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Abstract

Since the 21st century, global public health emergencies have occurred frequently,
posing severe threats to the economic development and social stability of countries
worldwide. Against this backdrop, emergency medical supply reserves are partic-
ularly crucial—especially the production capacity reserves of non-durable medical
materials characterized by high demand, short production cycles, and limited shelf
lives. As a theoretical modeling study, this paper adopts the core ideas and analyt-
ical methods of evolutionary game theory to construct dynamic evolutionary game
models for the cooperative production capacity reserves of emergency medical
supplies between nonprofit organizations (NPOs) and reserves enterprises under two
scenarios: “perfect competition” and “government incentive policy intervention.” Key
factors including reputation benefits, social disaster reduction benefits, and opportu-
nity costs are incorporated to systematically explore the impacts of multiple variables
on the decision-making of both cooperative parties. Meanwhile, numerical simulation
is employed to quantitatively analyze the operational mechanisms of government
incentive policies, specifically one-time subsidies, revenue sharing, cost subsidies,
and supervisory penalties. The research findings are as follows: First, the synergis-
tic effect of perfect competition and government incentive policies can promote the
evolutionary game system toward cooperative equilibrium. Among these factors, the
impact of the incentive allocation coefficient is context-dependent, requiring scientific
calibration to balance the interest demands of both parties. Second, the reserves
cost-benefit ratio is a core threshold variable determining cooperative behavior. Per-
fect competition alone tends to fail under high cost-benefit ratios, while the
“government-led—NPO-supplemented” collaborative incentive model can break
through this threshold constraint via “long-term empowerment + short-term efficiency
improvement.” Third, enterprises’ opportunity costs exert a significant negative
impact on cooperation, whereas supervisory penalties exceeding a critical threshold
can inhibit speculative behaviors and enhance cooperative willingness. Finally, the
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research findings of this paper are verified through simulation with the background
of emergency medical reserves in Chongqing, China. Based on these findings, this
study proposes countermeasures including optimizing the incentive allocation mech-
anism, constructing a collaborative incentive system, and improving the disciplinary
constraint mechanism. This research provides new perspectives and practical guid-
ance for optimizing the emergency medical material reserves system and ensuring
the stable development of emergency reserves cooperation.

1 Introduction

Since the 21st century, public health emergencies have shown a high incidence
globally, ranging from Severe Acute Respiratory Syndrome (SARS), Ebola virus
disease, and Coronavirus Disease 2019 (COVID-19) to the monkeypox epidemic and
cholera. Such public health crises have gradually evolved from sporadic incidents
into regular challenges, posing a severe threat to the economic development and
social stability of countries worldwide. Against this backdrop, emergency medical
supply reserves—a systematic and planned stockpiling mechanism that involves the
targeted collection, storage, and management of essential medical materials, equip-
ment, and consumables to ensure their timely and effective deployment for emer-
gency rescue, epidemic control, and medical treatment in the event of sudden public
health incidents—form the core material support for emergency rescue [1-3]. Partic-
ularly during public health emergencies, the demand for key medical supplies such
as reagents, protective clothing, and masks is extremely urgent. Due to their inherent
characteristics of short production cycles and limited shelf lives, adopting capacity
reserve models for targeted stockpiling has become a critical strategy in the construc-
tion of the emergency medical supply reserve system. [4—6].

Governments around the world have successively introduced emergency medical
supplies reserves management measures, with the core objective of incentivizing
medical supplies manufacturers to actively participate in reserves capacity building
[7]. As important participants and direct implementers of the emergency medical sup-
plies reserves system, enterprises’ proactive participation is crucial to the effective
operation of the system. To fully mobilize enterprises’ enthusiasm for participating in
reserves work, governments and Non-Profit Organizations (NPOs) have established
a two-way regulatory mechanism of “incentives + constraints,” which specifically
includes incentive measures such as one-time subsidies, social reserves revenue
sharing, cost subsidies, and performance rewards, as well as restrictive measures
such as regulatory penalties.

