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Introduction
Under global integration, banking system stability is paramount for financial market stability. While subordinated debt enhances bank capital stability, it poses capital loss risks to creditor banks upon issuer bankruptcy. This paper examines the transmission mechanism of systemic risk arising from banks’ mutual holdings of subordinated debt, specifically from a risk preference perspective.
Methods
We construct a multi-channel risk contagion model that comprehensively incorporates the effects of interbank lending, investment coupling, and mutual holdings of subordinated debt, explicitly integrating bank risk preference. The model’s dynamics and systemic risk implications are analyzed through simulation.
Results
Simulation analysis reveals that bank systemic risk is significantly influenced by savings rates and their volatility, reserve requirements, and investment returns and their volatility. In contrast, the impact of interbank lending rates is found to be relatively small.
Discussion
These findings provide crucial theoretical support for regulatory agencies in identifying key risk contagion pathways and formulating effective preventive strategies. Furthermore, the study outlines important future research directions, including calibrating model parameters with real-world data and introducing more heterogeneous bank behavior assumptions.
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1 INTRODUCTION
As the global economy continues to become more integrated, national financial markets are becoming increasingly interconnected. As the nucleus of the financial system, the banking system’s business activities penetrate deeply at all levels, and once systemic risk occurs, it will not only trigger the crisis of the bank itself, but also quickly transmit it to the entire financial market like dominoes. The Bank for International Settlements defines systemic risk in financial markets as the risk that a substantial part of the financial system will be unable to fulfil its function of providing credit and collapse [1]. This paper defines systemic risk based on the perspective of bank failure risk. Risk contagion is a key issue in the financial system. The theory of risk contagion suggests that the interconnectedness of financial institutions can lead to the rapid spread of distress in one institution to others, thereby triggering systemic risk. Risk contagion in this paper refers to the process by which the risk of one bank is transmitted to other banks through channels such as interbank lending and investment coupling, resulting in other banks also facing risk.
Current research on systemic risk in the banking system primarily focuses on analysis from the perspective of the interbank market. One category of research emphasizes the construction of financial network models to analyze the risk contagion resulting from direct credit relationships between banks [2–7]. For example, Qi et al. [4] used network topology theory to analyze the transmission mechanisms of credit shocks and liquidity shocks, as well as their impact on risk propagation within the banking network. The study found that liquidity shocks have a greater impact than credit shocks; Liu [5] analyzed the interactions between financial institutions and interbank lending, as well as the effects of leverage and market liquidity. The results emphasized the importance of understanding and controlling risk channels for maintaining banking stability; Macchiati [6] constructed an interbank market model using European banks’ balance sheet information to assess systemic liquidity risk; Yanquen and Livan [7] found that credit provided by banks to the real sector exhibits a certain degree of overlap, thereby creating systemic risk. Another category of research focuses on the dynamic evolution of interbank lending activities and their dynamic impact on systemic risk [8–15]. For example, Capponi et al. [8] developed a dynamic model of interbank lending activities to reflect the dynamic changes in systemic risk; Ding et al. [10] used a multi-agent approach to model the interbank lending network, conducting an in-depth study of the risk contagion process among banks; Fan and Sheng [11] constructed a dynamic evolution model for assessing systemic risk in the banking sector under dual risk exposure, with results indicating that the evolution of contagion risk exceeds that of credit risk; Jin et al. [13]conducted stress tests on China’s interbank lending network to study the risk contagion capacity of financial networks; Krause and Giansante [14] established an interbank lending network and found that the initial scale of bank failures is the dominant factor in whether contagion occurs.
The extant studies primarily analyze systemic risk from the interbank lending perspective, and some scholars also consider banks’ common asset holdings [16, 17] and investment-related behaviors [18–21]. Wang and Li [16] found that the redistribution of assets within the two networks, namely, interbank loans and mutual asset holdings, significantly reduced the systemic risk; Zou et al. [19] developed a two-tiered network model of China’s financial system, which included the interbank lending network and the cross-stockholding network. Their findings indicated that the contagion losses within the two-tiered network exceeded the total losses from the independent interbank credit network and the cross-stockholding network. Gao and Fan [20] introduced risk appetite coefficient and systemic shocks to construct a quantitative portfolio strategy model. Nguyen [22] found that subordinated debt mitigates bank risk-taking; Cappeni and Weber [23] studied the portfolio selection problem of banks through the losses caused by the spillover effect of price reductions; Shen and Li [24] found that risk contagion was also significant due to the combined effect of counterparty risk and common asset holding risk when there was no overlap in portfolios. Weber and Weske [25] examined the individual and combined effects of interbank liabilities, bankruptcy costs, markups, and cross-shareholdings on systemic risk; Wang et al. [26] found that the risk of contagion caused by excessive similarity of investment assets is the main cause of systemic risk. Jiang and Fan [27] considered the effects of interbank loans, portfolio overlap, and subordinated debt mutual ownership on bank stability; Yan et al. [28] established a multi-tier banking network structure with three channels: interbank loans, mutual ownership, and common asset holding.
