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Abstract
Circular economy (CE) adoption can contribute towards the sustainable development goal of responsible consumption and production. Understanding the broader implications of CE adoption and optimizing different levers of CE such as reduce, reuse, and recycle is required. A global integrated planetary model has been used in this work to address these needs. This model represents the global ecosystem in a compartmental form, resembling a complex food web. The industrial sector within this model incorporates the crucial elements of reuse and recycling associated with the CE concept. In this work, optimization theory is used to develop time-dependent policies for implementing CE to achieve long term sustainability. Sustainability is quantified here using Fisher information (FI), and the objective function is minimization of FI variation along a desired trajectory. Result shows that if product reuse time can be increased by five times, sustainability is achieved even with "business as usual" scenario.  Furthermore, as reuse time increases, there is less variation in decision variable profiles, indicating a policy that is easier to implement for sustainable system. Overall, the research provides valuable insights into the adoption, strategies, and limitations in the implementation of CE.
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Introduction
The consumption pattern and population growth in today’s world are matters of concern. There are various examples of consumption increase in various fields. Since 1950, the production of plastic has increased by 200-fold reaching 381 million tonnes in 2015. The rate of fossil fuel consumption has doubled since 1980 (Sonkusare et al. (2023)). There are many such examples of consumption increases that exploit the ecosystem. The reason for this exploitation is a linear model of resource consumption. The solution to one-way linear resource consumption is the implementation of a circular economy (CE). CE has gained importance in policy formulation, advocacy, consultancy, and natural sciences in the past decade. In the CE model, waste becomes valuable resources through recovery using reuse and recycling. CE implementation can balance between the economy, environment, and society (Sehnem et al. (2019)). The study by the Ellen MacArthur Foundation and Mckinsey for Business and Environment (2015) shows that CE implementation could increase the total annual productivity by 3% by 2030, turning to a total annual benefit of 1.8 trillion at the EU level, which could increase GDP by 7% (Rizos et al. (2017)). To effectively address CE challenges and benefit from the implementation of CE at the global level, the imperative lies in adopting a comprehensive and cooperative strategy that encompasses the principles CE. To understand CE, a systemic global model is needed. To this end, Hanumante et al. (2019) studied the implementation of circular economy in a global planetary model. Their work, however, did not consider reuse aspect of CE. Moreover, optimal combinations of different CE options were not studied. This work addresses those limitations. First, reuse of industrial goods is modeled in an integrated planetary model. Second, combination of reduce-recycle-reuse has been optimized to develop a strategy for the implementation of a circular economy at a global level.
The paper is arranged as follows. Section 2 briefly describes the selected model and details how CE aspects are incorporated—section 3 deals with the Fisher Information index and optimization problem formulation, followed by scenario planning. Section 4 looks into the results and discussion related to optimization.
Integrated planetary model
The Integrated planetary model has some features, such as being closed to mass and energy, incorporating a legal foundation, and coupling economic and ecological sectors via price setting model. There have been various studies on a model to study global sustainability. Hanumante et al. (2019) worked on implementing a circular economy, particularly, incorporating the recycle and reduce aspect of circular economy.

2.1 Model Description
The integrated planetary model (Figure 1) is a predator-prey model with multiple trophic levels and mass distributed to various compartments. P1, P2, and P3 represent agriculture, open grassland, and forest, while H1 represents livestock. H2 and H3 represent feral herbivores, and C1 and C2 are feral carnivores. HH denotes human households, IS stands for the industrial sector, and EP represents energy production. RP and IRP refer to the resource pool and Inaccessible resource pool, respectively.
In the model, the higher trophic level provides nutrients to the lower trophic level. Primary producers P1, P2, and P3 take nutrients from the resource pool (RP) and make resources available to the rest of the food web. The model includes five value creation compartments, namely P1, H1, TI, CLI, and EP. TI produces valuable industrial goods with the resources available from P1, RP, and EP. These industrial goods are consumed by human households and are discarded to an inaccessible resource pool (IRP). This is linear economy. However, with the implementation of the recycling aspect of circular economy, post-consumption, industrial goods are recycled through the circulation industry in the purple loop. The circular economy has been incorporated in the circulation industry (CLI), which recirculates post-consumption waste back to human households. 
The Integrated planetary model in Figure 1 shows the model with the recycle aspect of CE. This work deal with modeling of the reuse aspect along with recycle where goods will be used for ‘k' time step. It is assumed here that the reuse of goods happens through a change in the behavior of consumers. Thus, a fraction of the population (consumers) who are more concerned about sustainability challenges change their behavior patterns and decide to use goods for multiple time steps. This is incorporated for modeling by splitting the human compartment into two parts: HH-SU (SU-single use) and HH-RU (RU-Reuse). Consumers categorized as HH-SU continue to use goods for one-time step only. In contrast, consumers in HH-RU use these goods for k time steps. It may be noted that the goods produced by traditional industry for both HH-RU and HH-SU are the same. The rest of the model does not change.
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Figure 1: Integrated planetary model. Ecological trophic levels are shown on the left-hand side. Compartments corresponding to that trophic level are shown in the central part.
 