In the public health emergency response system, the stable supply of emergency
medical supplies is a core prerequisite for ensuring rescue effectiveness. NPOs,
relying on their social public welfare attributes and flexible resource allocation
advantages, play an irreplaceable supporting role in this field. However, for NPOs,
how to promote enterprises’ in-depth participation in emergency medical supplies
capacity reserves through scientific and effective guidance mechanisms, fully exert
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the effectiveness of enterprises’ production capacity reserves, and thereby systematically improve the overall emergency
rescue support capacity, has become a core proposition urgently needing to be addressed in the construction and high-
quality development of the emergency medical supplies reserves system. As an important part of the community with a
shared future for mankind, enterprises bear the social responsibility of responding to crises in the context of public health
emergencies. Therefore, as collaborative agents in emergency reserves, NPOs can either adopt the entrusted reserves
model by signing reserves agreements or opt out of entrusted reserves when cooperating with enterprises, and instead
implement a market reserves strategy as a functional alternative to entrusted reserves.

Scholars have conducted in-depth research on emergency medical supplies reserves, but there are still two key
research gaps: first, the role positioning and functional boundaries of NPOs in the context of government incentive policies
have not been fully clarified; second, there is a lack of systematic theoretical connection with the foundational literature of
Evolutionary Game Theory (EGT), which underpins the methodological framework of this study. As a core theoretical tool
for analyzing dynamic multi-agent interactions, EGT originated from Smith’s pioneering work Evolution and the Theory
of Games (1982), which laid the theoretical foundation for evolutionary stability and replicator dynamics [8]. Subsequent
studies have further expanded this theoretical framework to heterogeneous agent scenarios—this is highly consistent with
the unique attributes of NPOs and enterprises. A typical example is Samuelson’s Evolutionary Games and Equilibrium
Selection (1997), which clarified the strategy selection mechanism in asymmetric agent contexts and provided important
theoretical support for multi-agent interaction analysis [9]. In the field of demand forecasting and procurement, Zhang et
al. focused on post-disaster material shortages and verified through an evolutionary game model that the achievement
of multi-agent cooperation equilibrium among governments, enterprises, and relief organizations depends on the coordi-
nated design of subsidy intensity, cost-sharing, and risk-sharing mechanisms, with their research implicitly drawing on the
core ideas of the aforementioned EGT [4]. Other studies, through cross-country comparative analysis during the COVID-
19 pandemic, identified key issues such as insufficient reserves scale and weak emergency mobilization capacity, thereby
emphasizing the practical urgency of upgrading the capacity reserves system [5]; recent application practices of EGT in
the medical supplies field have fully confirmed the unique value of this theory in addressing supply chain coordination
challenges [10].

