastructure, CO2 is transported from CO2 sources to elec-
trolysis plants, respecting the amount of CO2 captured at sources and 
the capacities of the plants, and syngas is transported from electrolysis 
plants to demand sites, respecting the capacities of plants and demands 
of demand sites. There are estimations for the demand realized at each 
demand site, and the decisions are taken to have a supply chain that 
is robust to the uncertainty in demand. Strategic decisions made at the 
beginning include selecting plant locations, installing CO2 capture sys-
tems, building pipelines, and setting initial capacities and syngas prices. 
These decisions are followed by tactical decisions in each time period, 
such as expanding capacities, planning production, sourcing electricity 
from the grid or renewables, and determining which customers to serve.

The problem considers economic and environmental concerns. In 
the environmental aspect, an emission limit is set for the electricity 
consumed during production. Renewable electricity generation and 
storage options are taken into account. For the economic aspect, overall 
revenue and cost in the system are considered. While the overall cost 
depends on all investments and planning, the overall revenue depends 
on the syngas price and price-sensitive demands. In light of these 
considerations, the aim is to maximize the net present value of the 
supply chain by balancing costs, revenues, and environmental impact 
over time.
Mathematical models

In this section, we first define the supply chain design problem in 
the deterministic setting and then incorporate the demand uncertainty 
into the problem via a robust formulation. Sets, decision variables, and 
parameters used in this section are provided in the Appendix in Table 
5. Note that parameters are represented by symbols in this section to 
demonstrate the adaptability of the proposed formulations to various 
datasets. The specific numerical values assigned to these parameters 
based on our case study are provided in Section 3.1.

The supply chain network includes the set of CO2 sources rep-
resented by 𝐶, the set of potential locations for electrolysis plants 
represented by 𝐸, the set of syngas demand sites represented by 𝑆. 
Set 𝐸 may include CO2 sources or syngas demand sites, i.e., 𝐸 ⊆
𝐶 ∪ 𝑆 ∪ 𝐸′ where 𝐸′ ∩ (𝐶 ∪ 𝑆) = ∅. The set 𝐿 represents the set of 
potential price levels for the CO2-based syngas. The set 𝑅 represents 
the set of zones where the renewable electricity generation plants 
are located. Renewable electricity transmission within zones can be 
allowed. Accordingly, 𝑜𝑒𝑖𝑗 represents if the renewable electricity trans-
mission is allowed between zones 𝑖, 𝑗 ∈ 𝑅; it is 1 if allowed and 0 
5 
otherwise. Additionally, 𝑜𝑖𝑗 represents the relation between electrolysis 
plant location 𝑖 ∈ 𝐸 and zone 𝑗 ∈ 𝑅; it is 1 if the location is in the 
zone and 0 otherwise. Note that 𝑜𝑒𝑗𝑗 = 1 for all 𝑗 ∈ 𝑅 and ∑𝑗∈𝑅 𝑜𝑖𝑗 = 1
for all 𝑖 ∈ 𝐸. The set 𝑇  represents the set of periods in the planning 
horizon. Time-dependent parameters and decision variables are given 
with index 𝑡, which represents the period 𝑡 ∈ 𝑇 .

There are two different types of flow in the supply chain: CO2 flows 
are between CO2 sources and electrolysis plants and syngas flows are 
between electrolysis plants and syngas demand sites. To transport these 
flows, pipelines are used. Installing pipelines for CO2 and syngas per km 
costs 𝑓 𝑐 and 𝑓 𝑠, respectively, where the distance between CO2 source 
𝑖 ∈ 𝐶 and potential electrolysis plant location 𝑗 ∈ 𝐸 is 𝑑𝑐𝑒𝑖𝑗  and the 
distance between plant location 𝑖 ∈ 𝐸 and demand site 𝑗 ∈ 𝑆 is 𝑑𝑒𝑠𝑖𝑗 . 
At the CO2 source 𝑖 ∈ 𝐶, installing CO2 capture technology costs 𝑓 𝑐𝑎𝑝𝑖 , 
and at most 𝑔𝑐𝑖  tonnes of CO2 can be captured. After CO2 is captured, 
it is transported to CO2 electrolysis plants to be utilized, where the 
maximum length of a CO2 pipeline between two endpoints is set to 𝑀𝑐 . 
In the utilization process, CO2 and water are electrolyzed and converted 
into syngas. Each electrolysis plant annually operates up to total hours 
of ℎ. To produce one tonne of syngas at an electrolysis plant, 𝑎𝑐 tonnes 
of CO2, 𝑎𝑒 MWh of electricity, and 𝑎𝑤 tonnes of water are required. The 
price of one tonne of water consumed is 𝑝𝑤.

Electrolyzer investment costs differ for small and large-scale elec-
trolysis plants due to the economies of scale. Installing one kW capacity 
of electrolyzer in period 𝑡 ∈ 𝑇  results in capital cost (CAPEX) of 𝜅𝑒,𝑠𝑡
for small-scale electrolysis plants and of 𝜅𝑒,𝑙𝑡  for large-scale electrolysis 
plants. Fixed operational costs (OPEX) of electrolyzers occur annu-
ally where 𝜔𝑒,𝑠𝑡  and 𝜔𝑒,𝑙𝑡  represent the operational costs of small- and 
large-scale electrolysis plants in period 𝑡 ∈ 𝑇 , respectively.

Each electrolysis plant can use electricity from the grid and elec-
tricity from renewable sources. Additionally, if batteries are located 
with an electrolysis plant, surplus electricity from renewable sources 
can be stored in batteries to be later used by that plant. To use re-
newable electricity, investments in renewable energy plants are made. 
Investments in renewable electricity generation plants in period 𝑡 ∈
𝑇  result in CAPEX of 𝜅𝑟𝑡  and OPEX of 𝜔𝑟𝑡 . To store the renewable 
electricity, batteries should be installed. Batteries are installed on-site 
with electrolysis plants, where battery installation in period 𝑡 ∈ 𝑇
has a CAPEX of 𝜅𝑏𝑡  and OPEX of 𝜔𝑏𝑡 . In each period, expansion of 
the capacity is allowed for electrolysis plants, renewable electricity 
generation plants, and batteries, but only up to a percentage of 𝑒𝑥𝐶, 
depending on the capacity already installed in the previous period. The 
annual price for using one MWh of electricity from the grid in period 
𝑡 ∈ 𝑇  is 𝑝𝑒𝑡 . There exists a maximum allowed global warming potential 
(GWP) allocated to the electricity consumed during syngas production, 
which is represented by 𝑢𝑔𝑤𝑝. To calculate the GWP of electricity from 
the grid in zone 𝑖 ∈ 𝑅, the carbon footprints of electricity generated 
from renewable and non-renewable sources, represented by 𝐺𝑊 𝑃 𝑟𝑖  and 
𝐺𝑊 𝑃 𝑛𝑜𝑛−𝑟𝑖 , respectively, are used. Accordingly, the carbon footprint of 
the grid electricity in zone 𝑖 ∈ 𝑅 in period 𝑡 ∈ 𝑇  is calculated as 
(1 − 𝜂𝑖𝑡)𝐺𝑊 𝑃 𝑛𝑜𝑛−𝑟𝑖 + 𝜂𝑖𝑡𝐺𝑊 𝑃 𝑟𝑖 , where 𝜂𝑖𝑡 is the share of renewables in 
the grid.

While grid electricity is always available, renewable electricity is 
intermittent and enabled by the investments made. The capacity factor, 
which converts power to electricity, of renewable sources in zone 
𝑖 ∈ 𝑅 in period 𝑡 ∈ 𝑇  is represented by 𝜇𝑖𝑡. Accordingly, MW of 
capacities for renewable electricity plants are converted to MWh of 
capacities for renewable electricity production by using the capacity 
factors. The variability of renewable electricity supply is given as the 
percentage of the total operating hours of electrolysis plants when di-
rect renewable electricity, i.e., excluding electricity stored in batteries, 
cannot be used due to low supply. Note that the variability level in 
renewable electricity supply and capacity factor of renewable electric-
ity generation plants are different because the variability level focuses 
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on how long renewable electricity is directly available for electrolysis 
plants, whereas the capacity factor measures how much electricity is 
actually generated compared to the maximum possible output. The 
percentage of variability in renewable electricity is represented by 𝜈. 
Renewable electricity can be stored in batteries, if not directly used, 
up to the installed battery capacity at each electrolysis plant. Note that 
a percentage, presented by 𝑙𝑏, of battery capacities is lost in each period 
because of degradation.

After syngas is produced in electrolysis plants, it is transported to 
syngas consumers. Syngas pipelines have a maximum length of 𝑀𝑠. 
Each price level 𝑙 ∈ 𝐿 corresponds to a price of syngas represented 
by 𝑝𝑟𝑙. The minimum and maximum prices are represented by PL 
and PU, respectively. Each syngas consumer 𝑖 ∈ 𝑆 has an annual 
demand of 𝑑𝑖𝑡𝑙 for the price level 𝑙 ∈ 𝐿 in period 𝑡 ∈ 𝑇 . Note that if 
demands are deterministic, the annual demand at each customer site 
will be a pre-determined value. However, if demands are uncertain, 
they will be realized based on pre-defined distributions, scenarios, or 
uncertainty sets. In our work, we employ an uncertainty set for demand 
realizations.

The supply chain design decisions are taken over a multi-period 
planning horizon. At the beginning of the planning horizon, long-term 
decisions such as location, pipeline infrastructure, and initial capacity 
allocation decisions are made. The CO2 capture facilities are located at 
CO2 sources, and 𝑦𝑐𝑖  denotes if a CO2 capture technology is employed 
at CO2 source 𝑖 ∈ 𝐶, i.e., 𝑦𝑐𝑖 = 1 if CO2 is captured from that source; 
0 otherwise. The electrolysis plants are located, where 𝑦𝑒,𝑠𝑖  and 𝑦𝑒,𝑙𝑖
denote whether a small-scale and a large-scale electrolysis plant is 
located at 𝑖 ∈ 𝐸, respectively. The initial capacities of electrolysis 
plants are determined, and electrolyzers are installed at these plants. 
The initial capacities of small and large-scale electrolysis plants are 
represented by 𝑛𝑘,𝑠𝑖  and 𝑛𝑘,𝑙𝑖 , respectively. Additionally, the batteries can 
be used at electrolysis plants, where 𝑛𝑏𝑖  denotes the installed capacity 
in the electrolysis plant 𝑖 ∈ 𝐸. Investments can be made in renewable 
sources, where 𝑛𝑟𝑖  represents the initial capacity of renewable electricity 
generation plants – such as wind turbines or solar panels – installed in 
zone 𝑖 ∈ 𝑅. The price of CO2-based syngas is determined by choosing 
a price level from a set of potential price levels, and 𝜌𝑙 indicates if the 
price level 𝑙 ∈ 𝐿 is chosen or not, i.e., 𝜌𝑙 = 1 if price level 𝑙 is chosen; 0 
otherwise. For the pipeline infrastructure, decisions regarding whether 
there is a pipeline between two sites are made, where 𝜃𝑐𝑖𝑗 denote if there 
is a pipeline between CO2 source 𝑖 ∈ 𝐶 and electrolysis plant 𝑗 ∈ 𝐸 and 
𝜃𝑠𝑖𝑗 denote if there is a pipeline between electrolysis plant 𝑖 ∈ 𝐸 and 
syngas consumer 𝑗 ∈ 𝑆.