Implementing behavioral change in human household is coupled with the recycling industry. Post consumption the goods will be recycled in circulation industry. Here, gives total amount of goods required for a particular timestep  by the whole population. represents different flows in the model. The subscript to flow represents the name of the source followed by the destination. For example, flow from traditional industry (TI) to reuse compartment (RU) is represented by (. Reuse option is modeled using Eq. (1-6). 
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Here, ‘‘ and ‘‘ represents two consecutive time steps.  represents the flow discarded from both human compartments. ‘’ represents the number of time-steps the good is reused in reuse compartment.  represents the stock of goods in the HH-RU compartment that can be used in the next time step. The model is coded in Python programming community version 2023.2. Libraries such as mathplotlib, pandas, and numpy are used to solve the model. The following section describes the optimization problem formulation.
Optimization model formulation
In this work, information theory-based index known as Fisher Information (FI) has been used to formulate the objective function. FI is interpreted as a measure of the ability to estimate a parameter, as the amount of information that can be extracted from a set of measurements. Fisher Information is given as
                                                                 (7)
where, p is the probability density function, x is the variable. Fisher Information is a local property as it has a derivative of probability distribution function. The Fisher Information index is used for this purpose and has been shown to be successful in predicting the sustainability in the predator-prey model (Cabezas et al. (2006) and complex system. Shastri et al. (2008) have used FI to solve optimal control problem in complex systems where minimization of FI variance over time as a possible objective function. 

3.1 Optimization model 
Optimal Control methodology is a mathematical optimization approach employed in policy and decision-making processes, where parameters vary with time. Nisal et al. (2022) studied optimal control theory, study recommended emission reduction strategies, such as transitioning to energy-efficient alternatives and adopting low-carbon energy sources, through the utilization of optimal control techniques.
In this work, we combined the FI with the integrated planetary model to identify the optimal combination of CE options to achieve sustainability. Based on one of the sustainability hypothesis, minimization of Fisher Information variation around a target trajectory has been used as the objective function. The objective function is defined as:  
                                                            (8) 
where,  is the current FI profile,  is the targeted FI profile for a stable system which is sustainable, and T is the total time horizon under consideration. The model offers various potential decision variables that can be directly or indirectly adjusted. The parameters associated for decision variables are linked to CE elements: reuse, recycle, and reduce. They encompass metrics like circulation fraction , human resource consumption rate , population reuse fraction , and reuse time . Policies like regulations, subsidies, and taxes can more feasibly influence by  and. Therefore, we opt for these as the time-dependent decision variables. The next section deals with the scenario planned to solve the optimization problem. 

3.2 Scenario planning
The objective here is to optimize the problem with circulation fraction and fraction of population as controlled variable and get dynamically stable system. For that the following scenarios are formulated:
· Business-as-usual uncontrolled case: This scenario represents the "business as usual" approach, focusing solely on the recycling of industrial goods. Currently, the recycling rate for industrial goods stands at approximately 8%, as per the circularity gap report. 
· Static and dynamic circulation fraction and fraction of population reusing: In this scenario, both recycling and reuse are considered, with different reuse time ranging from 1 to 5. The options with static decision variable implies that the decision variables 'CF' and 'f' remain fixed throughout time step. In dynamic scenarios, 'CF' and 'f' can change over the course of the time horizon. The results presented here are for static scenario; outcomes from dynamic scenarios are not included. 
All simulations maintain a consistent consumption level of 6, which increases industrial goods' consumption over a total time horizon for  200 years by six times, with each time step representing one week. The next section reports the results and discussion.
Results and discussion
Figure 2 represents a comparison between 'business-as-usual' and constant circulation fraction and fraction of population reusing industrial goods. In 'business-as-usual' the uncontrolled scenario, system failure occurs at the 111-year, characterized by the decrease in mass of the agricultural sector (P1) to zero. The result represents five different cases, each corresponding to a distinct reuse time ranging from 1 to 5. In evaluating all reuse time options, a consistent pattern emerges: each shows a delayed system collapse in comparison to the uncontrolled case. Specifically, for a reuse time of 1, the agricultural sector (P1) survives until the 191 year. For reuse time extending from 2 to 5 years, the system remains both sustainable and stable. Among these, the reuse time of 5 time step is the optimal solution as it gives minima when compared to all other scenarios. The uncontrolled case leads to a decline in human population due to system collapse, while it does not fall in controlled scenarios. For controlled cases with reuse times of 1 and 2, the human population not only stabilizes but also experiences growth. 
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[bookmark: _Toc145546335]Figure 2: Controlled system compared for different reuse time for a constant circulation fraction and fraction of population reusing.
4.1 Discussion
The trend of decision variables for the above optimized problem is shown in Figure 3. It is found for static CF, f gives an optimal solution for reuse time of five time steps when compared to reuse time ranging from 1 to 5. This suggests that the higher the reuse time, the better the system from a sustainability viewpoint, which can be seen from Figure 2d, a stable Fisher information profile. The circulation fraction and fraction of the population reusing goods keeps reducing as the reuse time increases (Figure 3). By doubling the reuse time, both fractions can be reduced to half. Interestingly, increasing the reuse time to five is sufficient to achieve system sustainability with a current circulation rate of 8%. It is worth noting that there is an inverse relationship between reuse time and circulation and reuse fraction.
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Figure 3: Optimal CF and fraction of population reusing for different reuse time
Conclusions
Longer reuse times result in fewer fluctuations and reduce the need for time-based controls to achieve sustainability. Higher reuse time is better for the system to be sustainable than a single use, which will consume more resources to produce industrial goods. This minimizes the number of parameters to manage when implementing sustainability policies. More parameters to control make achieving global sustainability less efficient and more challenging. This can also be understood as a call to eliminate single-use products in today's world and promote the incorporation of reusable products into the economy. Implementing a circular economy on a global scale is a broad and interdisciplinary concept. This study highlights the advantages of implementing a circular economy to promote both environmental and economic sustainability
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