The aforementioned models consider the impact of interbank lending, jointly held assets, or investment-related behaviors on systemic risk in the banking system, but most studies are based on single-channel or dual-channel approaches. Jiang and Fan [27] were the first to propose a multi-channel model that integrates interbank loans, overlapping investment portfolios, and cross-holdings of subordinated debt. However, their method assumes that the interest rates on all subordinated debt issued by banks are fixed, and the allocation process of debt holdings is random. This overlooks two key realities in financial markets: (1) Subordinated debt interest rates are inherently risk-sensitive, reflecting the financial health of the issuer; (2) Banks’ investment choices (including debt holdings) are strategically driven by their risk preferences. To bridge this gap, our model introduces a risk-preference-based dynamic mechanism: (1) Debt issuance rates are differentiated based on the relative equity strength of the issuer; (2) Debt holdings are not random; according to risk premium theory, banks with lower risk preferences (risk-averse) tend to hold lower-yielding (safer) debt, while banks with higher risk preferences (risk-seeking) pursue higher-yielding (riskier) debt.
2 MODEL
2.1 Bank market structure with mutual holding of subordinated debt
In the banking system, bank bankruptcy is frequently due to insufficient liquidity and a bank’s liquidity is closely correlated with its savings, investment, as well as other behaviors [29]. To examine the specific factors affecting bank systemic risk, this paper establishes a multi-channel risk transmission model on the basis of interbank holdings of subordinated debt with risk preferences, as illustrated in Figure 1. This model comprehensively considers the effects of interbank loans, investment in ordinary assets, and mutual holdings of subordinated debt on bank systemic risk. Different from previous studies, this paper further considers the heterogeneity of banks, setting different risk preference parameters for each bank to reflect the bank’s preference for risk. Capital structure theory states that the cost of financing a firm is closely related to its capital structure. A bank’s owner’s equity is an important part of its capital structure, and higher owner’s equity means that the bank’s financial position is more robust and better able to absorb potential losses, thus reducing the cost of its debt financing. Therefore, this paper sets different subordinated debt interest rates based on the ratio of each bank’s owner’s equity to the average owner’s equity of all banks. At the same time, Subordinated debt is selected for holding based on the size of the risk preference parameters; banks with smaller risk preference parameters (i.e., more risk-averse) hold subordinated debt with smaller interest rates, while the opposite holds subordinated debt with larger interest rates.
[image: Diagram illustrating financial relationships among banks and assets. Circles labeled Bank 1 through Bank N connect via arrows to rectangles labeled Asset 1 through Asset M. Red arrows represent interbank lending, blue arrows denote mutual holding of subordinated debt, and black arrows indicate investment in assets.]FIGURE 1 | Interbank market structure.In the actual banking system, banks usually hold subordinated debt with each other as a long-term capital replenishment mechanism to meet capital adequacy requirements. Subordinated debt can be traded in the secondary market, while interbank lending is mainly used to meet the short-term funding needs of banks and serves to manage liquidity, and is generally not transferred. In addition, the interrelation of interbank investment assets plays a critical part in the banking system’s stability. Multiple banks may invest in the same asset, and once one bank goes bankrupt and conducts an asset liquidation, the price of the asset will fluctuate, affecting the other banks holding the asset. In addition to causing asset price volatility, the failure of a bank may result in the bank’s inability to meet its loan and subordinated debt obligations, causing losses to the assets of creditor banks. In severe cases, it may even trigger a domino effect of consecutive bank failures. Insufficient liquidity of banks, which is closely correlated with factors such as investment, savings and lending, is the major factor of instability in the banking system. This article will use the model to analyze how these factors affect systemic risks in the banking system.
2.2 Model construction of multi-channel risk transmission among entities holding subordinated debt
In the actual banking system, the relationships between banks are complex and intertwined, involving not only direct relationships arising from interbank lending and holding subordinated debt, but also indirect relationships arising from joint investments in certain assets. In a random banking network, the interbank lending and the issuance and holding of subordinated debt are a process of random allocation. When banks have insufficient liquidity, they can borrow from other banks, with the link matrix represented by J, where Jij takes a value of 0 or 1. Jij=1 indicates a possible lending relationship between bank i and bank j, while Jij=0 indicates no credit relationship between bank i and bank j. S represents the interconnection matrix of banks holding subordinated debt mutually, where when Sij > 0, the quantity of subordinated debt that bank i holds in bank j is Sij, and when Sij < 0, the quantity of subordinated debt that bank j holds in bank i is Sij, thus Sij=−Sij. The connection probability between banks is represented by P, where 0≤Pij≤1.