At the beginning of each period, the medium-term decisions related 
to capacity expansions of electrolysis plants, batteries, and renewable 
electricity generation plants, customer allocations, delivery schedules, 
and production planning are made. Respectively, in period 𝑡 ∈ 𝑇 , while 
𝑧𝑖𝑡 represents if the syngas customer 𝑖 ∈ 𝑆 is served or not, 𝑛𝑘,𝑠𝑖𝑡  and 𝑛𝑘,𝑙𝑖𝑡
and 𝑛𝑏𝑖𝑡 denote the capacities of electrolyzers and batteries at electrolysis 
plant 𝑖 ∈ 𝐸, and 𝑛𝑟𝑖𝑡 denotes the total capacity of renewable electricity 
generation plants in zone 𝑖 ∈ 𝑅. To satisfy the annual demands of 
customers, production planning and delivery decisions are repeated in 
a period. Accordingly, in each year of period 𝑡 ∈ 𝑇 , 𝑞𝑐𝑖𝑡 tonnes of CO2
are captured at the CO2 source 𝑖 ∈ 𝐶, 𝑥𝑐𝑖𝑗𝑡 tonnes of CO2 are transported 
via the pipeline between the CO2 source 𝑖 ∈ 𝐶 and the electrolysis plant 
𝑗 ∈ 𝐸, 𝑞𝑠𝑖𝑡 tonnes of syngas are produced by using 𝑒

𝑔
𝑖𝑡 MWh of electricity 

from the grid, 𝑒𝑟𝑖𝑡 MWh of direct renewable electricity, and 𝑒𝑏𝑖𝑡 MWh of 
stored renewable electricity in batteries at the electrolysis plant 𝑖 ∈ 𝐸, 
and 𝑥𝑠𝑖𝑗𝑡 tonnes of CO2-based syngas are transported via the pipeline 
between electrolysis plant 𝑖 ∈ 𝐶 and syngas consumer 𝑗 ∈ 𝑆.

Fig.  3 shows when and which decisions are taken for the given 
planning horizon. The electricity usage decisions result in an environ-
mental impact. Hence, we constrain the global warming potential of 
the electricity consumed during the production per tonne of syngas 
6 
produced at each electrolysis plant 𝑖 ∈ 𝐸 in each period 𝑡 ∈ 𝑇  which is 
calculated as follows
𝐺𝑊 𝑃 𝑟𝑒𝑟𝑖𝑡 + 𝐺𝑊 𝑃 𝑔𝑗𝑡𝑒

𝑔
𝑖𝑡

𝑎𝑒𝑞𝑠𝑖𝑡
,

where zone 𝑗 ∈ 𝑅 is the zone in which the associated electrolysis 
plant is located, i.e., 𝑜𝑖𝑗 = 1. The decisions result in a monetary 
impact. To have a realistic investment plan for the supply chain design, 
we consider the net present value of these monetary flows taking 
into account the time value of money, where the interest rate is 
represented by 𝐼 . Firstly, we define a function that represents the 
present value of total costs, including initial investments in small and 
large electrolysis plants, batteries, renewable electricity plants, CO2
capture systems, and pipeline infrastructure for CO2 and syngas; ca-
pacity expansion costs for small and large electrolysis plants, batteries, 
and renewable electricity plants; stack replacement costs for small 
and large electrolysis plants; annual fixed operational costs for small 
and large electrolysis plants and batteries, water and grid electricity 
usage costs to produce syngas at electrolysis plants, and annual fixed 
operational costs for renewable electricity plants. The value of func-
tion 𝑃𝐶(𝐧𝐞,𝐬,𝐧𝐞,𝐥,𝐧𝐫 ,𝐧𝐛, 𝐲𝐜,𝜽𝐜,𝜽𝐬,𝐪𝐬, 𝐞𝐠) is calculated by summing the 
following terms
∑

𝑖∈𝐸
(𝜅𝑒,𝑠0 𝑛𝑒,𝑠𝑖0 + 𝜅𝑒,𝑙0 𝑛

𝑒,𝑙
𝑖0 + 𝜅𝑏0𝑛

𝑏
𝑖0) +

∑

𝑖∈𝑅
𝜅𝑟0𝑛

𝑟
𝑖0 +

∑

𝑖∈𝐶
𝑓 𝑐𝑎𝑝𝑖 𝑦𝑐𝑖 +

∑

𝑖∈𝐶

∑

𝑗∈𝐸
𝑓 𝑐𝑑𝑐𝑒𝑖𝑗 𝜃

𝑐
𝑖𝑗

+
∑

𝑖∈𝐸

∑

𝑗∈𝑆
𝑑𝑒𝑠𝑖𝑗 𝑓

𝑠𝜃𝑠𝑖𝑗 ,

∑

𝑡∈𝑇

(

∑

𝑖∈𝐸

𝜅𝑒,𝑠𝑡 (𝑛𝑒,𝑠𝑖𝑡 − 𝑛𝑒,𝑠𝑖,𝑡−1) + 𝜅
𝑒,𝑙
𝑡 (𝑛𝑒,𝑙𝑖𝑡 − 𝑛𝑒,𝑙𝑖,𝑡−1) + 𝜅

𝑏
𝑡 (𝑛

𝑏
𝑖𝑡 − 𝑛

𝑏
𝑖,𝑡−1)

(1 + 𝐼)5(𝑡−1)

+
∑

𝑖∈𝑅

𝜅𝑟𝑡 (𝑛
𝑟
𝑖𝑡 − 𝑛

𝑟
𝑖,𝑡−1)

(1 + 𝐼)5(𝑡−1)

)

+
∑

𝑡∈𝑇 ∶𝑡≥2

∑

𝑖∈𝐸

𝜓𝑠𝑡 𝑛
𝑒,𝑠
𝑖,𝑡−1 + 𝜓

𝑙
𝑡 𝑛
𝑒,𝑙
𝑖,𝑡−1

(1 + 𝐼)5(𝑡−1)
,

∑

𝑡∈𝑇

5
∑

𝑡′=1

(

∑

𝑖∈𝐸

𝜔𝑒,𝑠𝑡 𝑛
𝑒,𝑠
𝑖𝑡 + 𝜔𝑒,𝑙𝑡 𝑛

𝑒,𝑙
𝑖𝑡 + 𝜔𝑏𝑡 𝑛

𝑏
𝑖𝑡 +

(

𝑎𝑤𝑝𝑤𝑡 𝑞
𝑠
𝑖𝑡 + 𝑝

𝑒
𝑡 𝑒
𝑔
𝑖𝑡
)

(1 + 𝐼)5(𝑡−1)+𝑡′

+
∑

𝑖∈𝑅

𝜔𝑟𝑡𝑛
𝑟
𝑖𝑡

(1 + 𝐼)5(𝑡−1)+𝑡′

)

.

Secondly, the present revenue is calculated based on the interest rate, 
the amount of demands served, and the price of syngas. We consider 
the dependency between the demand and price, where the demand de-
creases as the price increases. To alleviate the computational burdens, 
we discretized the function of this dependency instead of considering 
a continuous one as suggested by Ardjmand et al. (2016) and Fattahi 
et al. (2018). Hence, depending on the price level chosen, demands 
will change. We employ the following equation, which is proposed 
by Fattahi et al. (2018), 

𝑑𝑖𝑡𝑙 = 𝑑𝑏𝑎𝑠𝑒𝑖𝑡 ×
(

𝑃𝑈 − 𝑝𝑟𝑙
𝑃𝑈 − 𝑃𝐿

)

, (2)

where 𝑑𝑏𝑎𝑠𝑒𝑖𝑡  represents the base demand, i.e., the amount of demand 
when the price is minimum, for demand site 𝑖 ∈ 𝑆 in period 𝑡 ∈ 𝑇 . 
Based on this equation, the relationship between demand and price can 
be depicted as in Fig.  4. Respectively, considering the demand sites 
served and the price level chosen, the present value of total revenue 
is calculated in the same manner as the present cost.
Deterministic formulation

We propose the following multi-period mathematical formulation 
for the problem in the deterministic setting, i.e., assuming full knowl-
edge of the problem parameters. 

 max 
∑

𝑙∈𝐿

∑

𝑡∈𝑇

∑

𝑖∈𝑆

5
∑

𝑡′=1

𝜌𝑙𝑧𝑖𝑡𝑝𝑟𝑙𝑑𝑖𝑡𝑙
(1 + 𝐼)5(𝑡−1)+𝑡′

− 𝑃𝐶(𝐧𝐞,𝐬,𝐧𝐞,𝐥,𝐧𝐫 ,𝐧𝐛, 𝐲𝐜,𝜽𝐜,𝜽𝐬,𝐪𝐬, 𝐞𝐠)
(3.1)
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Fig. 3. Decisions taken over the planning horizon.
Fig. 4. Price-dependent demand function.

 s.t. 𝐺𝑊 𝑃 𝑟𝑒𝑟𝑖𝑡 + 𝐺𝑊 𝑃 𝑔𝑗𝑡𝑒
𝑔
𝑖𝑡 ≤ 𝑢𝑔𝑤𝑝𝑎𝑒𝑞𝑠𝑖𝑡 ∀𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 , 𝑗 ∈ 𝑅 ∶ 𝑜𝑖𝑗 = 1

(3.2)

𝑧𝑖𝑡 ≤ 𝑧𝑖,𝑡+1 ∀𝑖 ∈ 𝑆, 𝑡 ∈ 𝑇 ⧵ {|𝑇 |} (3.3)

𝑦𝑒,𝑠𝑖 + 𝑦𝑒,𝑙𝑖 ≤ 1 ∀𝑖 ∈ 𝐸 (3.4)

𝑦𝑒,𝑠𝑖 + 𝑦𝑒,𝑙𝑖 ≤ 𝑧𝑖1 ∀𝑖 ∈ 𝐸 ∩ 𝑆 (3.5)

𝑦𝑒,𝑠𝑖 + 𝑦𝑒,𝑙𝑖 ≤ 𝑦𝑐𝑖 ∀𝑖 ∈ 𝐸 ∩ 𝐶 (3.6)

𝑎𝑒𝑞𝑠𝑖𝑡 ≤ 𝑒𝑔𝑖𝑡 + 𝑒
𝑟
𝑖𝑡 ∀𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.7)

𝑒𝑟𝑖𝑡 − 𝑒
𝑏
𝑖𝑡 ≤ ℎ(1 − 𝜈)

(

𝑛𝑒,𝑠𝑖𝑡 + 𝑛𝑒,𝑙𝑖𝑡
)

∀𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.8)

𝑒𝑏𝑖𝑡 ≤ 𝑒𝑟𝑖𝑡 ∀𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.9)

𝑒𝑏𝑖𝑡 ≤ 4 × 365

(

𝑛𝑏𝑖0(1 − 𝑙
𝑏)𝑡−1 +

𝑡
∑

𝑡′=1
(𝑛𝑏𝑖𝑡′ − 𝑛

𝑏
𝑖,𝑡′−1)(1 − 𝑙

𝑏)𝑡−𝑡
′

)

∀𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.10)
∑

𝑗∈𝐸

(

𝑜𝑗𝑖𝑒
𝑟
𝑗𝑡+

∑

𝑘∈𝑅⧵{𝑖}
𝑜𝑒𝑖𝑘𝑜𝑗𝑘𝑒

𝑟
𝑗𝑡

)

≤24 × 365

(

𝜇𝑖𝑡𝑛
𝑟
𝑖𝑡+

∑

𝑘∈𝑅⧵{𝑖}
𝑜𝑒𝑖𝑘𝜇𝑘𝑡𝑛

𝑟
𝑘𝑡

)

∀𝑖 ∈ 𝑅, 𝑡 ∈ 𝑇 (3.11)

𝑞𝑐𝑖𝑡 ≤ 𝑦𝑐𝑖 𝑔
𝑐
𝑖 ∀𝑖 ∈ 𝐶, 𝑡 ∈ 𝑇 (3.12)