In research related to multi-party cooperation, academic achievements based on EGT have provided important meth-
odological support and empirical references for this study. For instance, Baumann et al. proposed a computational method
for evolutionary coordination games with heterogeneous agents, offering key technical support for the construction of
multi-agent interaction models [11]; analyses of manufacturers’ capacity constraints and studies on production and ordering
response strategies under uncertain demand in a two-tier supply chain composed of a social planner and a manufacturer
have shown that the centralized supply chain management model can effectively reduce ordering costs—this is
consistent with EGT’s core perspective focusing on the dynamic adjustment of agents’ strategies under constraints, provid-
ing practical insights for NPOs to optimize cost control strategies [12,13]. In addition, dynamic demand forecasting models
[14] and human-centered deployment mechanisms have provided technical support for NPOs’ reserves planning [15];
Wood et al.used a combination of computer-supported evolutionary game theory and agent-based modeling to examine
the competition between the Organization of Petroleum Exporting Countries (OPEC) and the Seven Sisters oil companies
for control of the global oil market during the 1960s and 1970s [16];Yuan et al. (2023) directly applied EGT to the optimiza-
tion of medical supplies allocation, further confirming the applicability and effectiveness of this theory in the research field
[17]. In terms of research on emergency reserves system construction and incentive mechanism design, Xiao et al. (2022)
constructed an NPO-enterprise capacity incentive model, but failed to fully incorporate the regulatory role of government
policies [18]. Some studies have confirmed the potential risks associated with blind subsidies [19], while verifying the effec-
tiveness of technology-upgrading subsidies in stimulating enterprises’ participation enthusiasm—these research conclu-
sions can be combined with Samuelson’s (1997) heterogeneous agent framework to provide a more solid theoretical basis
for explaining enterprises’ strategy selection and dynamic transformation under different incentive policies [20].
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In summary, scholars have achieved fruitful outcomes in the field of emergency material reserves, with research scopes
covering reserves system construction, supply chain collaborative management, and cost-benefit optimization. However,
existing literature lacks in-depth exploration of the interactive game mechanism between non-profit organizations (NPOs)
and reserves-holding enterprises under the framework of government incentive policies, particularly insufficient atten-
tion to the differential impacts of multiple incentive tools and the evolutionary logic of game equilibrium. Compared with
existing studies, this paper conducts a theoretical modeling analysis based on evolutionary game theory. The innovations
of this paper are mainly reflected in two aspects: first, it systematically examines the implementation effects of multiple
collaborative policy instruments, including one-time subsidies, revenue sharing, cost sharing, and regulatory penalties,
and reveals the differential impacts of different policy combinations on the strategic choices of game participants; second,
it innovatively takes the cost-benefit ratio as the core analytical dimension to deconstruct the intrinsic mechanism through
which changes in key parameters affect the evolutionary game equilibrium of emergency medical material production
capacity reserves. Based on this, under the assumption of “bounded rationality”, this paper adopts the evolutionary game
method to explore the optimal strategy choices of NPOs and reserves enterprises in emergency medical material produc-
tion capacity reserves, aiming to provides new perspectives and practical guidance for optimizing the emergency medi-
cal material reserves system and ensuring the stable development of emergency reserves cooperation. The innovative
aspects of this paper compared with related research are shown in Table 1.

The structure of this paper is organized as follows: In Basic assumptions and model establishment section defines the
game participants, clarifies the assumptions, and constructs the evolutionary game model. In Numerical simulation section
analyzes the stability of the game system and the sensitivity of key parameters through numerical simulation. In Conclu-
sions section summarizes the research conclusions and prospects future research directions.

2 Basic assumptions and model establishment
2.1 Game agents analysis

The game agents in this chapter are defined as NPOs represented by the Red Cross Society and enterprises qualified

for emergency medical supplies capacity reserves. Both are randomly selected from participants of different emergency
medical supplies reserves systems, and the two groups conduct multiple rounds of paired games. Based on the actual
research situation, this study assumes that during the game, NPOs have two strategy choices: “entrusted reserves” or
“non-entrusted reserves”, while the corresponding strategies for reserves enterprises are “reserves” or “non-reserves”
[6,23]. Evolutionary Game Theory (EGT) takes bounded rationality under asymmetric information as its core assumption.
As the core game participants, NPOs and reserves enterprises will seek optimal strategies under the constraint of bal-
anced revenue and expenditure based on their own interest demands. In addition to basic benefits, their benefits structure
includes two additional dimensions:first, the indirect benefits derived from reputation value and social disaster reduc-

tion value within the emergency medical supplies reserve system. Herein, reputation value [24—26]. second, additional
rewards or corresponding penalties arising from differences in strategy choices under the framework of government incen-
tive policies. Firstly, the “perfect competition” referred to in this paper denotes an operational model where, in the scenario
of no direct government intervention, NPOs and reserves enterprises carry out emergency reserves-related activities
through the spontaneous regulation of supply-demand matching and resource flow, with the core goal of maximizing

Table 1. Comparison analysis between this paper and existing literature research content.