Under the random banking network scenario, it is assumed that at time t, there exist Nt banks, where Nt is a bounded integer. As the discrete time evolves through t= 1, 2, 3, … ,T, these Nt banks form direct and indirect connections. At time t, bank i's liquidity Lit is given by Equation 1:
Lit=Li¯t−Dit−Iit+∑j=1NtcijtBijt(1)
where Li¯t is the liquid assets of bank i that have not been invested, distributed and dismantled at time t; Dit is the distribution of dividends of bank i at time t; Iit is the investment of bank i at time t; cijt represents the interbank loan association of bank i with bank j at time t. When there is a loan association of bank i with bank j at time t, cij=1, otherwise cij=0; Bijt refers to the loan volume between bank i and bank j. When Bijt>0, bank i borrows money from bank j, and vice versa, bank i lends money to bank j. In stochastic banking networks, borrowing only occurs when banks are illiquid, which is consistent with how banks actually operate.
At each time, the bank will carry out savings, dividends and investment operations, these operations will make the bank’s liquidity to alter, at time t, the bank’s liquidity without investment, dividends and savings Li¯t can be expressed by Equation 2:
Li¯t=Lit−1+Ait−Ait−1−raAit−1+Uit(2)
where ra is the bank deposit interest rate, Ait represents the amount of deposit owned by bank i at time t, and its concrete expression is Ait=1+σAηtA¯, where σA is the standard deviation of the total bank deposits, A¯ is the average value of total bank deposits, ηt∈N0,1. Uit denotes the investment profit earned in bank i at time t, which is closely related to the total investment amount of bank i at time t. Under the condition that bank i has not invested at time t, the total investment amount of bank i is expressed by Equation 3:
Yit=∑j=1MQijt−1gjt(3)
where Qijt−1 is the amount of equity in asset j that bank i holds at time t−1, which is a dynamic value that reflects the realization of past investments and the development of new investments by bank i. gjt is the value of asset j at time t, and its expression is given by Equation 4:
gjt=gjt−11+δjt(4)
where δjt is the yield of asset j at time t, and it is not a fixed value, but a dynamic value influenced by many factors such as macroeconomics and policies. In this paper, δjt obeys a normal distribution with mean τ, i.e., δjt∈Nτ,θ. Where τ is the mean yield of all investments and θ is the asset value volatility.
When the bank’s liquidity is inadequate, it will choose to liquidate some assets to make up for the liquidity. At time t, the quantity of assets realized by bank i is Uit=q×Yit, where q is the ratio of realized investment. The aggregate investment assets owned by bank i after the investment is realized and before continuing the investment are Yi¯t=∑j=1MQij¯tgjt, where Qij¯t is the amount of shares in asset j owned by bank i following the realization of the partial investment. So the bank owner’s equity before dividends and investments can be expressed as Equation 5:
Vi¯t=Li¯t+Yi¯t−Ait−1−rbBit−1(5)
where Bit−1=∑j=1Nt−1Bijt−1 is the aggregate interbank debt owned by bank i at time t−1, rb is the interbank offered rate. 1+rbBit−1 denotes the sum of the interbank borrowing capital and interest that bank i has to repay at time t. When the bank generates investment income, it can pay dividends. The dividend of bank i at time t is determined by Equation 6:
Dit=max0,⁡minUit−raAit−1,Li¯t−βAit,Li¯t+Yi¯t−1+χAit(6)
where β is the deposit reserve ratio and χ is the capital saving ratio. Dividend distribution by banks should be based on three premises: Vi¯t/Ait≥χ, net yield greater than 0, and meeting the requirements of deposit reserve. After paying dividends, the bank needs to reinvest the residual cash to obtain more returns. The investment made by bank i at time t is expressed as Equation 7:
Iit=minmax0,Li¯t−βAit−Dit,ωit(7)
where ωit=ω¯1+σωμ is the investment opportunity of bank i at time t, where ω¯ Is the average of all bank investment opportunities, σω is the standard deviation of all bank investment opportunities, and μ obeys a normal distribution of N0,1. At time t, the amount of asset j invested by bank i is ∆Qijt, which satisfies Iit=∑j=1M∆Qijtgjt. After investment Yit satisfies the formula Yit=∑j=1MQijtgjt, where Qijt=Qij¯t+∆Qijt.
2.3 Multichannel risk contagion model analysis of mutual subordinated debt holdings based on risk appetite
Within the framework of the banking system’s network, if a bank holds liquid funds after completing its dividend distribution and investment activities, it is considered to be a potential lender of funds, capable of providing financing support to other banks. When a bank is illiquid, it will need to incorporate funds from the interbank market to continue operating as usual. In case of the indebted bank, when the funds received from other banks are able to cover the preceding debt, the repayment operation will be carried out, and at the same time, the liquidity of this bank will be reduced to nil. If the bank is unable to raise sufficient funds to repay its debts and interest on deposits, it will have to dispose of its assets until the funds from the sale of assets can cover its debts. If the bank is unable to pay its debts after selling its assets, it will face bankruptcy and start the process of liquidation of assets. The proceeds of the liquidation will be applied first to pay off deposits and the remainder will be repaid to creditor banks on a pro rata basis.