∑

𝑗∈𝐸
𝑥𝑐𝑖𝑗𝑡 ≤ 𝑞𝑐𝑖𝑡 ∀𝑖 ∈ 𝐶, 𝑡 ∈ 𝑇 (3.13)

𝑎𝑐𝑞𝑠𝑖𝑡 ≤
∑

𝑗∈𝐶
𝑥𝑐𝑗𝑖𝑡 ∀𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.14)

∑

𝑗∈𝑆
𝑥𝑠𝑖𝑗𝑡 ≤ 𝑞𝑠𝑖𝑡 ∀𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.15)

∑

𝑙∈𝐿
𝜌𝑙𝑧𝑖𝑡𝑑𝑖𝑡𝑙 ≤

∑

𝑗∈𝐸
𝑥𝑠𝑗𝑖𝑡 ∀𝑖 ∈ 𝑆, 𝑡 ∈ 𝑇 (3.16)

∑

𝑙∈𝐿
𝜌𝑙 = 1 (3.17)

𝐿𝑗𝑦𝑒,𝑗𝑖 ≤ 𝑛𝑒,𝑗𝑖𝑡 ≤ 𝑈 𝑗𝑦𝑒,𝑗𝑖 ∀𝑖 ∈ 𝐸, 𝑗 ∈ {𝑠, 𝑙}, 𝑡 ∈ 𝑇 (3.18)

𝑛𝑏𝑖,|𝑇 | ≤𝑀(𝑦𝑒,𝑠𝑖 + 𝑦𝑒,𝑙𝑖 ) ∀𝑖 ∈ 𝐸 (3.19)
7 
𝑞𝑠𝑖𝑡 ≤
ℎ
(

𝑛𝑒,𝑠𝑖𝑡 + 𝑛𝑒,𝑙𝑖𝑡
)

𝑎𝑒𝑡
∀𝑖 ∈ 𝐸, 𝑗 ∈ {𝑠, 𝑙}, 𝑡 ∈ 𝑇 (3.20)

𝑛𝑒,𝑗𝑖,𝑡−1 ≤ 𝑛𝑒,𝑗𝑖𝑡 ∀𝑖 ∈ 𝐸, 𝑗 ∈ {𝑠, 𝑙}, 𝑡 ∈ 𝑇 (3.21)

𝑛𝑏𝑖,𝑡−1 ≤ 𝑛𝑏𝑖𝑡 ∀𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.22)

𝑛𝑟𝑖,𝑡−1 ≤ 𝑛𝑟𝑖𝑡 ∀𝑖 ∈ 𝑅, 𝑡 ∈ 𝑇 (3.23)

𝑛𝑒,𝑗𝑖𝑡 ≤ (1 + 𝑒𝑥𝐶)𝑛𝑒,𝑗𝑖,𝑡−1 ∀𝑖 ∈ 𝐸, 𝑗 ∈ {𝑠, 𝑙}, 𝑡 ∈ 𝑇 (3.24)

𝑛𝑏𝑖𝑡 ≤ (1 + 𝑒𝑥𝐶)𝑛𝑏𝑖,𝑡−1 ∀𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.25)

𝑛𝑟𝑖𝑡 ≤ (1 + 𝑒𝑥𝐶)𝑛𝑟𝑖,𝑡−1 ∀𝑖 ∈ 𝑅, 𝑡 ∈ 𝑇 (3.26)

𝜃𝑐𝑖𝑗 = 0 ∀𝑖 ∈ 𝐶, 𝑗 ∈ 𝐸 ∶ 𝑑𝑐𝑒𝑖𝑗 > 𝑀
𝑐 (3.27)

𝜃𝑠𝑖𝑗 = 0 ∀𝑖 ∈ 𝐸, 𝑗 ∈ 𝑆 ∶ 𝑑𝑒𝑠𝑖𝑗 > 𝑀
𝑠 (3.28)

𝑥𝑐𝑖𝑗𝑡 ≤𝑀𝜃𝑐𝑖𝑗 ∀𝑖 ∈ 𝐶, 𝑗 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.29)

𝑥𝑠𝑖𝑗𝑡 ≤𝑀𝜃𝑠𝑖𝑗 ∀𝑖 ∈ 𝐸, 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (3.30)

𝑦𝑒,𝑗𝑖 ∈ {0, 1} ∀𝑖 ∈ 𝐸, 𝑗 ∈ {𝑠, 𝑙} (3.31)

𝑦𝑐𝑖 ∈ {0, 1} ∀𝑖 ∈ 𝐶 (3.32)

𝑧𝑖𝑡 ∈ {0, 1} ∀𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.33)

𝜌𝑙 ∈ {0, 1} ∀𝑙 ∈ 𝐿 (3.34)

𝑛𝑒,𝑗𝑖 ≥ 0 ∀𝑖 ∈ 𝐸, 𝑗 ∈ {𝑠, 𝑙} (3.35)

𝑛𝑏𝑖 ≥ 0 ∀𝑖 ∈ 𝐸 (3.36)

𝑛𝑟𝑖 ≥ 0 ∀𝑖 ∈ 𝑅 (3.37)

𝜃𝑐𝑖𝑗 ∈ {0, 1} ∀𝑖 ∈ 𝐶, 𝑗 ∈ 𝐸 (3.38)

𝜃𝑠𝑖𝑗 ∈ {0, 1} ∀𝑖 ∈ 𝐸, 𝑗 ∈ 𝑆 (3.39)

𝑒𝑔𝑖𝑡, 𝑒
𝑟
𝑖𝑡, 𝑒

𝑏
𝑖𝑡 ≥ 0 ∀𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.40)

𝑞𝑐𝑖𝑡 ≥ 0 ∀𝑖 ∈ 𝐶, 𝑡 ∈ 𝑇 (3.41)

𝑞𝑠𝑖𝑡 ≥ 0 ∀𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.42)

𝑥𝑐𝑖𝑗𝑡 ≥ 0 ∀𝑖 ∈ 𝐶, 𝑗 ∈ 𝐸, 𝑡 ∈ 𝑇 (3.43)

𝑥𝑠𝑖𝑗𝑡 ≥ 0 ∀𝑖 ∈ 𝐸, 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (3.44)

The objective function (3.1) maximizes the present value of the 
profit over the planning horizon. Constraint (3.2) guarantees the maxi-
mum unit carbon footprint of electricity consumed at each electrolysis 
plant. Constraint (3.3) states that if a demand site is started to be 
served, then it needs to be served until the end of the planning horizon. 
Constraint (3.4) states that if an electrolysis plant is installed, it should 
be small-scale or large-scale. Constraints (3.5) and (3.6) guarantee that 
a customer site is served and that the carbon at a source is captured if an 
electrolysis plant is co-located with that demand site and CO2 source, 
respectively.

Constraint (3.7) states that the total electricity required for syngas 
production is supplied, allowing for the use of both renewable and 
grid electricity. Constraint (3.8) considers the variability in renewable 
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electricity supply and allows the storage of renewable electricity in 
batteries in case of excess supply. In other words, since renewable 
electricity is not always available, a portion of it can be used directly 
for syngas production when available, while the excess can be stored 
in batteries for later use. Constraint (3.9) ensures that the electricity 
stored in batteries is not larger than the renewable electricity consumed 
in total at an electrolysis plant. Constraint (3.10) ensures that the 
electricity stored in batteries cannot be larger than the total operational 
capacity of batteries at the electrolysis plant, considering initial capac-
ity and capacity expansions and degradation over periods. Constraint 
(3.11) limits the total renewable electricity consumed at electrolysis 
plants, considering the total renewable electricity generation capacity 
and renewable electricity transmission between zones. Note that the 
total capacity of renewable energy generation plants is converted into 
the total renewable electricity production considering the capacity 
factor and total operating hours of the renewable energy generation 
plants in a year.

Constraints (3.12)–(3.16) control the flow of CO2 and syngas within 
the supply chain, ensuring that captured and transported amounts are 
regulated. Specifically, CO2 can only be captured if a capture technol-
ogy is employed, and its captured amount cannot exceed the available 
supply at the source. The amount of CO2 transported to electrolysis 
plants is constrained by the amount captured at each source. Similarly, 
syngas production is dependent on the transported CO2, and its distri-
bution to demand sites cannot exceed production levels at electrolysis 
plants. Finally, if a syngas demand site is served, the delivery amount 
must be sufficient to meet its demand. Constraint (3.17) guarantees 
that only one price setting is selected to set the price of syngas. 
Constraint (3.18) sets lower and upper bounds on the capacities of 
electrolysis plants with respect to the scales of the electrolysis plants. 
Constraint (3.19) states that battery capacity installations are made 
for electrolysis plants. Constraint (3.20) restricts the amount of syngas 
produced by the total production capacity of the electrolysis plant, 
which is calculated based on its capacity (MW), total annual operating 
hours (h), and the amount of electricity needed to produce one tonne 
of syngas (MWh/tonne).

Constraints (3.21)–(3.26) state that capacity expansions are allowed 
for electrolysis plants, batteries, and renewable electricity sources, 
but only to a certain extent that is determined by the percentage 
capacity expansion factor. Constraints (3.27) and (3.28) ensure that 
if the distance between two sites is larger than the pre-determined 
distance, then there is no pipeline between these sites for CO2 and 
syngas transportation, respectively. Constraints (3.29) and (3.30) state 
that no CO2 and syngas flows can be sent, respectively, if there is 
no pipeline between two sites. Note that, for these constraints, values 
of Big M’s can be updated as ∑𝑘∈𝐶 𝑔

𝑐
𝑘 and 

∑

𝑘∈𝐶 𝑔
𝑐
𝑘∕𝑎

𝑐 , respectively. 
Constraints (3.31)–(3.44) are domain constraints.

Note that Formulation (3) is not linear because there are bilinear 
terms in the objective function (3.1) and Constraint (3.16). We define 
a new decision variable 𝜁𝑖𝑡𝑙 that represents 𝜌𝑙𝑧𝑖𝑡 for all 𝑖 ∈ 𝑆, 𝑡 ∈ 𝑇 , and 
𝑙 ∈ 𝐿 and linearize it by using inequalities proposed by McCormick 
(1976). Hence, for the deterministic problem, the mixed integer linear 
programming formulation (MILP), which has a linear objective function 
and linear constraints along with some integer variables, can be given 
as follows: 

𝐃𝐞𝐭𝐞𝐫𝐦𝐢𝐧𝐢𝐬𝐭𝐢𝐜 𝐦𝐨𝐝𝐞𝐥

 max 
∑

𝑙∈𝐿

∑

𝑡∈𝑇

∑

𝑖∈𝑆

5
∑

𝑡′=1

𝜁𝑖𝑡𝑙𝑝𝑟𝑙𝑑𝑖𝑡𝑙
(1 + 𝐼)5(𝑡−1)+𝑡′

− 𝑃𝐶(𝐧𝐞,𝐬,𝐧𝐞,𝐥,𝐧𝐫 ,𝐧𝐛, 𝐲𝐜,𝜽𝐜,𝜽𝐬,𝐪𝐬, 𝐞𝐠)

(4.1)
 s.t. (3.2)–(3.15), (3.17)–(3.44)

∑

𝜁𝑖𝑡𝑙𝑑𝑖𝑡𝑙 ≤
∑

𝑥𝑠𝑗𝑖𝑡 ∀𝑖 ∈ 𝑆, 𝑡 ∈ 𝑇 (4.2)

𝑙∈𝐿 𝑗∈𝐸

8 
Fig. 5. Uncertainty sets for different price settings for the demand of syngas.

𝜁𝑖𝑡𝑙 ≤ 𝑧𝑖𝑡 ∀𝑙 ∈ 𝐿, 𝑖 ∈ 𝑆, 𝑡 ∈ 𝑇 (4.3)