Literature This paper [5] [21] [17] [22]
Issues
NPOs and goverment incentive policies v v
production capacity of emergency medical v v v
regulatory penalties v v v v

https://doi.org/10.1371/journal.pone.0346435.t001
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individual interests. Their decisions and behaviors are only constrained by market signals and competitive rules. In the
field of emergency medical supplies reserves, both can generate social reputation benefits by fulfilling social responsibili-
ties and conducting emergency medical supplies capacity reserves. The scale of such reputation benefits depends on the
inherent value of the reputation and the participants’ ability to convert reputation into tangible benefits. Secondly, conduct-
ing emergency medical supplies capacity reserves enables the timely provision of emergency medical materials to support
rescue operations when public health emergencies occur, thereby generating social disaster reduction benefits. Such ben-
efits are directly related to the quality of emergency medical supplies reserves, specifically including key dimensions such
as the rationality of reserves varieties, the scientificity of reserves quantity and layout, and the efficiency and convenience
of information transmission—these factors collectively determine the implementation effect of emergency rescue material
support. Thirdly, during the process of conducting emergency medical supplies capacity reserves, both incur direct and
indirect reserves costs such as production equipment reservation and inventory occupation. After offsetting such costs
against the basic benefits and reputation conversion benefits from reserves activities, reserves gains and losses are
ultimately formed. However, with the continuous improvement of loan interest subsidy policies [23], the fluctuation range
of reserves gains and losses will be effectively suppressed, thereby reducing their operational risks. Finally, in view of the
public guarantee characteristics of the emergency medical supplies reserves system, to construct this system more effi-
ciently, the government will, in addition to relying on the perfect competition to play a leading role, formulate corresponding
incentive policies (the government does not participate as an evolutionary game subject) to promote their cooperation in
the field of emergency medical supplies capacity reserves and accelerate the implementation of such cooperation.

2.2 Basic assumption

Assumption 1: This study constructs an evolutionary game model between NPOs and enterprises with information asym-
metry between the two parties as the core premise; in the game process, the strategies of both parties are dynamically
adjusted through continuous interaction and gradually advanced in the cycle of trial-and-error correction [27,28].

Assumption 2: The players in the game, which include the NPOs and reserves enterprises are all finitely rational game
agents who cannot always make entirely rational decisions [29].

Assumption 3: The basic benefits 74 and 7, that the NPOs and the reserves enterprises can respectively obtain during
the cooperation process.

Assumption 4: If the NPOs choose to entrust the reserves enterprises to undertake the reserves during cooperation,
they can obtain social reputation benefits [30,31] and disaster reduction benefits [26,32—-33] brought by emergency
reserves.The social reputation benefits is recorded as K;R(i = 1,2). Among them, R is the reputation value generated by
the reserves of emergency medical supplies, and K is the reputation return coefficient, which refers to the ability of partic-
ipating entities to convert the reserves reputation of emergency medical supplies production capacity into revenue.Due to
the social disaster reduction benefits brought by emergency reserves, some of the social disaster reduction benefits can
be converted into profits for the NPOs and the reserves enterprises, denoted as hB,. Among them, B, is the social disaster
reduction benefits brought by the emergency medical material production capacity reserves. The higher the benefits, the
greater the social welfare created by the participating entities through the emergency medical material production capacity
reserves, h is social disaster reduction benefits coefficient. The distribution coefficient of the NPOs is 1 — k, the distribution
coefficient of the reserves enterprises are k, and k < [0, 1].

Assumption 5: When NPOs select the entrusted reserves strategy to carry out emergency medical supplies capacity
reserves [34], they incur corresponding entrustment costs, denoted as C, [23]. When medical material production enter-
prises choose the same capacity reserves strategy, they incur corresponding capacity reserves costs, denoted as C.,. If
NPOs adopt the entrusted reserves strategy while reserves enterprises adopt the rejecting reserves strategy, reserves
enterprises may engage in speculative behaviors by leveraging market price fluctuations of medical materials, thereby
obtaining additional benefits, denoted as N,. If NPOs adopt the non-entrusted reserves strategy while reserves enterprises
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adopt the reserves strategy, NPOs can purchase ready-made materials from the market to avoid entrustment costs and
generate additional benefits, denoted as N,.