During the process of issuing subordinated debt, the interest rate ri of subordinated debt of bank i is determined by the ratio of bank i's ownership interest to the average ownership interest of all banks. Its pricing follows the risk-return matching principle: banks with low capital adequacy ratios need to pay higher risk premiums to compensate investors. According to the Merton theory model, when equity declines, the risk of default increases exponentially, so the specific expression is as Equation 8:
fri=r¯+e1−ViV¯−11000(8)
where r¯ is the average subordinated interest rate of all banks, Vi is bank i's ownership interest, V¯ is the average ownership interest of all banks. In the actual financial market, the interest rate at which a bank issues subordinated debt is affected by its own financial position. In assessing the credit rating of banks’ subordinated debt, credit rating agencies will take the banks’ financial indicators such as owner’s equity and capital adequacy ratio as important references. Usually, the subordinated debt issued by banks with better financial conditions can obtain a higher credit rating, thus attracting investors with lower interest rates. This is consistent with the model’s assumption that subordinated debt rates are negatively correlated with bank ownership equity. In the allocation process of subordinated debt, Bank i’s risk preference parameter is ρ, reflecting the bank’s level of risk preference. In the actual banking system, a bank’s risk preference is influenced by a variety of factors and cannot be fully captured by simple deterministic rules. Therefore, in this paper, the risk preference parameter is a random number between 0 and 1. The larger the risk preference parameter of banks, the more they like risk, and they tend to hold subordinated debt with higher interest rate; otherwise, they are more risk-averse and tend to hold subordinated debt with lower interest rate.
In the dynamic development of the banking system, selling assets tends to cause asset prices to fall. Since a number of financial intermediaries invest in the same asset at the simultaneous time, financial intermediaries are indirectly connected to each other through the assets in which they invest. Movements in asset prices can influence multiple institutions holding the asset at the same time, and changes in the assets of one financial institution can have an effect on other financial institutions through the assets jointly held. When banks are illiquid and unable to access loans, they sell assets to cover the liquidity gap. Furthermore, when a bank fails, the failing bank will liquidate its portfolio of assets, and the assets sold will decline in value. Banks holding the identical assets will be hit by the devaluation of their assets, leading to a loss of equity, which in turn may lead to insolvency, triggering bank bankruptcy, which can further damage the assets of creditor banks. Through this evolutionary process, the initial shock of the interbank network continues to propagate through the system. When a bank sells an asset due to illiquidity, or a bank goes into liquidation due to bankruptcy, the asset is sold at a depreciated value. Here, a market effect function is modeled through the price impact function in Equation 9:
fxjt=e−αxjt(9)
where xjt is the liquidation portion of asset j at time t. α represents the asset price sensitivity, i.e., the degree of price fluctuation resulting from the sale of the asset. In this paper, we take the value of α as 1.0536 in reference to the study of Caccioli [30], which indicates that when 10% of the assets are sold, the price of the assets will also fall by 10%, which can be approximated as the linear effect of asset sales on asset prices. Thus, the value of asset j at time t is as shown in Equation 10:
gjt=gjtfxjt(10)
3 MODEL ANALYSIS
In the banking system evolutionary process, banks receive various ownership interests, liquid assets, dividends, etc., depending on their business conditions and strategies, and some banks go bankrupt due to poor business strategies. Due to systemic risk, the failure of one or a few banks may trigger a domino effect of more consecutive bank failures. In order to more clearly characterize systemic risk, we define systemic risk as in Equation 11:
Riskt=1TSNe∑i=1Ne∑j=t+1t+TMjiNji(11)
where TS is the degree of time, TS=200 in this paper, Ne is the count of simulation repetitions, Nji is the count of banks that are not insolvent at moment j, Mji is the count of insolvent banks at the i th simulation.
In this paper, the largest simulation time step is 2000, 200 banks are used in the simulation, and the simulation is performed 10 times, which can adequately represent the dynamic features of the banking system. At each time step, the bank can randomly recover 35% of its assets. There are 150 assets in which the bank can invest. The initial equity capital of the owner follows a normal curve with a mean of 200. The deposit interest rate is less than the investment return rate, i.e., ra<δ, which guarantees that the banking system will make a return. The larger the profit rate, the more profit the bank will receive, and the more stable the bank will be.