𝜁𝑖𝑡𝑙 ≤ 𝜌𝑙 ∀𝑙 ∈ 𝐿, 𝑖 ∈ 𝑆, 𝑡 ∈ 𝑇 (4.4)

𝑧𝑖𝑡 + 𝜌𝑙 − 1 ≤ 𝜁𝑖𝑡𝑙 ∀𝑙 ∈ 𝐿, 𝑖 ∈ 𝑆, 𝑡 ∈ 𝑇 (4.5)

𝜁𝑖𝑡𝑙 ∈ {0, 1} ∀𝑖 ∈ 𝐸, 𝑙 ∈ 𝐿, 𝑡 ∈ 𝑇 (4.6)

where Constraints (4.3) and (4.4) set 𝜻 to 0 when 𝐳 or 𝝆 are 0, and 
Constraint (4.5) sets 𝜻 to 1 when 𝐳 and 𝝆 are 1.
Robust formulation

In this section, we extend the deterministic formulation (4) to a 
robust formulation to account for demand uncertainty. In a general 
framework, uncertainty can arise in the coefficients of the objective 
function, the coefficients of constraints, or the right-hand sides of 
the constraints. The robust counterpart can be formulated based on 
different criteria, such as worst-case, best-case, or maximum regret, 
which measures the relative difference between two scenario perfor-
mances (Gabrel and Murat, 2010). Each criterion has its implications. 
While the best-case criterion may result in infeasible solutions in most 
realizations, minimizing the maximum regret criterion can lead to in-
tractable formulations (Gabrel and Murat, 2010). However, the worst-
case criterion can guarantee the feasibility in all realizations while 
ensuring the computational tractability. In our work, we focus on de-
mand uncertainty, where uncertainty affects both the objective function 
and constraint coefficients, and we adopt the worst-case criterion. To 
represent the demand uncertainty, we employ intervals, where the 
uncertain parameter is represented by an interval with a center called 
the nominal value (Soyster, 1973; Chinneck and Ramadan, 2000). 
We define the demand uncertainty set (5) that includes the demand 
realization intervals, i.e., demand realizations deviate from the nominal 
demand 𝑑𝑖𝑡𝑙 with respect to the robustness parameter 𝛾𝑖𝑡 for each 𝑖 ∈ 𝑆
and 𝑡 ∈ 𝑇  under price setting 𝑙 ∈ 𝐿. When the demand uncertainty is 
incorporated into price-dependent demand, based on the idea proposed 
in Ardjmand et al. (2016), we can define the demand uncertainty set 
as follows:
 =

{

𝑑 ∈ R|𝑆|×|𝑇 |×|𝐿|
+ ∶ 𝑑𝑖𝑡𝑙 ∈ [𝑑𝑖𝑡𝑙(1 − 𝛾𝑖𝑡), 𝑑𝑖𝑡(1 + 𝛾𝑖𝑡)]

∀𝑖 ∈ 𝑆, 𝑡 ∈ 𝑇 , 𝑙 ∈ 𝐿} . (5)

For the better understanding of set (5), Fig.  5 depicts the demand 
realizations for varying price levels chosen. For syngas demand site 𝑖 ∈
𝑆 and period 𝑡 ∈ 𝑇 , the dot in red represents the nominal demand, and 
demands are realized between the range in red for the corresponding 
price level.

When the proposed uncertainty set is incorporated into the de-
terministic model, its robust counterpart can be given as follows: 

 max min
𝑑∈

∑

𝑙∈𝐿

∑

𝑡∈𝑇

∑

𝑖∈𝑆

5
∑

𝑡′=1

𝜁𝑖𝑡𝑙𝑝𝑟𝑙𝑑𝑖𝑡𝑙
(1 + 𝐼)5(𝑡−1)+𝑡′

− 𝑃𝐶(𝐧𝐞,𝐬,𝐧𝐞,𝐥,𝐧𝐫 ,𝐧𝐛, 𝐲𝐜,𝜽𝐜,𝜽𝐬,𝐪𝐬, 𝐞𝐠) (6.1)
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 s.t. (3.2)–(3.15), (3.17)–(3.44), (4.3)–(4.6)
max
𝑑∈

𝜁𝑖𝑡𝑙𝑑𝑖𝑡 ≤
∑

𝑗∈𝐸
𝑥𝑠𝑗𝑖𝑡 ∀𝑖 ∈ 𝑆, 𝑡 ∈ 𝑇 . (6.2)

The max–min objective function and maximization in the constraints 
can be straightforwardly linearized due to the advantages of the pure 
interval model (Solyalı et al., 2016), which preserves linearity and 
ensures boundedness in inner problems. As a result, the robust problem 
can be formulated as a mixed-integer linear programming model, given 
as follows: 

𝐑𝐨𝐛𝐮𝐬𝐭 𝐦𝐨𝐝𝐞𝐥

 max 
∑

𝑙∈𝐿

∑

𝑡∈𝑇

∑

𝑖∈𝑆

5
∑

𝑡′=1

𝜁𝑖𝑡𝑙𝑝𝑟𝑙𝑑𝑖𝑡𝑙(1 − 𝛾𝑖𝑡)
(1 + 𝐼)5(𝑡−1)+𝑡′

− 𝑃𝐶(𝐧𝐞,𝐬,𝐧𝐞,𝐥,𝐧𝐫 ,𝐧𝐛, 𝐲𝐜,𝜽𝐜,𝜽𝐬,𝐪𝐬, 𝐞𝐠) (7.1)
 s.t. (3.2)–(3.15), (3.17)–(3.44), (4.3)–(4.6)

𝜁𝑖𝑡𝑙𝑑𝑖𝑡𝑙(1 + 𝛾𝑖𝑡) ≤
∑

𝑗∈𝐸
𝑥𝑠𝑗𝑖𝑡 ∀𝑖 ∈ 𝑆, 𝑡 ∈ 𝑇 (7.2)

where objective function (7.1) maximizes the present value of profit in 
the worst case, and Constraint (7.2) guarantees that the supply chain 
design is able to deal with all demand realizations.

3. Computational experiments on the case study data

In this section, we present and discuss the results we obtained after 
solving the proposed robust mathematical formulation for the case 
study data under different scenarios and parameter settings. With the 
computational results, we first show the value of considering demand 
uncertainty in the decision-making process of the supply chain design 
of CO2-based syngas and then make economic analyses of the robust 
supply chain design under different government financial supports, 
operating hours for electrolysis plants, and levels of variability in 
renewable electricity supply.

We define a new indicator, the levelized cost of syngas (LCOS), 
for fair comparison of the results obtained under different settings 
because comparing objective function values such as total profits, may 
be misleading when the chosen price level and, accordingly, demands 
are different. The levelized cost of a product represents the break-even 
price for the product, i.e., it is the lowest price that should be set to 
obtain a nonnegative profit. Note that arrays are written in bold font, 
whereas their elements are written in regular font; this also applies to 
the numbers, e.g., 𝟎 represents the array of 0’s. We define the LCOS 
under the lowest demand realizations at each demand site. Let 𝜶∗ =
(𝐲𝐞,𝐬∗ , 𝐲𝐞,𝐥∗ , 𝐲𝐜∗ , 𝐳∗,𝝆∗, 𝜻∗,𝜽𝐜∗ ,𝜽𝐬∗ ,𝐧𝐞,𝐬∗ ,𝐧𝐞,𝐥∗ ,𝐧𝐫∗ ,𝐧𝐛∗ ,𝐪𝐜∗ ,𝐪𝐬∗ , 𝐞𝐠∗ , 𝐞𝐫∗ , 𝐞𝐛∗ ,
𝐱𝐜∗ , 𝐱𝐬∗ ) be the optimal solution to Formulation (7), then LCOS under 
the optimal solution of 𝛼∗ can be given as follows:

𝐿𝐶𝑂𝑆(𝜶∗) =
𝑃𝐶(𝐧𝐞,𝐬∗ ,𝐧𝐞,𝐥∗ ,𝐧𝐫∗ ,𝐧𝐛∗ , 𝐲𝐜∗ ,𝜽𝐜∗ ,𝜽𝐬∗ ,𝐪𝐬∗ , 𝐞𝐠∗ )

∑

𝑡∈𝑇

5
∑

𝑡′=1

∑

𝑖∈𝑆

∑

𝑙∈𝐿

𝜁∗𝑖𝑡𝑙𝑑𝑖𝑡𝑙 (1−𝛾𝑖𝑡)

(1+𝐼)5(𝑡−1)+𝑡′

.

The computational experiments are performed on a 64-bit machine 
with 11th Gen Intel Core i7-11800H 2.30 GHz and 16 GB of RAM. The 
formulations are coded in Python using Gurobi 10.0.2. All instances are 
solved to optimality within an hour.

3.1. Details of the case study data instances

In this section, we explain the data used in the computational 
experiments. Note that the data files used for solving the models and 
the robust model code can be found at https://edu.nl/bpxfh.

In the computational experiments, the Benelux network, generated 
by Wiltink et al. (2023), is used. The network includes the locations of 
CO2 sources, current syngas users (e.g., industrial clusters), potential 
electrolysis plant locations, and the arcs between each CO  source and 
2

9 
Fig. 6. Benelux map generated on ArcGIS Pro 3.4.0.

potential electrolysis plant location pair and each potential electrolysis 
plant location and current syngas user pair. The lengths of the arcs 
represent the geographic distances between sites (Wiltink et al., 2023). 
Fig.  6 depicts the locations of CO2 sources by dots, syngas consumers 
by triangles, and potential electrolysis plants by diamonds. There are 
49 CO2 sources, 10 syngas demand sites, some of which overlap in 
the figure because they are closely located to each other, and 83 
potential electrolysis plant locations. Potential electrolysis plant loca-
tions include the locations of CO2 sources and syngas consumers and 
intermediate locations between certain CO2 sources and syngas con-
sumers if sufficient space is available. For CO2 sources, only biogenic 
sources, which are biomethane fermentation, bioethanol fermentation, 
pulp and paper, and non-hazardous waste incineration plants, are 
considered. Only biogenic CO2 sources are considered to align with 
the statement by European Commission (2024a), ensuring that carbon 
management technologies are still effective in carbon mitigation after 
carbon neutrality in 2050. Since there is no carbon price for emissions 
from biogenic sources provided by the EU emissions trading systems 
(ETS), we disregard carbon pricing in the decision-making process. For 
CO2 amounts at CO2 sources, 𝐠𝐜, the data used in Wiltink et al. (2023) 
is used, and for the cost of employing CO2 capture technologies at 
different types of CO2 sources is calculated by employing piecewise 
linear approximation functions generated by Wiltink et al. (2023) with 
the assumption of that at least 75% of total carbon are captured at a 
source when a capture technology is installed. For the sets of zones for 
electricity consumption, 𝑅 is set to {1, 2, 3}, where zone 1 represents 
the Netherlands, zone 2 represents Belgium, and zone 3 represents 
Luxembourg. The size of the set of price levels, |𝐿|, is set to 50.