Assumption 6: The reserves cooperation cost is denoted as vA;(i = 1,2), where A, and A, correspond to the opportunity
costs incurred by NPOs and reserves enterprises when conducting reserves cooperation [35], respectively. v € [0, 1]is
the opportunity cost coefficient, characterizing the sensitivity of game participants to opportunity costs [36]. When v =0,
it indicates that game participants do not consider opportunity costs at all in decision-making; when v = 1, it indicates that
game participants fully consider all opportunity costs.

Assumption 7: In the scenario of emergency medical supplies capacity reserves, the proportions of NPO groups choos-
ing the entrusted and non-entrusted reserves strategies are x and 1 — x, respectively, while the proportions of reserves
enterprise groups choosing the reserves and non-reserves strategies are y and 1 -y, respectively. Both x and y are func-
tions of time and satisfy x,y € [0, 1].

The relevant variables and their explanations are shown in Table 2 below, involving non-negative real numbers for all
relevant variables. As game theory is usually based on simplifying assumptions and theoretical models to analyze the
actual problem, the dependent relationship between variables is usually not considered.

2.3 Evolutionary game under perfect competition

Based on assumptions, the NPOs and the reserves enterprises engage in multiple games under perfect competition to
maximize their respective interests. The game relationship between NPOs and reserves enterprises as shown in Figure 1,
and the payoff matrix is shown in Table 3.

Table 2. Variables and explanations.

Parameter Parameter meaning

0 The NPOs first payoff

R Reputation value

KA Reputation return coefficient of the NPOs

Ko Reputation return coefficient of reserves
enterprises

h Social disaster reduction benefits coefficient

K Distribution coefficient of social benefits and
income

C, Commission cost

C, Reserves enterprises capacity reserves cost

N, Market direct procurement income of the NPOs

N, Market speculation income of reserves enterprises

A, Reserves cooperation cost of NPOs

A, Reserves cooperation cost of reserves enterprises

v Reserves opportunity cost coefficients

B, Social disaster reduction benefits

B, Reserves achievement reward base

B, Penalty base

X1 Cost subsidy coefficient

X2 Reward distribution coefficient for reserves
enterprises

X3 Punishment intensity

https://doi.org/10.1371/journal.pone.0346435.t002
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A

Reserve/Rejecting Reserve

Reputation/Disaster Reduction
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Scenario 1: Perfect Competition
Scenario 2: Government Incentive

Reserve
Enterprises

Reputation/Disaster Reduction
Benefits

Fig 1. The game relationship between NPOs and reserves Enterprises.

https://doi.org/10.1371/journal.pone.0346435.9001

Table 3. Payoff matrix between NPOs and reserves enterprises.

Reserves Enterprises

Reserves Strategy

Rejecting Reserves Strategy

Nonprofit organizations

Entrusted Reserves Strategy

Non-entrusted Reserves Strategy

m —7o + kiR + (1 —=khB1 — C1 — VA4 m —C1—vA4
mp + mp + kpR + khBy — Cy — VA, o + Np

w1 + Ny e

mo— Cy— VA, T

https://doi.org/10.1371/journal.pone.0346435.t003

The returns and average expected returns when the NPOs choose the “Entrusted Reserves Strategy” and “Non-
entrusted Reserves Strategy” are m11and 72, respectively. The average expected returns are 7. Among them:

11 :y(’/T1 —mo+kR+(1=khB;—Cy —VA1) +(1-y) (7T1 - Cq —VA1)
= [(1 —k)hB1 +I€1R—7To} y- Ci—VAI +m