Figure 2 shows the change in the amount of banks in the banking system and the associated systemic risk, and the parameter is set to ra=0.004, rb=0.008, χ=0.3, β=0.25, A¯=1000, ω¯=500, σa=0.15, σω=0.25, C=0.03, p=0.05, τ=0.008, θ=0.02, r¯=0.008. The trend in the amount of surviving banks over time in Figure 2 shows that in the early stages of the simulation, due to the interdependence of interbank assets and liabilities, the systemic risk was higher, leading to the rapid failure of some banks and a steep decrease in the amount of surviving banks. At the same time, systemic risk simulations decline rapidly at the initial stage, due to the fact that the initial situation of banks in the banking system is different, and the investment strategies developed are also different, and the systemic risk is greatest at this point. As it evolved, the banking system began to adapt and absorb some systemic risks, and gradually stabilized. In the realm of real finance, investment behavior itself contains risks. For banks with small and illiquid net worth, it is easy to fall into bankruptcy due to poor investment strategies. Failed banks may be incapable of repaying interbank loans in full, and overlapping bank portfolios can cause the value of other banks’ assets to shrink, triggering a domino effect of bank failures. For some banks in good initial condition, if the investment has a poor strategy and yield is low, it may eventually lead to a continuous decline in profits and bankruptcy.
[image: Line graph showing the number of surviving banks and systemic risk over time. The black line represents the number of surviving banks, gradually decreasing from nearly 200 to about 180. The red line indicates systemic risk, fluctuating slightly and stabilizing at a low value. The x-axis represents time \(T\), the left y-axis shows the number of surviving banks, and the right y-axis displays systemic risk.]FIGURE 2 | Evolution of the number of banks and systemic risks in the banking system.Figure 3 shows the evolution process of various parameters of a bank based on the risk contagion model constructed in this article. The parameter settings are consistent with Figure 2. As shown in the figure, the parameters of the bank’s ownership equity, investment, dividends and liquidity change with the changes of internal and external factors in the banking system, and are in a state of dynamic change. When the ownership equity of the bank is greater than 0, the bank’s investment and dividends begin to increase, which is consistent with the actual operation of the bank.
[image: Graph depicting financial metrics over time labeled "T". The black line represents investment peaking around 1400. The orange line shows liquidity fluctuating around 400. The blue line for owner’s equity increases from negative to positive values around 200. The red line for dividends remains near zero. Y-axis is labeled "Amount of money".]FIGURE 3 | The evolution of the bank’s internal parameters.This paper will further validate the validity of the model by analyzing the impact of parameters such as savings interest rate, savings volatility, reserve ratio, interbank lending rate, investment yield and volatility on systemic risk.
3.1 The impact of savings-related factors on systemic risk
Savings are essential for banks, not only as they are the main source of funding for banks, but also provide liquidity support to banks and are the basis for banks to make loans and other investment activities. Banks increase the value of their funds by paying interest on their savings to attract deposits, which are then used to make loans. The level of savings interest rate directly affects the bank’s cost of funds, which in turn affects the bank’s profitability and risk management.
Figure 4a illustrates the development of banks’ systemic risk under different savings interest rate conditions. The parameter settings are consistent with Figure 2 except for ra. As the figure shows, the savings interest rate has a significant impact on the systemic risk of banks; the lower the savings interest rate, the more stable the banking system, and the systemic risk of banks increases as the savings interest rate rises. When the savings interest rate is higher, the bank needs to pay more interest, which will raise the bank’s funding cost, decrease the bank’s profit margin, and thus increase the bank’s operational risk. In addition, high interest rates can lead to the loss of deposits, further exacerbating banks’ liquidity risks and ultimately leading to the failure of some banks that are not in good shape.
[image: Two line graphs show systemic risk over time (T). Graph (a) varies with \(r_a\) values: 0.002 (red), 0.004 (blue), 0.006 (black). Graph (b) varies with \(\sigma_a\) values: 0.1 (red), 0.15 (blue), 0.2 (black). Higher values show initial spikes, then decrease.]FIGURE 4 | Evolution of systemic risk under different savings-related parameters: (a) Evolution of systemic risk under different savings rates; (b) Evolution of systemic risk under different savings volatility.Figure 4b illustrates the evolution of systemic risk under different savings volatility conditions. The parameter settings are consistent with Figure 2 except for σa. It can be observed that when savings volatility is 0.1 and 0.15, the banking system eventually reaches a steady condition. When the savings volatility is 0.2, systemic risk is always at a high level. In reality, an increase in savings volatility means that banks face less deposit stability, which can lead to maturity matching issues for banks’ balance sheets. When market interest rates fluctuate greatly, depositors are more inclined to transfer funds to other investment products with higher returns, thus affecting the structure of banks’ funding sources. This flow of funds not only affects the liquidity of the bank, but can also result in a mismatch between the maturity of the assets and liabilities, increasing the bank’s liquidity risk and interest rate risk.
3.2 The impact of the reserve requirement ratio on systemic risk
The reserve requirement ratio is the lowest ratio of reserves that the central bank demands to be held by commercial banks and is main tools of monetary policy. In the early days of the statutory reserve system, its main function was risk management. By setting a statutory reserve ratio, the central bank mandates that commercial banks retain a fixed percentage of cash reserves to meet the withdrawal needs of depositors. This system has effectively reduced the incidence of bank runs and preserved the banking system’s stability [31]. Typically, a higher reserve requirement ratio (RRR) can enhance a bank’s resilience to risk, as a higher reserve deposit means that the bank has more funds to deal with possible depositor withdrawals and liquidity pressures, reducing the likelihood of a run on the bank.