We consider that the planning horizon length is 20 years with 4 
periods, i.e., 𝑇 = {1, 2, 3, 4}. The first period starts in the year 2030, 
and the last period ends in the year 2050, which is compatible with the 
climate goals for 2050. Since some parameters are expected to change 
over time, they are defined as time-dependent. These are cost-related 
parameters such as 𝜅𝑒,𝑠𝑡 , 𝜅𝑒,𝑙𝑡 , 𝜓𝑠𝑡 , 𝜓 𝑙𝑡 , 𝜅𝑏𝑡 , 𝜅𝑟𝑡 , 𝜔𝑒,𝑠𝑡 , 𝜔𝑒,𝑙𝑡 , 𝜔𝑏𝑡 , 𝜔𝑟𝑡 , and 𝑝𝑒𝑡 , and 
technical parameters such as 𝜂.𝑡, 𝜇.𝑡, and 𝐺𝑊 𝑃 𝑔.𝑡 . The values of these 
parameters are assigned based on the literature and expert opinions 
obtained via the Delphi method. According to the results we obtained, 
with respect to the reference period of period 1, nominal demands will 
increase by 25% in the second period, 35% in the third period, and 
40% in the fourth period. Grid electricity prices will increase by 20% in 
the second period, 10% in the third period, and remain the same in the 
fourth period. The share of renewables in the grid will increase by 15%, 
35%, and 55% in the second, third, and fourth periods, respectively. 
Furthermore, with respect to the reference period of period 0, the 
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CAPEX of electrolyzers is expected to remain the same in the first two 
periods, decrease by 15% in the third period, and decrease by 25% in 
the fourth period.

The CAPEX of electrolyzers in the period 0 is 2000 EUR2019/MW (In-
stitute for Sustainable Process Technology (ISPT), 2023) for large-scale 
electrolysis plants. The economies of scale function is derived based 
on Store & Go (2019a), and it is assumed that a small electrolysis plant 
has a capacity less than 50 MW with CAPEX of 2500 EUR2019/kW. For 
each 𝑖 ∈ {𝑠, 𝑙} and 𝑡 ∈ 𝑇 ∪ {0}, 𝜔𝑒,𝑖𝑡  is calculated as 4% of 𝜅𝑒,𝑖𝑡  (Galkin 
et al., 2023) and 𝜓 𝑖𝑡  is calculated as 14% of 𝜅𝑒,𝑖𝑡  (Detz et al., 2023). The 
nominal demands in period 1 are considered as the expected amount of 
syngas currently consumed by demand sites (Wiltink et al., 2023). The 
grid electricity price in period 1 for all zones is 53.65 EUR2019/MWh, 
which is the price for consumption over 150,000 MWh excluding taxes 
and levies (Eurostat, 2024c). The share of renewables in the grid in 
period 1 for all zones, if not otherwise stated, is considered as the share 
of renewable sources in electricity generation for Europe, which is 41% 
calculated based on the data on Eurostat (2023a,b).

The changes in CAPEX of renewable electricity generation plants 
and batteries are considered based on the literature. Accordingly, 
with respect to the reference period of period 0 over periods, the 
CAPEX of on-shore wind turbines will decrease by 8%, 11%, 14%, and 
18% (Clean Energy Technology Observatory, 2023) and the CAPEX 
of Li-ion batteries will decrease by 25%, 35%, 45%, and 55% (Clean 
Energy Technology Observatory, 2024). Note that, for the renewable 
electricity generation plants, on-shore wind turbines are considered 
because, in the preliminary computational experiments, we observed 
that on-shore wind turbines are always selected for investments when 
we provide several options, including on-shore wind turbines, off-shore 
wind turbines, and solar panels, for renewable electricity investments. 
The optimal solutions do not suggest investments in off-shore wind 
turbines because of high investment costs and solar panels because of 
low capacity factors for Benelux countries, where CAPEX of off-shore 
wind and solar electricity are 1820 and 623 EUR2019/kW and OPEX of 
them are 2.5% and 1.1% of CAPEX, respectively, Sens et al. (2022), 
and capacity factors of off-shore wind and solar electricity are 0.27 
and 0.10, respectively (Eurostat, 2024a,b; Statista, 2024b). CAPEX of 
on-shore wind electricity and Li-ion batteries in period 0 is 1315 and 
1700 EUR2019/kW, respectively, while for each 𝑡 ∈ 𝑇∪{0}, 𝜔𝑟𝑡  is 1.1% of 
𝜅𝑟𝑡 , and 𝜔𝑏𝑡  is 2.5% of 𝜅𝑏0 (Sens et al., 2022; National Renewable Energy 
Laboratory, 2023). The battery percentage capacity loss is considered 
as 30% (Vermeer et al., 2021). The capacity factor of on-shore wind 
electricity for each period 𝑡 ∈ 𝑇  is 0.24, which is derived based on the 
data provided (Eurostat, 2024a,b), and since there are no significant 
differences in capacity factors over years for the countries considered, 
the capacity factor of the renewable electricity is considered the same 
over the planning horizon.

In electrolysis plants, electrolyzers convert CO2 and H2O into syn-
gas. There can be different ratios of H2:CO by high temperature elec-
trolysis (Dittrich et al., 2019). In computational experiments, we con-
sider the production of syngas with a 2:1 hydrogen to carbon monoxide 
ratio. Accordingly, as reported in IEA Greenhouse Gas (2023), to pro-
duce 1 tonne of syngas, 1.36 tonne of CO2, 1.16 tonne of H2O, and 8.91 
MWh of electricity are required with an electrolyzer efficiency of 100%. 
However, due to technological reasons, it may be difficult to obtain 
the conversion rate of 100%, and thus we consider 85% conversion 
efficiency (Institute for Sustainable Process Technology, 2023). In this 
regard, 𝑎𝑐 is 1.60, 𝑎𝑤 is 1.37, and 𝑎𝑒 is 10.48.

We consider electricity generated from solar, on-shore wind, and 
offshore wind sources as renewable with an average carbon footprint of 
20 kg CO2-eq/kWh and electricity generated from coal and natural gas 
sources as non-renewable sources with an average carbon footprint of 
715 kg CO2-eq/kWh (Nowtricity, 2021). Hence, 𝐺𝑊 𝑃 𝑟𝑖  and 𝐺𝑊 𝑃 𝑛𝑜𝑛−𝑟𝑖
are 20 kg CO -eq/kWh and 715 kg CO -eq/kWh for all 𝑖 ∈ 𝑅, 
2 2
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respectively, if not otherwise stated. We focus specifically on the carbon 
footprints associated with electricity consumption during the syngas 
production process, as efficient renewable energy integration is the 
most critical environmental factor for implementing CO2E (Tsagkari 
et al., 2024). To calculate 𝑢𝑔𝑤𝑝, we consider that at least 90% of renew-
able electricity should be used in producing syngas, which is similar 
to the production of green hydrogen, i.e., if the share of renewables 
in the grid is 90%, the electrolyzers can be fully connected to the 
grid (European Parliment, 2023b). Accordingly, 𝑢𝑔𝑤𝑝 is calculated as 
89.5 CO2-eq/kWh, i.e., 0.9 × 20 + 0.1 × 715.

The costs of on-shore CO2 and syngas pipelines, 𝑓 𝑐 and 𝑓 𝑠, are 900 
kEUR2019 and 1000 kEUR2019 per km, respectively (Van der Zwaan 
et al., 2011). Since there is not enough information on the cost of the 
syngas pipeline in the literature, we consider the cost of the hydrogen 
pipeline. The maximum distances for CO2 and syngas pipelines, 𝑀𝑐 and 
𝑀𝑠, are 400 and 200 km, respectively. The maximum operating hours 
of electrolysis plants, ℎ, is 8000. In each period, percentage capacity 
expansion factor, 𝑒𝑥𝐶, of 50% is used for electrolyzers, renewable 
sources, and batteries. This factor is determined to ensure that capacity 
expansions align with demand growth, and thus is set to a value higher 
than the largest percentage increase in nominal demands over the 
planning horizon. For the water price, the price of process water of 0.36 
EUR2019/tonne is used (Intratec, 2024). An interest rate of 10% is con-
sidered to take into account the time value of the money (Timmerhaus 
and West, 2004).

In the computational experiments, we analyze the optimal solutions 
in terms of selected price, obtained profit, and calculated LCOS un-
der different parameter settings. The parameter settings differ in the 
choices of price ranges (𝑃𝐿−𝑃𝑈), scenarios for grid characteristics and 
renewable electricity transmission and syngas and CO2 transportation 
rules, robustness parameter (𝜸), levels of government financial support 
for electrolyzers, renewable electricity sources, and batteries, and the 
levels of variability in renewable electricity supply (𝜈). Three price 
ranges of PL-PU are selected as follows: 150–1500, 500–1850, and 
150–3000. If not otherwise stated the price range of 150–3000 is used. 
Three different scenarios are considered for characteristics of grids 
and rules of renewable electricity transmission and syngas and CO2
transportation.

• In Scenario 1, a common grid is used by all the electrolysis 
plants, where the share of renewables is chosen as the current 
average of European countries, renewable electricity transmission 
may be allowed between neighboring countries based on the 
regulation (European Commission, 2019), and the transportation 
of syngas and CO2 is allowed between countries.

• In Scenario 2, unlike Scenario 1, we consider different grids for 
electrolysis plants that are located in different countries, where 
the share of renewables in the grid is calculated based on the 
statistical data of each country because the share of renewables 
and carbon footprint of non-renewables in the grid may be sig-
nificantly different. In 2023, the grid of Belgium has a carbon 
footprint of 107 kg CO2-eq/kWh and the share of renewables 
of 34%, and the grid of the Netherlands has a carbon footprint 
of 421 kg CO2-eq/kWh and the share of renewables of 23% 
(Nowtricity, 2024a,b). Based on this data, it can be found that the 
average carbon footprint of non-renewable sources in Belgium is 
151.82 and in the Netherlands is 540.77. This difference arises 
from the choices for sources of electricity, e.g., when there is 
not enough supply from sources like solar and wind, while Bel-
gium prefers using electricity generated from nuclear energy, the 
Netherlands prefers generating electricity from coal and mainly 
natural gas. Since Luxembourg imports most of its electricity from 
abroad (Statista, 2024a) in 2023, the share of renewables and 
their carbon footprints are taken as the same as Belgium. 
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• Scenario 3 represents a decentralized planning where the plan-
ning is separately made for each country, where individual grids 
are used as in Scenario 2, and renewable electricity transmission 
and the syngas and CO2 transportation between countries are not 
allowed.

The robustness parameter 𝜸 is chosen from the set of {𝟎.𝟏, 𝟎.𝟏𝟓, 𝟎.𝟐, 𝟎.𝟐𝟓,
𝟎.𝟑, 𝜸𝐓, 𝜸𝐒} to adjust the uncertainty level, where 𝛾𝑇  represents that 
the uncertainty decreases over time based on the assumption of the 
adoption of the technology increases over time, which an inference 
according to the Delphi method conducted, i.e., 𝛾𝑖1 = 0.25, 𝛾𝑖2 =
0.2, 𝛾𝑖3 = 0.15 and 𝛾𝑖4 = 0.1 for all 𝑖 ∈ 𝐸, and 𝛾𝑆 represents that the 
uncertainty is less for the demand sites in the Netherlands than Belgium 
because of higher government regulatory supports based on the fact 
that the Netherlands currently has supporting policies for CO2 capture 
and CCS projects while Belgium does not have a policy specifically for 
CCU or CCS projects (IEA, 2021b), i.e., for 𝑡 ∈ 𝑇 , 𝛾.𝑡 = 0.1 for syngas 
demand sites in the Netherlands and 𝛾.𝑡 = 0.2 for syngas demand sites 
in Belgium. In the computational experiments, different government 
financial supports for CAPEX of electrolyzers, renewable electricity 
sources, and batteries are considered because these costs constitute 
large shares of the LCOS, and thus they will play important roles in the 
financial aspects of syngas. Note that financial support can be provided 
through various mechanisms; however, in this study, we employ it as a 
percentage subsidy on CAPEX and thus OPEX. This approach facilitates 
a clear comparison between cases with differing levels of support and 
enables meaningful insights without requiring highly precise forecasts 
of future financial support policies. Let 𝑔𝑓𝑠 represent the level of the fi-
nancial support of governments to CAPEX, where the associated values 
are updated by being multiplied by (1 − 𝑔𝑓𝑠). Unless otherwise stated, 
𝑔𝑓𝑠 is set to 0.5. In addition to financial support applied to CAPEX 
of electrolyzers, renewable electricity generation, and batteries, addi-
tional financial support may be employed for the CAPEX of batteries. 
Let 𝑔𝑓𝑠𝐵 represent this additional financial support. Unless otherwise 
stated, 𝑔𝑓𝑠𝐵 is 0. Lastly, we consider different levels of renewable 
electricity supply variability, 𝜈 chosen from the set {0.3, 0.4, 0.5, 0.6, 0.7}. 
It is chosen as 0.5 if not otherwise stated.

