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Abstract
The latest UN Sustainable Development Goals (SDGs) progress report states that we are currently on track to achieve only 12% of the targets. One of the many reasons for this situation is the disconnect between the policy space where the SDGs are and the technical space where some promising solutions to achieve the SDGs exist. One such solution is process integration (PI) which is an essential tool for creating a circular economy where the utilization of energy and resources, and the environmental impact of industrial processes are minimized while boosting economic growth. However, PI research currently lacks the inclusion of social aspects, an important third pillar of sustainability, in optimization problems which is mostly due to a lack of social indicators. Therefore, this work aims to bridge the gap between the policy and technical spheres by evaluating the contributions of PI towards the UN SDGs via a bibliometric analysis of PI literature and reviewing social and sustainability indicators that can be utilized in future research. The analysis revealed that PI contributes to 70% of the SDGs, including all the goals in the economic and environmental pillars of sustainability, and 38% of the goals in the social pillar. 
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Introduction
The 2030 Agenda for Sustainable Development, established in 2015 by all nations, outlines a global commitment to achieving peace and prosperity for both people and the planet (UN, 2015). Comprising 17 Sustainable Development Goals (SDGs), it addresses a spectrum of issues with set targets for accomplishment by 2030 (UN, 2015). Despite progress, a recent SDG progress report reveals a sobering reality: only about 12% of goals are on track, approximately 50% are off track, and around 30% have stagnated or regressed from the 2015 baseline (UN, 2023). The multifaceted nature of SDGs demands collaboration among governmental bodies, NGOs, the private sector, communities, and research centres. However, a significant hurdle lies in the disconnect between policy and technical spheres, hindering the realization of technical solutions' full potential. Process integration (PI), a key solution for fostering a circular economy, exemplifies this challenge.
Circular economy (CE) involves minimizing primary energy and virgin resource consumption by maximizing energy and material recycle and recovery at the macro-level (Geissdoerfer et al., 2017). Several studies have explored CE's potential contributions to SDGs across various industries, including construction, and food (Hassoun et al., 2022; Ogunmakinde et al., 2022; Schroeder et al., 2019). Zooming into the micro-level, industrial symbiosis (IS) emerges as a critical component of CE, facilitating the exchange of resources between industries to minimize overall wastage while maximizing profits (Lawal et al., 2021). PI, a well-established IS-enabling tool, optimizes resource use through resource integration. Several tools for PI have been developed for various applications. The original graphical pinch analysis technique for heat exchanger network design (Townsend & Linnhoff, 1983), has been extended to wastewater minimization (Wang & Smith, 1994), integration of renewable energies (Alizadeh Zolbin et al., 2022), and financial planning for energy conservation projects (Roychaudhuri et al., 2017). Mathematical programming models have also advanced to solve increasingly complex optimization problems, like multi-objective resource integration for industrial clusters (Ahmed et al., 2021), multi-period optimization for CO2 emissions reduction planning (Al-Mohannadi et al., 2016), and integrated design of waste management systems using P-graph (Fan et al., 2020). PI has even been expanded to the macro-scale with a framework combining elements of PI, IS and CE to increase circular flows in processes, industries and economies (Walmsley et al., 2019).   
PI is essential in addressing contemporary global challenges such as energy transition, climate change and sustainable development, which asserts the critical role of PI in achieving the SDGs. As such, there is a need to bridge the gap between the policy and technical spheres to enable greater adoption of PI by assessing the capacity of PI tools and applications to tackle the SDGs and proposing social and holistic sustainability metrics to be used in future research.          
Methodology
A bibliometric analysis was conducted to map the contributions of PI research to the SDGs. Bibliometric analysis is a quantitative literature review methodology used to explore and map the scientific knowledge of a select domain in existing literature by utilizing large volumes of unstructured data. The scope of this study is to analyze the literature on PI that explicitly identifies the sustainability contributions of their work. As such, the Web of Science database was used to search for publications that contained “process integration” and “sustainable” or “sustainability” in their title, abstract, or keywords. The query retrieved 484 publications, which was narrowed down to 325 most relevant papers after careful review. 
A keyword matching exercise was carried out to assign to each paper the SDGs that it contributed towards. This was done by first selecting the relevant keywords for each SDG in the context of PI using the exhaustive search queries developed by Aurora Universities Network as a guide (Vanderfeesten et al.). The presence of these SDG keywords was then checked in the keywords and abstracts of the 325 selected papers. The SDGs 4 (education), 5 (gender equality), 10 (reduced inequalities), 16 (peace and justice) and 17 (partnership for the goals) are not included in this analysis because the keyword search for them gave no matches. Keyword mapping allowed us to determine: 1) how many papers contributed towards each SDG, and 2) how often each pair of SDGs were addressed in the same paper.  
Results and Discussion
The network map generated from the keyword matching exercise is shown in Figure 1. The map visualizes the relative contributions of the papers towards the SDGs and the relationship between the SDGs in the context of PI research. The keywords pertaining to SDG 12 (responsible consumption and production) were the most common in our set of papers, followed in order by SDG 8 (decent work and economic growth), SDG 13 (climate action) and SDG 7 (affordable and clean energy). These SDGs are also the most interlinked, with an average of 75 papers contributing towards each pair of these four SDGs. However, the interrelation between the SDGs is high in general, with all SDGs commonly addressed alongside the others in most papers. For example, despite being mentioned in only 21 papers, SDG 11 (sustainable cities and communities) is still addressed alongside ten of the total eleven other SDGs in this study. This shows that the SDGs are interlinked and complement each other with respect to PI applications. Overall, Figure 1 exhibits the broad-spectrum impact of PI on the SDGs identified within our small collection of PI publications.     