Figure 5 shows the evolution of systemic risk in various RRR states. The parameter settings are consistent with Figure 2 except for β. The simulation result shows that either too high or too low a reserve ratio increases the systemic risk of banks. It is clear from the figure that before 500 time-steps, the systemic risk increases as the RRR increases. On the one hand, higher reserve ratios require banks to keep more funds as reserves to cover depositor withdrawals and short-term liquidity needs. This enhances banks’ ability to respond to runs and liquidity crises and reduces liquidity risk. On the other hand, excessively high reserve ratios reduce the funds available to banks for investment and lending, lowering investment income and interest income from loans, which in turn compresses profit margins and weakens banks’ profitability and competitiveness. Under such circumstances, banks may adopt more risky investment strategies to make up for lost profits, increasing their own risk exposure, which may be transmitted to other banks through the financial network, exacerbating systemic risk. After 500 steps, the systemic risk at β=0.15 exceeds the systemic risk at β=0.25, because when the reserve ratio is too small, the bank’s funds for investment increase, and the investment is risky, once the bank suffers a large loss, it is easy to go bankrupt. Therefore, policymakers need to consider when adjusting RRRs, and the need for further research on the specific effects of RRRs on systemic risk in different economic environments, so as to find a balance between enhancing bank stability and promoting economic growth.
[image: Line graph showing systemic risk over time (T). Three lines represent different beta values: red for β=0.15, blue for β=0.25, and black for β=0.35. Risk decreases over time for all beta values.]FIGURE 5 | Evolution of systemic risk under different reserve ratios.3.3 The impact of interbank lending rates on systemic risk
The lending rate is a major factor influencing the liquidity and stability of banks. In financial markets, banks manage their short-term funding needs through lending markets to ensure they can meet customer withdrawal needs and other short-term obligations. Figure 6 shows the evolution of banks’ systemic risk at different lending rates. The parameter settings are consistent with Figure 2 except for rb. From the figure, it is obvious that with the increase of lending rates, bank systemic risk seems to have little change, that is, lending rate hardly affects the stable operation of the banking system. In June 2013, there was a turning point in China’s financial history, known as the “money shortage”. During this period, there was an extremely tight situation in the market, and all financial entities followed the principle of “cash is king” and refused to lend funds. On June 20, the Shanghai Interbank Offered Rate (SHIBOR) reached 13.44% [32], and the interbank market pledged repo rate (R001) hit a record high of 30%, but in the end, there was no bank bankruptcy, consistent with the simulation results. One reason was that the impact of short-term interbank lending rate shocks could be absorbed through investment returns, and the other was that the central bank injected 360 billion yuan in liquidity to prevent risk contagion. Similar cases include the 2008 financial crisis, when the United States 3-month LIBOR reached 4.82% but no large-scale bank failures occurred, and the 2011 European debt crisis, when the Euribor rose to 5.2% but core economies did not collapse. This indicates that, under an effective policy environment, the direct impact of interbank lending rates on systemic risk can be ignored. However, their sustained high levels may signal underlying pressures that require policy responses. The impact of investment-related parameters on systemic risk.
[image: Line graph showing systemic risk against time (T) for three different \( r_b \) values: 0.006 (red), 0.008 (blue), and 0.010 (black). All lines start near 0.05 and decrease, with fluctuations stabilizing around 0.01 after time 500.]FIGURE 6 | Evolution of systemic risk under different lending rates.In the real financial market, the rate of return on investment is an important indicator to measure the profitability of a bank’s investment activities. It reflects the ratio between the income that a bank earns through its investment activities and the cost of its investment. A higher yield usually means that the bank’s investment activities are more successful, which can lead to a more stable source of income for the bank, thereby enhancing the bank’s profitability and stability. Conversely, a lower yield means that the bank’s investment activities are subject to higher risk, which may affect the stability of the bank.
Figure 7a shows the evolution of banks’ systemic risk under various average rates of return. The parameter settings are consistent with Figure 2 except for τ. It is evident that the higher the average rate of return, the lower the banks’ systemic risk. Over the entire period, the systemic risk at τ=0.01 decreases the fastest and is consistently lower than the systemic risk values at τ=0.008 and τ=0.006, and the banking system reaches stability at 500 steps, while the systematic risk is always maximum at τ=0.006. This is due to the fact that when the return on investment is large, a large interest rate differential can be generated between investment profits and savings interest, which can improve the bank’s profitability and liquidity, thereby improving the bank’s ability to resist risks and reduce systemic risks.