In the following sections, the results obtained from the compu-
tational experiments are summarized and analyzed. For the detailed 
results, we refer the reader to https://edu.nl/bpxfh.

3.2. The value of considering uncertainty

In this section, 47 instances that differ in price ranges, robustness 
parameter, and scenarios depending on features of the grid, renewable 
electricity transmission, and syngas and CO2 infrastructure are solved 
to optimality for Formulations (4) and (7). The obtained results are 
compared to assess the value of considering uncertainty. Respectively, 
the performance of the optimal robust solution is compared with the 
optimal deterministic solution in the uncertain environment. The LCOS 
is used as a performance measure. For the given instance, first, the 
robust formulation (7) is solved, and the robust optimal solution 𝜶𝐫

is obtained. Later, the deterministic formulation (4) is solved, and the 
deterministic optimal solution 𝜶̄𝐝 is obtained. When the uncertainty is 
not considered, strategic decisions will be made based on the determin-
istic solution because these decisions are made before the realization 
of the uncertainty, unlike tactical decisions. After the uncertainty is 
revealed, the deterministic decisions may even be infeasible because 
the initial capacities and infrastructure design cannot be respected. 
Hence, while considering the performances of solutions, we also allow 
repairs in the deterministic solution. These repairs include opening 
new small-scale electrolysis plants, increasing the initial capacity of 
renewable sources, and installing new pipeline connections for syngas 
or CO . Since these repair actions will be taken after the uncertainty 
2
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is realized, they should be in operation within a short notice. Thus, 
only opening small-scale electrolysis plants is allowed, and employing 
extra capacities for renewable electricity generation and installing new 
pipeline connections costs 50% higher.

To evaluate the performance of solution 𝜶̄𝐝, Formulation (8) is 
solved to obtain the optimal solution 𝜶𝐝𝐞𝐭𝐑𝐞 which represents the 
performance of the deterministic solution in the uncertain environment 
with repairs to avoid the infeasibility. 𝐿𝐶𝑂𝑆(𝛼𝑟) and 𝐿𝐶𝑂𝑆(𝛼𝑑𝑒𝑡𝑅𝑒) are 
compared, and, for an instance, the value of considering uncertainty is 
calculated as 100× 𝐿𝐶𝑂𝑆(𝛼𝑑𝑒𝑡𝑅𝑒)−𝐿𝐶𝑂𝑆(𝛼𝑟)

𝐿𝐶𝑂𝑆(𝛼𝑟) . In all 47 instances, we observe 
that deterministic and robust strategic solutions differ, highlighting 
the impact of uncertainty on decision-making. To mitigate the risks 
associated with lower customer satisfaction and higher costs, the robust 
solutions result in different designs depending on the level of uncer-
tainty. For example, at lower uncertainty levels, the robust designs 
usually propose higher initial capacities and alternative pipeline routes; 
at higher uncertainty levels, they usually propose the employment 
of different numbers of electrolysis plants to serve different sets of 
customers. Hence, considering uncertainty leads to higher profits by en-
abling more effective investment strategies that can deal with possible 
demand fluctuations. Even 21 instances end up with negative profits 
when the deterministic solution is used in the uncertain environment, 
i.e., the planning is first made according to the deterministic solution 
and repairs are made after uncertain demands are realized. In 43 out 
of 47 instances, there are decreases in the LCOS, which highlights the 
importance of employing the robust solution, in other words, the value 
of considering uncertainty in the decision-making process. 
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Fig.  7 depicts robust designs, including locations and (initial) sizes 
of electrolysis plants and pipeline infrastructure as in the optimal robust 
solution, and deterministic designs, with repairs if needed, including 
locations and sizes of electrolysis plants and pipeline infrastructure 
as in the optimal deterministic solution, and the additional electrol-
ysis plants and pipelines to repair the deterministic solution if the 
deterministic solution is not feasible in the uncertain environment, 
under different parameter settings. In the figure, electrolysis plants are 
represented by circles, CO2 sources by squares, and syngas demand sites 
by triangles, and syngas transportation is represented by red lines and 
CO2 transportation is represented by black lines. Additionally, the sizes 
of the circles are directly proportional to the sizes of the plants.

Figs.  7(a) and 7(b) are for Scenario 3, where 𝜸 = 𝟎.𝟏 and PL-
PU = 150–3000, while Figs.  7(c) and 7(d) are for Scenario 2, where 
𝜸 = 𝜸𝐓 and PL-PU = 500–1850. Based on the figures, we can draw 
some implications related to the supply chain design. First, Figs.  7(a)
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Fig. 7. Robust designs and deterministic designs (with repairs).
and 7(b) show that although strategic decisions such as the locations of 
large electrolysis plants are the same for both robust and deterministic 
solutions, the deterministic solution is not feasible in the uncertain 
environment because the determined sizes of the plants cannot satisfy 
demand requirements if the uncertainty is disregarded in the decision-
making process. Note that if an electrolysis plant is located at a demand 
site, then its demand must be covered. Hence, to avoid infeasibility, two 
small-scale electrolysis plants are located and a new syngas pipeline is 
installed. If we compare the LCOS obtained by both designs, we see that 
the robust design provides 1.24% less LCOS. Second, Figs.  7(c) and 7(d) 
show that the number of large-scale electrolysis plants is also different 
in robust and deterministic designs. Unlike the deterministic design, the 
robust design chooses to cover half of the demand sites instead of all of 
them. Hence, the robust design can deal with the uncertainties in the 
demands and provide a positive profit. However, if the deterministic 
design is used in the uncertain environment, to compensate for all the 
cost of installed large-scale electrolysis plants, all demand sites are 
satisfied. As a result, a small-scale electrolysis plant is also located. 
Although all demand sites are covered, if the deterministic design is 
used, the profit becomes negative. Moreover, when we compare the 
LCOS obtained by both designs, we see that the robust design provides 
8.19% less LCOS.

Table  1 shows the average of decreases, the maximum of the de-
creases, and the number of instances in which we observe there is a 
decrease in the LCOS when the robust solution is employed for the 
different scenarios. We can say that considering uncertainty is highly 
valuable for all scenarios. While the average decrease is the highest 
for Scenario 2, the maximum decrease of 22.23% is obtained for an 
instance of Scenario 3. It shows that decentralized planning is more 
vulnerable to uncertainties. Here, it is also important to highlight the 
importance of centralized planning for the supply chain design in 
terms of costs because when the LCOS obtained for Scenario 2 and 
Scenario 3 from robust solutions are compared, we see that Scenario 2, 
12 
Table 1
The percentage decreases in the LCOS aggregated by scenarios.
 Scenario Average (%) Max (%) Number of Instances 
 1 1.36 4.60 13/15  
 2 5.23 16.78 15/16  
 3 5.09 22.23 15/16  

i.e., centralized planning for the Benelux countries, provides a design 
with 62.5% more profit and 6.29% less LCOS on average than the 
design obtained by Scenario 3, i.e., decentralized planning for the 
Benelux countries.

Table  2 shows the average percentage decreases for price ranges and 
robustness parameters and the maximum percentage average decrease 
obtained for the given price ranges. It is seen that the value of con-
sidering uncertainty increases as the robustness parameter increases. 
Since, for some instances for the given robustness parameter and price 
ranges, it is not possible to obtain supply chain designs with the LCOS 
lower than the given PU, all feasible solutions have objective function 
values less than or equal to 0. In this case, the optimal decision becomes 
no production, and the model ends up with an optimal solution of 0. 
Accordingly, the LCOS becomes undefined due to a division by zero, as 
both the total cost and the quantity produced are zero in the case of no 
production. Hence, in the table, ‘‘–’’ represents there is not an instance, 
for three scenarios, with the optimal solution of a positive profit for the 
given robustness parameter and price range.

According to Table  2, the value of considering uncertainty increases 
as the robustness parameter increases, the price range decreases, and 
PU decreases. For the instances whose results are not reported in the 
table, we explore how much the upper price limit must be increased 
to obtain a positive profit. Hence, 𝑃𝑈 is incrementally increased from 
1600 to 2100 in steps of 100. The minimum 𝑃𝑈 value that provides 
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Table 2
Average percentage decreases in the LCOS.
 PL-PU 𝛾 Max  
 0.1 0.15 0.2 0.25 0.3 𝛾𝐓 𝛾𝐒  
 150–1500 2.45 14.09 – – – – 1.53 16.43 
 500–1850 2.81 2.55 5.13 13.66 – 4.29 3.85 22.23 
 150–3000 0.93 1.82 2.50 3.06 3.78 1.27 1.16 4.88  

Table 3
Optimal robust LCOS and price for increased PU values for Scenario 1 instances.
 PL 𝛾 PU LCOS Price of syngas 
 150 0.15 1600 1466 1511  
 150 0.2 1700 1617 1636  
 150 0.25 1900 1794 1828  
 150 0.3 2100 1997 2020  
 150 𝛾𝐓 1700 1605 1636  
 500 0.3 2100 1972 2002  

Table 4
CPU times (in seconds) for deterministic and robust formulations.
 Scenario PL-PU Deterministic formulation (4) Robust formulation (7) 
 
1

150–1500 44 115  
 500–1850 28 622  
 150–3000 27 29  
 
2

150–1500 963 1100  
 500–1850 342 1106  
 150–3000 119 295  
 
3

150–1500 18 42  
 500–1850 10 76  
 150–3000 21 15  

an optimal solution with positive production decisions for each in-
stance in Scenario 1 is reported in Table  3. The table shows that the 
required increase in 𝑃𝑈 heavily depends on the robustness parameter, 
i.e., higher uncertainty levels require greater increases, as observed 
for the instances with 𝑃𝐿 of 150. Furthermore, when analyzing the 
instances with the robustness parameter of 𝟎.𝟑, it is seen that 𝑃𝑈 must 
be 2100 for both 𝑃𝐿 of 150 and 500, indicating increases of 600 and 250, 
respectively. Since the resulting 𝑃𝑈 values are the same, this shows 
that a smaller price range can lead to lower prices and LCOS.

We assess the computational efficiency of the proposed robust 
model in terms of CPU time, which is the total time spent to solve 
the problem. To this end, we compare the solution times of the 
deterministic and robust formulations for the same instances with the 
same scenario and price range settings. The CPU time for solving the 
robust formulation is reported as the average over different robustness 
parameters. Table  4 presents the results and shows that the robust 
formulation provides optimal solutions within a reasonable time for 
each instance.

3.3. Cost analyses for different settings for the key factors

The effects of government financial support
In this part, we investigate the effects of different government 

financial support levels for Scenario 1 and Scenario 2 by analyzing the 
changes in the price and LCOS, the shares of the costs in the LCOS, 
and the designs including the locations and sizes of the electrolysis 
plants and the pipeline infrastructure. Fig.  8 shows how the LCOS 
and price change as the level of financial support changes. Note that 
financial support is considered as a percentage reduction in CAPEX and 
OPEX. Fig.  9 shows the shares of the costs in the LCOS for Scenario 
1 and Scenario 2 instances, where the costs are categorized for CO2
capture technologies, CO2 and syngas pipeline infrastructure, battery 
installations, electrolyzer installations including stack replacements, 
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renewable electricity generation, water consumption, and the electric-
ity consumption from the grid. Figs.  10 and 11 show the designs for 
Scenario 1 and Scenario 2 instances under four different levels of 
government financial support.

