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Abstract
Currently, new routes for producing chemical building blocks are required with the aim to support the energy and feedstock transition. Considering both global demand and production capacity, ethylene is the most important organic chemical and for this reason alternative production routes (based on carbon dioxide and water) have been investigated and screened in terms of costs and emissions in one of our previous works. In this research, the best alternative ethylene production technology is suggested at a supply chain level for the Teesside cluster (UK) through the development of two different mathematical models for the supply chain. Results show that the best ethylene production route is based on methanol-to-olefin plant where methanol is produced by syngas obtained from carbon dioxide-water co-electrolysis. Through a global sensitivity analysis based on a surrogate model, it is found that the carbon dioxide utilization cost has the highest impact on the supply chain total cost. The optimization of the electrolytic cell could help with cost reduction. 
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Introduction
Nowadays there is a mismatch between the amount of carbon dioxide (CO2) that is emitted and the amount that is used, forcing researchers and companies to suggest new and alternative CO2 conversion routes to bridge this gap. Among different CO2-based products, ethylene is desirable due to its large market and has high value compared to other reduction products. For these reasons, new production systems have been proposed and investigated in the literature as in Ioannou et al. (2020) and Berkelaar et al. (2022). On the other hand, in one of our previous works we modelled and compared the cost and global warming potential of different ethylene production routes starting from CO2 and water (H2O) (Leonzio et al., 2023). Here, the investigated technologies are the following: the electrochemical process (tandem and direct CO2 electrochemical reduction to ethylene processes), methanol-to-olefin (MTO) plant with methanol obtained from CO2 hydrogenation with blue and green hydrogen and from CO2 electrochemical reduction, and MTO process with methanol obtained from syngas produced in a solid oxide electrolytic cell (SOEC) for the CO2-H2O co-electrolysis. We found that the electrochemical tandem process is the most promising from an economic point of view while the MTO process using methanol produced by syngas from CO2-H2O co-electrolysis in a solid oxide electrolytic cell (SOEC) is the most preferred from an environmental point of view. 
After this first screening, in this research, we aim to explore the best route for ethylene production (between the two suggested above) at a supply chain level, by developing two different mixed integer linear programming (MILP) models for the supply chain located in the Teesside cluster (UK). Two different models are used to verify the independence of results by the used method. Through the development of a surrogate model, a Global Sensitivity Analysis (GSA) is conducted to determine the most significant factors for total cost and ethylene production cost. 
Methodology
Mathematical model of supply chain
In the considered supply chain, CO2 is captured from flue gas, transported via pipeline and stored/used for ethylene production through the two routes suggested in our previous work (Leonzio et al., 2023). Therefore, a carbon capture, utilization and storage (CCUS) supply chain is proposed here. In particular, the framework is located in the Teesside cluster (UK) where the Endurance reservoir is the CO2 storage site with a supposed storage capacity of 20 MtCO2. Companies like Sabic, Ineos, CF Fertiliser, Tioxide Europe and BOC Linde are the CO2 source sites, while the CO2 conversion site is set in the Sabic plant (Geels, 2022). Capture technologies like absorption with mono-ethanolamine, pressure and vacuum swing adsorption, membrane are taken into account. In that designed cluster, total CO2 emissions were 351.5 MtCO2 in 2019 and must be reduced by 54.8 % to achieve the target fixed for the future (2050) (Geels, 2022). 
Two MILP models are developed to optimize the framework: one is based on a node structure as reported by Elahi et al. (2014) while the other one is non-node based as proposed by Leonzio et al. (2019). In both models, CO2 is flowing from sources to storage/utilization sites but in the first case a material balance is added as a constraint for each node. 
The optimal topology is provided by the minimization of the total cost (e.g. the sum of CO2 capture and compression, CO2 transportation, CO2 storage and CO2 utilization costs) solved by using the AIMMS software tool with CPLEX 12.7.1 as the solver.
Surrogate model
A surrogate model method used in the literature is the random sampling-high dimensional model representations (RS-HDMR) (Lambert et al., 2016), which is implemented here to express the supply chain total cost and ethylene production cost as a function of CO2 capture and compression cost, CO2 transportation cost, CO2 storage cost and CO2 utilization cost. The following equation (with 1 as the maximum grade for parameters β and α) is considered to be regressed (see Eq. 1):





with F(x) the supply chain total cost/ethylene production cost, fo a constant to be evaluated, xcc, xct, xcs xcu the uncertain variables respectively for CO2 capture and compression cost (cc), CO2 transportation cost (ct), CO2 storage cost (cs) and CO2 utilization cost (cu), α and β parameters to be found and the Legendre orthogonal polynomial, as in Eq. (2) (Lambert et al., 2016):