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[bookmark: _Ref142299614]Figure 1: Network map of the SDGs addressed in the set of papers used in this study. Relative size of each node represents the number of papers that contained the keywords of the SDGs in their abstract or author keywords. Relative thickness of lines represents the number of papers that contained keywords of both SDGs connected by the line.
The contributions of the PI publications can also be visualized by the three pillars of sustainable development, namely social, economic and environmental. The pillars are interconnected, and so are the SDGs, which is why some of the SDGs can be categorized within multiple pillars. However, we simplify and categorize the SDGs within the pillars as shown in Figure 2 (Costanza et al., 2016). The greatest contribution is towards the economic pillar because the SDGs and subsequent targets within this pillar have many direct implications for industry. This is a promising outcome for governments as it proves PI can contribute towards economic growth and sustainable development simultaneously. Within the environmental pillar, SDGs 13 (climate action) and SDG 6 (clean water and sanitation) prove to be significant within PI research, with several applications in emissions minimization, development of biorefineries, and water networks optimization, among others. However, there is a need to incorporate the impacts on life below water (SDG 14) and life above land (SDG 15) in PI research.
[image: A group of circles with numbers and text

Description automatically generated]
[bookmark: _Ref142301151]Figure 2: Categorization of the contributions of PI research towards the SDGs by the three pillars of sustainability and the number of papers addressing the respective SDGs.   
The contributions identified in PI literature towards the social pillar are relatively lacking, despite the many indirect impacts of PI on these SDGs due to the contributions to economic and environmental pillars. This can mainly be attributed to the fact that social indicators are not widely used in PI research, and that PI doesn’t directly impact some of the social issues that the SDGs address like education (SDG 4), gender inequality (SDG 5), and peace and justice (SDG 16). Nevertheless, there are opportunities to contribute to SDG 1 (end poverty) via efficient and equitable allocation of resources and economic development, SDG 2 (end hunger) by optimizing food production, processing and distribution systems, SDG 3 (Good health and wellbeing) by minimizing pollution, SDG 10 (reduced inequalities) and SDG 17 (partnership for the goals) via multi-stakeholder partnerships and technology transfer. However, to capture the contributions of PI to these SDGs and to optimize processes for sustainability, there is a need to utilize social indicators and holistic sustainability metrics.
The most notable work in this regard was by El-Halwagi with the development of the Sustainability Weighted Return on Investment Metric, or SWROIM (El-Halwagi, 2017). This metric allowed the integration of conventional profitability calculations with an aggregate of multiple sustainability indicators, which can include social indicators. SWROIM was extended to incorporate safety indicators like hazard parameters (Guillen-Cuevas et al., 2018). While safety is a very important social aspect, it fails to represent the broader societal impacts that the SDGs aim to improve. To that end, the SDG framework itself provides a set of indicators for each goal which can be used to evaluate and benchmark the sustainability performance of an optimization problem. Also, the approach developed by Rafiaani et al. can be used to identify the most relevant social indicators for sustainability assessment (Rafiaani et al., 2020). They used a multi-criteria decision-making tool empirically determine relevant indicators to assess social impacts of a CCU operation. Furthermore, a comprehensive review by Messmann et al. covers a wide range of social indicators, including social objective functions and constraints in supply chain optimization which can also be utilized in PI (Messmann et al., 2020). Therefore, the need to assess the social impacts in future PI research can be met by utilizing the available social indicators and aggregate sustainability metrics.
Conclusions
PI tools like pinch analysis, multi-objective optimization and p-graph have found a broad range of applications in industry and infrastructure, providing a basis for the holistic design and operations of process systems. From our analysis, it is evident that utilizing PI tools can contribute towards achieving 70% of the UN SDGs. However, several barriers exist that hinder greater implementation of PI in industry stemming from the following three main factors:
1) Resistance to change due to risk averse mindset.
2) Confidentiality and reliability concerns.
3) Increased complexity. 
These barriers can mostly be overcome by greater cooperation between industries, government and researchers. Firstly, there needs to be more follow up studies and publications on successful PI implementation projects to increase awareness about the environmental, economic and social benefits of PI. Also, future research should include broader sustainability indicators including social and other SDG indicators to provide a holistic picture of the sustainability contributions of the work. To overcome confidentiality and reliability issues, industrial partnerships to establish central operations for integrated plants could be a solution. Additionally, an independent government platform could be developed for planners and policymakers to have access to the data for industrial planning and identification of PI opportunities. Targeted policies can also incentivize industries to become more resource efficient. Enforcing a carbon or GHG emissions tax and stricter wastewater regulations will incentivize industries to reduce their emissions via carbon and water integration. Economic incentives like tax breaks or subsidies for sustainable integrated industries or industrial parks could be provided based on sustainability ratings like LEED or GSAS developed for the construction industry by the US Green Building Council and Gulf Organization for Research & development, respectively. Indicators based on water and raw material recycling, energy recovery, abated emissions, jobs creation, employee and community satisfaction, and incident rate can be used to assess the environmental and social impacts of industries for the rating.   
In order to realize the potential of PI in establishing a circular economy and contributing towards the UN SDGs, there needs to be greater cooperation between the enablers in the policy and technical spheres. With this paper, we bridge that gap by highlighting the contributions of PI towards the SDGs for policymakers and identifying the need to broaden the scope of PI for researchers by assessing the sustainability and SDG implications of future work.  
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