In Fig.  8, as the level of financial support increases, the price and 
LCOS generally decrease. We only observe an increase in the LCOS for 
Scenario 2 when the government financial support level is 0.1. The 
reason is that, when the level increases from 0 to 0.1, as Fig.  11(b) 
shows, it becomes profitable to cover the biggest demand site which 
is in the north of the Netherlands. From Fig.  9, it can be inferred that 
the share of infrastructure costs is higher for Scenario 2 than Scenario 
1 because, since the carbon footprint level of the grid in Belgium is 
better than the one in the Netherlands, the electrolysis plant with a high 
capacity is located in Belgium and syngas demand in the Netherlands is 
satisfied from this plant, which requires installing pipelines for syngas 
transportation. This is clearly seen in Figs.  10 and 11, especially if the 
support level is less than 0.8. It can be said that as the government 
financial support level increases, the designs for both scenarios are 
becoming similar to each other because when investing in renewable 
sources becomes more affordable, the effect of the grid characteristics 
on the solutions decreases. Hence, the differences between the designs 
for both scenarios mainly resulted from the effect of avoiding making 
huge investments in renewable energy sources.

In Fig.  9, for support level of 0.6 for Scenario 1, a small share of 
the LCOS is spent on battery installations to the electrolyzer located 
closer to the big demand site in the north of the Netherlands. This 
shows that when batteries become more affordable, they will be firstly 
preferred by the largest electrolysis plants. The figure also shows that, 
for both scenarios at the support level of 0.8, the cost of using a unit of 
renewable electricity becomes cost-competitive with the cost of using 
electricity from the grid. Hence, the capacity of renewable electricity 
investments increases together with the electrolyzer capacities and 
almost 100% of renewable electricity is used at the electrolysis plants.

As it is seen in Fig.  8, when the financial support level increases, 
the profit margin also increases. If the price is aimed to be set under 
some level, an additional constraint can be used. For example, if the 
nominal demand is desired to be at least half of the base demand, then 
the following constraint 
∑

𝑙∈𝐿
𝑝𝑟𝑙𝜌𝑙 ≤ 1500 (9)

can be added to Formulation (7). Respectively, if we solve instances 
for Scenario 1 under different support levels, the price of syngas and 
LCOS will change as shown in Fig.  12. According to the figure, until 
the support level of 0.4, it is not possible to have a positive profit; 
at the support level of 0.4, LCOS of 1480 can be obtained instead of 
1528; for the support levels larger than 0.4, the LCOS is similar to the 
ones obtained without using Constraint (9). With this constraint, for the 
support level of 0.4, less LCOS is obtained. However, when the optimal 
solutions are analyzed for two different cases of with and without the 
constraint, as can be seen in Fig.  13, fewer demand sites are served, i.e, 
98% less demand is covered in total if an additional limit on the price 
is set.
The effects of battery usage

In the computational results previously reported, except for the 
instance of Scenario 1 under the government financial support level of 
0.6, batteries are not used at electrolysis plants. This is because using 
batteries can be extremely expensive due to their high investment costs 
and degradation rates. Instead of installing batteries, the capacities 
of electrolyzers are increased, allowing more tonnes of syngas to be 
produced within fewer operating hours, mostly during the available 
supply of direct renewable electricity. In this part, we analyze different 
cases that can favor battery usage.
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Fig. 8. Price of syngas and LCOS under different government financial support levels.
Fig. 9. Shares of costs in the LCOS under different levels of government financial support.
We investigate the cases where there are additional financial sup-
ports for the CAPEX of battery installations in addition to the gov-
ernment financial supports for every CAPEX in the system. When we 
analyze different additional support levels, we see that batteries start 
to be employed if there is an additional support level of 0.36 and 
0.15 for the battery in Scenarios 1 and 2, respectively. Fig.  14 shows 
how the LCOS and total battery capacity change if different levels of 
additional financial support are used. For Scenario 2, although batteries 
are employed for the additional support levels of greater than or equal 
to 0.15, until the level of 0.35, batteries are used only at the electrolysis 
plant in the north of the Netherlands. The reason is that this electrolyzer 
serves the biggest demand site, and it is located in the Netherlands 
whose grid has a relatively larger carbon footprint. After the level of 
0.35, batteries start to be used at all electrolysis plants, and we observe 
similar behavior for decreases in the LCOS for both Scenarios 1 and 
2. To see changes in the cost shares of LCOS for additional support 
levels of 0 and 0.36 for scenarios, Fig.  15 is provided. In the figure, it 
can be clearly seen that there is a trade-off between the capacities of 
electrolyzers and batteries because, with increasing additional financial 
support levels for both scenarios, the share of battery costs increases 
and the share of electrolyzer costs decreases, while the shares of all 
other cost components remain nearly unchanged.
14 
We also analyze the case where electrolyzers operate continuously 
for 8000 hours per year. Due to the inequality in Constraint (3.20), 
we allow operating hours less than or equal to 8000 per year. As a 
result, at the electrolysis plants, the production is usually done during 
the direct renewable electricity supply, e.g., 4000 hours, and during 
a small portion of the remaining 4000 hours with electricity from the 
grid. Consequently, annual demand of customers is generally produced 
within a half-year operation at the electrolysis plants. However, cus-
tomers may prefer a more evenly distributed syngas supply throughout 
the year. In this case, Constraint (3.20) can be rewritten as an equality. 
When the equality constraint is used, the LCOS decreases from 1748 
to 1309 for Scenario 1 if the level of additional financial support for 
batteries is changed from 0 to 0.36, while the LCOS decreases from 
1401 to 1329 for Scenario 2 if the level of additional financial support 
for batteries is changed from 0 to 0.15. As seen in Fig.  16, when there 
is no additional financial support for batteries, the share of battery 
costs constitutes one of the largest cost components for both scenarios, 
especially for Scenario 1, it is the second largest cost component 
because the employment of batteries is more important to increase 
the utilization of renewable electricity because the grid has a larger 
carbon footprint. Fig.  17 depicts how designs change for Scenario 1 and 
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Fig. 10. Designs under different levels of government financial support for Scenario 1.

Fig. 11. Designs under different levels of government financial support for Scenario 2.
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Fig. 12. Price of syngas and LCOS for Scenario 1 with an additional constraint of 
Constraint (9).

Scenario 2 for additional support levels for batteries. In Scenario 1, if 
there is an additional support of 0.36, the price can be chosen lower 
due to smaller LCOS, and thus the demands increase at demand sites 
and the total capacities of electrolyzers increase. Furthermore, since the 
increase in demand is the greatest for the demand site in the north 
of the Netherlands, the location of the electrolysis plant that serves 
it changes, and the plant is opened closer to the CO2 sources. When 
we analyze the changes for Scenario 2, it is seen that the same price 
is chosen, and thus the same demands are observed. The number of 
large-scale electrolysis plants and their capacities decreases as a result 
of higher operating hours with the help of batteries, and two small 
electrolysis plants with batteries are installed in the Netherlands, which 
leads to decreases in infrastructure costs. The decrease in infrastructure 
costs can also clearly be seen in Fig.  16 for Scenario 2.
The effects of variability in the renewable electricity supply

The level of variability determines how many hours in a year the 
electrolysis plants can directly use renewable electricity. For example, 
when the maximum operation hour is 8000 hours, if the variability 
level is 0.3, then there is a direct renewable electricity supply in 
5600 hours; if the variability level is 0.5, then there is a direct renew-
able electricity supply in 4000 hours; if the variability level is 0.7, then 
there is a direct renewable electricity supply in 2400 hours. Hence, as 
the variability level increases, the number of hours in which renewable 
electricity can be directly used decreases.

Fig.  18 shows how the price and LCOS change as the variability 
increases. For both scenarios, the price and LCOS increase in a similar 
manner as the variability level increases. A higher level of variability 
results in a larger number of electrolysis plants and higher capacities to 
compensate for the reduced availability of renewable electricity supply. 
As seen in Fig.  19, the share of electrolyzers also increases for both 
scenarios. Since the costs of other components change only slightly 
across different variability levels, the shares of these components in the 
LCOS decrease as the share of electrolyzer costs increases significantly, 
especially for Scenario 1. Additionally, it is important to note that the 
role of batteries becomes more significant as the variability increases. 
Specifically, for Scenario 1, we observe that when the level of variabil-
ity is 0.7, the batteries start to be installed with the electrolyzers if the 
additional financial support is 0.2 instead of 0.36, which is the least 
additional financial support level when the variability level is 0.5.
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4. Conclusion

In this work, we introduce a multi-period supply chain design 
problem for CO2-based syngas under demand uncertainty and propose 
a mixed integer linear programming robust model to solve it. The 
significant uncertainties in governance and financial factors highlight 
the necessity of incorporating uncertainty into the supply chain design. 
Given both market uncertainties and the influence of governance and 
financial factors on demand, we integrate demand uncertainty into 
the decision-making process. We employ an interval-based model for 
future demand realizations, which provides information regarding the 
lowest and highest possible demand realizations depending on the 
chosen price. The nonlinearities arising from the dependencies between 
variables are linearized to ensure model tractability.

We constrain the global warming potential of the electricity con-
sumed during syngas production to contribute to environmental feasi-
bility. Since electrolysis is highly electricity intensive, careful planning 
of electricity consumption is essential. To increase the use of renewable 
electricity, we consider an integrated electricity supply system consist-
ing of the grid, renewable resources and batteries, whose capacities 
are determined as supply chain decisions. For economic feasibility, our 
objective is to maximize the net present value of the entire investment 
plan for the supply chain. Consequently, with the proposed robust 
model that considers financial, environmental, and governance aspects, 
we guarantee the applicability of the supply chain design under all pos-
sible demand realizations and the best performance under worst-case 
demand realizations.