[image: Two line graphs, labeled (a) and (b), show systemic risk (y-axis) over time T (x-axis). Graph (a) depicts three lines with parameters τ=0.006 (red), τ=0.008 (blue), and τ=0.010 (black). Graph (b) presents lines for θ=0.02 (red), θ=0.04 (blue), and θ=0.06 (black). Both graphs demonstrate a decline in systemic risk over time.]FIGURE 7 | Evolution of systemic risk under different investment-related parameters: (a) Evolution of systemic risk under different average returns; (b) Evolution of systemic risk under different ROI fluctuations.Figure 7b illustrates banks’ systemic risk under different ROI fluctuations. The parameter settings are consistent with Figure 2 except for θ. It is clear that in the initial phase, the systemic risk measures were high for all curves, but over time, these indicators showed a downward trend. Throughout the time period, the systemic risk at ROI of 0.02 and 0.04 decreased rapidly, and the banking system was relatively stable, while the banking system was always exposed to higher systemic risk when the ROI was 0.06. This result shows that lower volatility of return on investment can help reduce the banking system’s systemic risk, because when the volatility of investment is low, the investment income of banks is more stable, and the possibility of excessive losses in investment activities is less, which means that banks can effectively control risks and the banking system is more stable. When the investment volatility is high, the bank is more likely to suffer investment losses, and if the bank is not in a good state at this time, it can easily lead to the bank’s bankruptcy.
3.4 The impact of bank size on systemic risk
In complex financial networks, bank size is not only a measure of the size of a single institution, but also a key hub for the propagation of systemic risk. In this paper, banks are categorized into different types according to their size, where those with an initial ownership interest of less than 100 are small-sized banks, those with an initial ownership interest between 100 and 500 are medium-sized banks, and those with an initial ownership interest greater than 500 are large-sized banks. The number of different types of banks and the percentage of failed banks are given in Table 1. From the table it can be seen that small scale banks have the highest number of failures followed by medium scale banks and large-scale banks have almost no failures. This phenomenon is consistent with the “too big to fail” hypothesis. In fact, large banks are highly systemically important due to their size and influence [33], and are unable to cope with the negative knock-on effects of failure, so they will tide over the difficulties with government support. 2008 financial crisis, Lehman Brothers, due to over-investment in financial derivatives related to subprime bonds in the real estate market bubble, has become a major player in the financial crisis. Subprime debt-related financial derivatives, and suffered huge losses when the real estate market collapsed, and eventually filed for bankruptcy protection on September 15, 2008. Therefore, despite the low rate of large-scale bank failures, cross-asset investments and subprime exposures need to be monitored. On the other hand, the likelihood of a financial crisis depends on the liquidity position of banks in the system [34], so small and medium-sized banks need improved liquidity support to reduce the likelihood of outright bankruptcy.
TABLE 1 | Number of different types of banks and proportion of failed banks.	Type of bank	Number of banks	Percentage of failed banks
	Small-scale bank	74	20.65%
	Medium-scale bank	91	1.69%
	Large-scale bank	35	0.00%


3.5 Impact of falling asset prices on systemic risk
In order to assess the robustness of the banking system to extreme shocks, this study designs an asset price crash scenario with reference to historical financial crisis characteristics. Figure 8 presents the evolutionary results of the banking network suffering a 40% fall in asset prices at step 750, with the same parameter settings as in Figure 2. From the figure, it can be seen that the number of insolvent banks increases rapidly after suffering an asset price fall, and due to the high degree of correlation in the banking system, the asset price fall transmits risk among banks through multiple channels, which leads to a domino effect of a large number of banks failing one after another.
[image: Graph showing the number of surviving banks and systemic risk over time. The horizontal axis is labeled "T" and the left vertical axis shows the number of surviving banks, ranging from 165 to 200. The right vertical axis shows systemic risk, ranging from 0 to 0.08. The black line represents the number of surviving banks, starting near 200 and decreasing sharply before stabilizing. The red line represents systemic risk, initially increasing, peaking sharply around the midpoint, then declining to low values.]FIGURE 8 | Evolutionary outcomes of bank networks when asset prices fall.The results in Figure 8 show that systemic risk, after a short-term sharp rise, gradually decreases to a steady state, the number of bank failures gradually decreases, and the banking system stabilizes, indicating that the banking network is able to gradually absorb systemic risk.
On the basis of the foregoing analysis, it may be concluded that the banking system’s stability is related to a variety of factors. Table 2 demonstrates the impact of several key parameters on systemic risk, and here we analyze it in the context of the specific economic situation. When the economy is growing steadily, the banking system is generally exposed to low systemic risk. In this environment, investor yields are usually higher and less volatile, helping banks maintain stable profitability and thus enhancing their stability. In times of increased economic uncertainty or economic downturn, banks may be exposed to higher systemic risks, especially when the reserve requirement ratio is high, which may limit banks’ lending capacity and affect their profitability and liquidity. At this juncture, an appropriate reduction in the reserve requirement ratio and the savings interest rate is conducive to replenishing banks’ liquidity and improving their ability to withstand risks. Therefore, banks and policymakers need to pay close attention to changes in these factors and take appropriate risk control measures to preserve the banking system’s stability.