with i the each factor. In order to determine the value of each parameter, Sobol sampling (to generate 40 sampled points (Kleijnen, 2017)) is used for each factor which is varied between +/- 20 % of the base value according to a triangular probability distribution. For each input, the total cost and ethylene production cost are found through the supply chain optimization. The generated inputs and founded outputs are used to find the values of parameters through the software SobolGSA. 
Global sensitivity analysis
A GSA is carried out to quantify the overall uncertainty in a key performance indicator (KPI) by varying simultaneously all factors inside their uncertainty range. In this work, the supply chain total cost and ethylene production cost are the KPIs, while the CO2 capture and compression cost, CO2 transportation cost, CO2 storage cost and CO2 utilization cost are the considered factors. KPIs are evaluated through the developed surrogate models while each factor is taken into account through the respective Legendre orthogonal polynomial function for which 1,000 Sobol samples are considered for the uncertainty according to a triangular probability distribution (a range between +/- 20 % of the basic value is assumed for each factor) (Sobol, 2001). The GSA is developed by using the software tool SobolGSA, estimating total-order Sobol sensitivity indices.
Results and discussions
Results of supply chain optimization
The optimization results show that, for both mathematical models, the best production route is based on the MTO plant with methanol from syngas because this is the only one selected for ethylene production. The supply chain cost is 5.9 $/kgEthylene and 5.7 $/kgEthylene for the models based on Leonzio et al. (2019) and Elahi et al. (2014) respectively. A sensitivity analysis is conducted changing the CO2 reduction rate and evaluating costs as in Figure 1: in both models, at a higher amount of captured CO2, the percentage of CO2 utilization cost on the total cost increases because at a fixed storage capacity more CO2 must be converted to achieve a higher reduction target. 
[image: ]
Figure 1 Cost analysis of the CCUS supply chain in both models at different CO2 reduction rates
Results of surrogate model
[bookmark: _Hlk149830151]Through the software SobolGSA and according to the RS-HDMR method, the values of parameters for the surrogate models related to supply chain total cost and ethylene production cost are figured out as reported in Table 1. Data are shown here for both supply chain model structures. 
Table 1 Values of parameters for CCUS supply chain surrogate models
	Parameter
	Non-node based structure
	Node based structure

	
	Total cost 
(k$/y)
	Ethylene production cost ($/tEthylene)
	Total cost 
(k$/y)
	Ethylene production cost ($/tEthylene)

	
	430,338
	6,019
	333,754
	5,778

	
	4,303
	60.18
	4,928
	85.32

	
	3,963
	55.43
	479
	8.29

	
	-152
	-2.12
	161
	2.78

	
	23,049
	322
	18,670
	323

	
	411
	5.75
	331
	5.73

	
	276
	3.85
	290
	5.02

	
	618
	8.64
	507
	8.77

	
	1,255
	17.55
	860
	14.88

	
	-243
	-3.39
	-337
	-5.83

	
	-598
	-8.36
	-317
	-5.49



Results of global sensitivity analysis
Values of total-order Sobol sensitivity indices for each factor are reported in Table 2. A value higher than 0.05 makes the input significant (Zhang et al., 2015): only the CO2 utilization cost is significant for total and production cost in both supply chain models.
Table 2 Total-order Sobol sensitivity index for total cost/ethylene production cost for the supply chain and for each factor (1=CO2 capture and compression cost factor; 2=CO2 transportation cost factor; 3=CO2 storage cost factor; 4=CO2 utilization cost factor)
	Sensitivity index
	Non-node based structure
	Node based structure

	Stot[1]
	0.0075
	0.0240

	Stot[2]
	0.0043
	0.0029

	Stot[3]
	0.0059
	0.0047

	Stot[4]
	0.9827
	0.9688



According to this result, a sensitivity analysis is conducted keeping constant other cost factors and changing only the significant CO2 utilization cost factor in a range +/- 53 % of the base value by using the developed surrogate models. The analysis is carried out for both models to evaluate the specific cost ($/tCO2 avoided) with and without a carbon credit for the used CO2, as reported in Figure 2. According to the IPCC report, only technologies with CO2 abatement costs lower than 220 $/tCO2 avoided could be implemented by 2030 (Ostovari et al., 2023). Results show that at the base case, without carbon credit, only the non-node based model causes a supply chain total cost (228 $/tCO2 avoided) higher than that suggested by IPCC. On the other hand, the supply chain based on node modelling has a cost of 182 $/tCO2 avoided. 

[image: ]
Figure 2 Total cost of CCUS supply chain changing the CO2 utilization cost factor compared to the base case in both models and the IPCC limit
 
In the first case, a reduction of CO2 utilization cost of about 20 % allows a total cost below the suggested limit. When a credit (45 $/tCO2 (Carbon Credit, 2023)) for only CO2 utilization is provided, both mathematical models at the base case ensure a total cost lower than that of the IPCC limit. In addition to the economic incentives, it is important to reduce the ethylene production cost so that, some suggestions are provided. It is needed to decrease the methanol production cost through the reduction of syngas production cost obtained by the SOEC. The highest influence of operating cost on methanol production through this route is reported by Adnan and Kribia (2020), while the high cost of syngas production through a SOEC is suggested by Redissi and Bouallou (2013). In a SOEC, operating costs have a great influence on total cost and the highest impact is due to the electricity cost (Freire Ordonez et al., 2021). For these reasons, further studies on SOECs should be conducted in order to improve Faradaic efficiency and current density and minimize the current leakage so that a lower power for syngas production will be needed. Low-cost and large-scale commercialization of SOECs requires a consistent current density higher than 5 A/cm, which is however hard to achieve, even for a high temperature electrolysis system (Cao et al., 2022). At this value of current density, a Faradaic efficiency of about 100% should be ensured so that the development of new catalysts and electrodes that are able to ensure this value is suggested. In addition to the above advice, lowering the temperature to a range of 500-700 °C could help in the reduction of maintenance costs by mitigating materials and maintenance issues. However, reducing the operating temperature decreases the electrocatalytic activity of electrode materials, requiring the development of high-performance materials. 
Conclusions
Two different mathematical models (node and non-node based) are considered here for a CCUS supply chain producing ethylene. Different models are used in order to provide the independence of results from the model formulation. It is found that the best ethylene production route is based on the MTO plant, ensuring a cost of 5.9 $/kgEthylene and 5.7 $/kgEthylene respectively for the non-node based and node based models. A surrogate model is built with the RS-HDMR method to find through a GSA that, the most significant factor for cost is the CO2 utilization cost. In order to have the supply chain cost lower than the limit fixed by IPCC, more research and optimization should be conducted for the SOEC by improving current density and Faradaic efficiency. 
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