We generate data using the Delphi method, sources from the lit-
erature, and available technical reports and implement the proposed 
model on the Benelux region using the data. We conduct computational 
experiments under varying settings. Based on the results obtained, 
we derive managerial insights that highlight the importance of incor-
porating uncertainty, improving renewable electricity use, balancing 
infrastructure investments, and understanding the impact of financial 
support. First, considering the demand uncertainty can significantly 
affect decisions because disregarding it can lead to higher LCOS and 
negative profits, both of which hinder the adoption and future of CO2-
based syngas due to low customer satisfaction and low interest from 
financial investors. For example, incorporating the demand uncertainty 
into the decision-making process can lower the average LCOS by up to 
14%, with a maximum reduction of 22%. Second, the investment in 
renewable electricity generation is the primary cost driver because its 
share in the LCOS is typically the highest. Hence, strategic decisions 
are strongly influenced by grid characteristics. A high penetration of 
renewable sources in the grid is significantly favored by electrolysis 
plant location decisions, leading to longer pipeline installations. A 
higher level of government financial support can eliminate differences 
in strategic decisions due to different grid characteristics. For exam-
ple, a 33% increase in the government financial support level can 
decrease infrastructure investments by up to 62%. Additionally, when 
the level of financial support is 80%, electrolysis plants can use 100% 
renewable electricity in the production of syngas. Third, there exists 
a trade-off between battery and electrolyzer installations. Regardless 
of grid characteristics, an additional financial support of 30% for 
battery installations can reduce electrolyzer installations by doubling 
the operating hours of electrolysis plants. In case of no additional fi-
nancial support, battery installations become essential when continuous 
production is required because they are necessary to meet the de-
sired global warming potential of electricity consumption. Additionally, 
battery installations help deal with the renewable electricity supply 
variability, whose 40% increase can increase electrolyzer installation 
costs by up to 67%. Lastly, government financial support plays a key 
role in lowering product prices and LCOS, where the LCOS decreases 
in a greater magnitude than the price while the financial support level 
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Fig. 13. Designs under financial support level of 0.4 for Scenario 1 with and without Constraint (9).
Fig. 14. LCOS and battery capacity under different levels of additional financial support.
Fig. 15. Shares of costs in the LCOS under different levels of additional financial support.
increases. Higher levels of financial support allow the scaling up of 
CO2-based syngas deployment in its early stages because lower product 
prices lead to higher demand realizations at demand sites, whereas 
17 
reduced investment costs enable the employment of a greater number 
of electrolysis plants with larger capacities to serve a greater number 
of larger demand sites.
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Fig. 16. Shares of costs in the LCOS under different additional financial support levels for the continuous production.
Fig. 17. Designs under different additional financial support levels for the continuous production.
There are several future research directions. First, while we analyze 
demand uncertainty and its relation to costs and governance, uncertain-
ties in multiple parameters can be explored in future studies. Second, 
since supply chain design involves long-term strategic decisions, we 
aggregate production annually for consistency. Future research can 
optimize production at a specific electrolysis plant on a daily or hourly 
basis, accounting for renewable electricity intermittency. Third, since 
electricity consumption significantly impacts the global warming po-
tential of CO -based syngas, we use carbon emission constraints. To 
2
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fully assess the competitiveness of CO2 electrolysis against other sus-
tainable technologies, like biomass gasification, a cradle-to-grave life 
cycle assessment should be used.
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Table 5
Descriptions of notations for sets, parameters, and decision variables.
 Descriptions Units  
 Sets  
 𝐶 Set of CO2 sources  
 𝑆 Set of syngas demand sites  
 𝐸 Set of potential locations for CO2 electrolysis plants  
 𝐿 Set of price settings for CO2-based syngas  
 𝑅 Set of zones for electricity consumption  
 𝑇 Set of time periods  
 Parameters  
 𝑑𝑏𝑎𝑠𝑒𝑖𝑡 Base annual demand for syngas at syngas demand site 𝑖 ∈ 𝑆 in period 𝑡 ∈ 𝑇 tonne  
 𝑑𝑖𝑡𝑙 Annual demand for syngas at syngas demand site 𝑖 ∈ 𝑆 in period 𝑡 ∈ 𝑇  under price level 𝑙 ∈ 𝐿 tonne  
 𝑑𝑖𝑡𝑙 Nominal annual demand for syngas at syngas demand site 𝑖 ∈ 𝑆 in period 𝑡 ∈ 𝑇  under price level 𝑙 ∈ 𝐿 tonne  
 𝛾𝑖𝑡 Percentage deviation from nominal demand of syngas demand site 𝑖 ∈ 𝑆 in period 𝑡 ∈ 𝑇 –  
 𝑓 𝑠 Cost of pipeline infrastructure for syngas transportation EUR/km  
 𝑓 𝑐 Cost of pipeline infrastructure for CO2 transportation EUR/km  
 𝑓 𝑐𝑎𝑝𝑖 Cost of using a CO2 capture technology at CO2 source 𝑖 ∈ 𝐶 EUR  
 𝑔𝑐𝑖 The annual amount of CO2 at CO2 source 𝑖 ∈ 𝐶 tonne  
 𝑑𝑐𝑒𝑖𝑗 Distance between CO2 source 𝑖 ∈ 𝐶 and electrolysis plant 𝑗 ∈ 𝐸 km  
 𝑑𝑒𝑠𝑖𝑗 Distance between electrolysis plant 𝑖 ∈ 𝐸 and syngas demand site 𝑗 ∈ 𝑆 km  
 ℎ The annual operating hours of electrolysis plants h  
 𝑈 𝑖 The maximum capacity for an electrolysis plant with scale 𝑖 ∈ {𝑠, 𝑙} MW  
 𝐿𝑖 The minimum capacity for an electrolysis plant with scale 𝑖 ∈ {𝑠, 𝑙} MW  
 𝑀 𝑐 The maximum distance allowed for CO2 transportation between two sites km  
 𝑀𝑠 The maximum distance allowed for syngas transportation between two sites km  
 𝑀 A large number –  
 𝑒𝑥𝐶 The maximum percentage capacity increase allowed in each period –  
 𝑙𝑏 Percentage capacity loss (degradation) in each unit of capacity for batteries per period –  
 𝜅𝑒,𝑖𝑡 Capital cost of capacity for electrolysis plants with scale 𝑖 ∈ {𝑠, 𝑙} in period 𝑡 ∈ {𝑇 ∪ {0}} EUR/MW  
 𝜔𝑒,𝑖𝑡 Annual operational cost of capacity for electrolysis plants with scale 𝑖 ∈ {𝑠, 𝑙} in period 𝑡 ∈ {𝑇 ∪ {0}} EUR/MW  
 𝜓 𝑖

𝑡 Stack replacement cost for electrolysis plants with scale 𝑖 ∈ {𝑠, 𝑙} in period 𝑡 ∈ 𝑇 EUR/MW  
 𝜅𝑟𝑡 Capital cost of capacity for renewable electricity generation plants in period 𝑡 ∈ {𝑇 ∪ {0}} EUR/MW  
 𝜔𝑟𝑡 Annual operational cost of capacity for renewable electricity generation plants in period 𝑡 ∈ {𝑇 ∪ {0}} EUR/MW  
 𝜅𝑏𝑡 Capital cost of capacity for batteries in period 𝑡 ∈ {𝑇 ∪ {0}} EUR/MW  
 𝜔𝑏𝑡 Annual operational cost of capacity for batteries in period 𝑡 ∈ {𝑇 ∪ {0}} EUR/MW  
 𝐼 Interest rate –  
 𝑎𝑐 CO2 required for producing per tonne of syngas tonne  
 𝑎𝑒 Electricity required for producing per tonne of syngas MWh  
 𝑎𝑤 Water required for producing per tonne of syngas tonne  
 𝑝𝑤 Price of water EUR/tonne  
 𝑝𝑒𝑡 Price of grid electricity in period 𝑡 ∈ 𝑇 EUR/MWh  
 𝜂𝑖𝑡 Share of renewable sources in grid in zone 𝑖 ∈ 𝑅 in period 𝑡 ∈ 𝑇 –  
 𝜇𝑖𝑡 Capacity factor for the renewable electricity supply in zone 𝑖 ∈ 𝑅 in period 𝑡 ∈ 𝑇 –  
 𝜈 Percentage variability in renewable electricity supply –  
 𝐺𝑊 𝑃 𝑟

𝑖 Carbon footprint of electricity generated from renewable sources in zone 𝑖 ∈ 𝑅 kg CO2-eq/MWh  
 𝐺𝑊 𝑃 𝑛𝑜𝑛−𝑟

𝑖 Carbon footprint of electricity generated from non-renewable sources in zone 𝑖 ∈ 𝑅 kg CO2-eq/MWh  
 𝐺𝑊 𝑃 𝑔

𝑖𝑡 Carbon footprint of grid electricity in zone 𝑖 ∈ 𝑅 in period 𝑡 ∈ 𝑇 kg CO2-eq/MWh  
 𝑝𝑟𝑙 Price of CO2-based syngas under price setting 𝑙 ∈ 𝐿 EUR/tonne syngas  
 𝑃𝐿 Minimum price of CO2-based syngas EUR/tonne syngas  
 𝑃𝑈 Maximum price of CO2-based syngas EUR/tonne syngas  
 𝑢𝑔𝑤𝑝 Maximum unit carbon footprint of electricity consumed during production allowed kg CO2-eq/tonne syngas 
 𝑜𝑖𝑗 1 if electrolysis 𝑖 ∈ 𝐸 plant is located in the zone 𝑗 ∈ 𝑅; 0 otherwise –  
 𝑜𝑒𝑖𝑗 1 if electricity transmission is allowed between zones 𝑖, 𝑗 ∈ 𝑅; 0 otherwise –  
 Decision  
 variables  
 𝑦𝑒,𝑗𝑖 1 if an electrolysis plant with scale 𝑗 ∈ {𝑠, 𝑙} is located at potential location 𝑖 ∈ 𝐸; 0 otherwise –  
 𝑦𝑐𝑖 1 if a CO2 capture technology is used at CO2 source 𝑖 ∈ 𝐶; 0 otherwise –  
 𝑧𝑖𝑡 1 if syngas demand site 𝑖 ∈ 𝐸 is covered in period 𝑡 ∈ 𝑇 ; 0 otherwise –  
 𝜌𝑙 1 if price of syngas is selected at level 𝑙 ∈ 𝐿 ; 0 otherwise –  
 𝜁𝑖𝑡𝑙 1 if 𝑧𝑖𝑡 = 1 and 𝜌𝑙 = 1 for 𝑖 ∈ 𝐸, 𝑡 ∈ 𝑇 , 𝑙 ∈ 𝐿 ; 0 otherwise –  
 𝜃𝑐𝑖𝑗 1 if pipeline is installed between CO2 source 𝑖 ∈ 𝐶 and electrolysis plant 𝑗 ∈ 𝐸; 0 otherwise –  
 𝜃𝑠𝑖𝑗 1 if pipeline is installed between electrolysis plant 𝑖 ∈ 𝐸 and syngas demand site 𝑗 ∈ 𝑆; 0 otherwise –  
 𝑛𝑒,𝑗𝑖𝑡 Annual capacity of electrolysis plant with scale 𝑗 ∈ {𝑠, 𝑙} at location 𝑖 ∈ 𝐸 in period 𝑡 ∈ 𝑇 MW  
 𝑛𝑟𝑖𝑡 Annual capacity of renewable electricity plant in zone 𝑖 ∈ 𝑅 in period 𝑡 ∈ 𝑇 MW  
 𝑛𝑏𝑖 Annual capacity of batteries at location 𝑖 ∈ 𝐸 in period 𝑡 ∈ 𝑇 MW  
 𝑞𝑐𝑖𝑡 Annual amount of CO2 captured at CO2 source 𝑖 ∈ 𝐶 in period 𝑡 ∈ 𝑇 tonne  
 𝑞𝑠𝑖𝑡 Annual amount of syngas produced at electrolysis plant 𝑖 ∈ 𝐸 in period 𝑡 ∈ 𝑇 tonne  
 𝑒𝑔𝑖𝑡 Annual amount of grid electricity used at electrolysis plant 𝑖 ∈ 𝐸 in period 𝑡 ∈ 𝑇 MWh  
 𝑒𝑟𝑖𝑡 Annual amount of renewable electricity used at electrolysis plant 𝑖 ∈ 𝐸 in period 𝑡 ∈ 𝑇 MWh  
 𝑒𝑏𝑖𝑡 Annual amount of renewable electricity stored in battery at electrolysis plant 𝑖 ∈ 𝐸 in period 𝑡 ∈ 𝑇 MWh  
 𝑥𝑐𝑖𝑗𝑡 Annual amount of CO2 sent from CO2 source 𝑖 ∈ 𝐶 to electrolysis plant 𝑗 ∈ 𝐸 in period 𝑡 ∈ 𝑇 tonne  
 𝑥𝑠𝑖𝑗𝑡 Annual amount of syngas sent from electrolysis plant 𝑖 ∈ 𝐸 to syngas demand site 𝑗 ∈ 𝑆 in period 𝑡 ∈ 𝑇 tonne  
20 
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