TABLE 2 | The impact of key parameters on systemic risk.	Parameter name	Parameter values	Systemic average	Risk stabilitya
	Savings rates (ra)	0.002	0.0043	1
	0.004	0.0098	1
	0.006	0.0536	0
	Savings volatility (σa)	0.1	0.0069	1
	0.15	0.0090	1
	0.2	0.0830	0
	Reserve ratios (β)	0.15	0.0107	1
	0.25	0.0083	1
	0.35	0.0130	1
	Average returns (τ)	0.006	0.0293	0
	0.008	0.0096	1
	0.01	0.0044	1
	ROI fluctuations (θ)	0.02	0.0103	1
	0.04	0.0117	1
	0.06	0.0661	0


a The system eventually reaches a steady state is denoted by 1, otherwise it is denoted by 0.
4 DISCUSSION
The financial system is a complicated network structure consisting of diversified financial entities and their interactions, which include not only the direct relationship between interbank loans and cross-ownership of subordinated debt, but also the indirect coupling effect caused by the convergence of asset allocation. It is of great significance for regulators and bank policymakers to study the impact of bank savings interest rates and their fluctuations, interbank lending rates, reserve requirement ratios, and investment yields and fluctuations on bank stability. Previous studies have mostly focused on the coupling of interbank lending and investment, and few have taken into account cross-subordinated debt holdings. In addition, it is difficult for the existing model to truly reflect the dynamic development of the banking system because some assumptions in the existing model are not realistic, such as the same interest rate on subordinated bonds issued by each bank, and the risk appetite of the bank is not taken into account. To better reflect the development of the banking system, this paper establishes a multichannel risk contagion model from the risk appetite perspective, which comprehensively considers interbank loans, investment coupling, and the holding of subprime bonds with different interest rates according to different risk appetite levels. Based on multi-dimensional simulation and theoretical deduction, this paper draws the following conclusions.
	(1) The savings interest rate can directly affect the bank’s cost of funds, which in turn affects the profitability and stability of the bank. The higher the savings interest rate of the bank, the higher the fluctuations of savings and the higher the systemic risk. Appropriately lowering the interest rate on savings and reducing the fluctuation of savings is conducive to improving the stability of banks.
	(2) A reserve requirement ratio that is too high or too low will raise the systemic risk of banks. If the reserve requirement ratio is too high, it will reduce the interest rate spread between investment and savings, and concurrently limit the bank’s lending ability, affect the bank’s profitability, and increase systemic risk. The smaller the interest rate on deposits, the more money the bank uses for investment, and the higher the bank’s risk.
	(3) The interbank lending rate is not a significant factor in the systemic risk of banks.
	(4) The higher the average return on investment, the more stable the bank will be. If the bank’s investment return is too low, the bank will not be able to make sufficient profits, which will have the effect of reducing liquidity and weakening the ability of the bank to resist risks. The less volatile the investments, the lower the bank’s systemic risk. A sound investment strategy is also essential to improve the stability of the bank.

Based on the above conclusions, we propose the following policy recommendations: For regulatory authorities, it is necessary to improve the monitoring indicator system for banking system stability, fully considering the impact of factors such as savings interest rates, reserve ratios, investment returns, and volatility on systemic risk, closely monitoring trends in these indicators, and promptly identifying potential risks. When formulating and adjusting reserve requirement ratio policies, the dual impact on systemic risks in the banking system should be carefully balanced. Differentiated reserve requirement ratio policies can be implemented based on the scale and risk characteristics of different types of banks. Additionally, an emergency mechanism for the interbank lending market should be established and improved, with enhanced monitoring of the flow of interbank lending funds. For banks themselves, savings products should be priced reasonably, with savings interest rates determined scientifically and reasonably based on their cost structures, risk preferences, and market competition conditions. Banks should also optimize their asset allocation strategies, focusing on diversification and balancing risk and return, while reasonably controlling the volatility of investment assets. Furthermore, banks should strengthen liquidity risk management, reasonably arrange funding sources and usage, ensure sufficient liquidity to address funding shortages, and enhance communication and coordination with the central bank and other financial institutions.
This study constructs a dynamic evolution model framework, which aims to quantitatively measure and analyze the mechanism of bank systemic risk in the context of macroeconomic cyclical fluctuations, and provides methodological support for regulators to identify risk contagion paths and formulate forward-looking prevention and control strategies. Future research directions can focus on the following aspects: first, calibrating model parameters based on real transaction data to improve the empirical adaptability of risk prediction; Second, more heterogeneous bank behavior assumptions (such as differentiated liquidity management strategies) are introduced to enhance the explanatory power of the model to the complex financial ecology. This will further improve the dynamic monitoring framework for systemic risks and provide a science-based foundation for the precise implementation of macroprudential policies.
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