(1)
m2 =y (m1+ Np) + (1=y)my = yNy + (2)
71 = Xxmyq + (1= X)m12
=Xy[(1—k)hB1+I€1R—7T0—N1]—C1X—VA1X+yN1+7T‘1 (3)
The replication dynamic equation of the NPOs:
dx
F(x) = o X (1 =71) = X(1=X) (711 =712)
=X(1—X){[(1—k)hB1+K1R—7T0—N1]y—C1—VA1} (4)
The returns and average expected returns when reserves enterprises choose the “reserves Strategy” and “Rejecting
reserves Strategy” are w1 and my,, respectively. The average expected returns are 1. Among them:
PLOS One | https://doi.org/10.1371/journal.pone.0346435  April 10, 2026 7131
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o1 = X(7T2 + o + koR + khB4 _CZ—VAZ) + (1 —X) (71'2— C2—VA2) (5)
7T22=X(7T2+N2)+(1—X)7T2=7T2+XN2 (6)

Tp = ymar + (1= Y)ma2
= (’/To + xkoR + khBq — Ng) Xy + Nox + 7o — C2y— VAyy (7)

The replication dynamic equation of the reserves enterprises:

d
F(y) = F}tl =y (m21 —72) = y(1-Y) (721 —722)
=y(1 —y){(7T0+H2R+khB1—N2)X—C2—VA2} (8)
Let F(x) = 0,F(y) = 0. There are five partial equilibrium points between the NPOs and the reserves enterprises
in D* ={(x,y)|0 < x < 1,0 < y < 1}, namely O(0,0), A(1,0), B(1, 1), C(0, 1), D(x", y*). Where x* = 228,
y'= khB1—h§1A—1;%+7ru+N1'

By calculating the partial derivatives of F(x) and F(y) with respect to x and y respectively, the Jacobian matrix of the
emergency medical supplies production capacity reserves game system can be obtained as shown in (9):

J= (1=-2x){[1 —k)hB1 + k{R—m9— Nq]y— C1 — UA1} X(1=x)[(1=khB1 + k1R —mg — N4]
y(1—=y)(mo + k2R + khBy — N3) (1=2y){(mo + k2R + khBy — N2)x — C2 — uAz} (9)
When Jacobian matrix satisfies Det(J) >0 and Tr(J) <0, the local equilibrium point is the stable strategy of the system

[37]. This means that 0 < vA, + Cy < mg + koR + khBy — N, and 0 < vA¢ + Cy < (1-Kk)hBy + k1R —mp — Nj, there are five
local equilibrium points in the capacity reserves game system, as shown in Table 4.

According to Figure 2, regardless of how the NPOs and the reserves enterprises make initial decisions, after multi-
ple rounds of repeated games, the final strategy will evolve towards either direction B(1,1) or O(0,0). That is, the NPOs
choose to entrust while the reserves enterprises choose to reserves, or the NPOs choose non-entrust reserves while the
reserves enterprises choose rejecting reserves. The relative area size of S, ., and S, ., can reflect the final strategic

choice of the NPOs and the reserves enterprises. By analyzing the factors that cause changes in area, we can infer the

impact of each factor on the evolution of the game system. Let S, ., is S,, the expression is:

SZl(X*"' *)_1( vAy + Cy _ vA1 + Cy )
! 2 y mo + koR+ khB1—N, khBi1—hB1— k1R + m+ Ny (10)

2

Table 4. Stability analysis of local equilibrium points under perfect competition.

equilibrium Det(J) Tr(J) Local stability
0(0,0) + - ESS

A(0,1) + + Unstable
B(1,1) + - ESS

C(1,0) + Unstable

D =(x",y") - 0 Saddle point

https://doi.org/10.1371/journal.pone.0346435.t004
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A(O,lj B(L.1)

0(0,0) L
C(1,0)

Fig 2. The area of S1 before evolution.

https://doi.org/10.1371/journal.pone.0346435.9002

It can be seen that under the perfect competition, A(0,1) and C(1,0) are unstable fixed points, while O(0,0) and B(1,1)
are the evolutionary stable strategies of the NPOs and the reserves enterprises. Figure 2 shows the phase diagram of
the evolutionary game between the NPOs and the reserves enterprises under the perfect competition. Figure 3 shows
that as certain parameters increase, D shifts toward B, becoming D'. This indicates an increase in the area of S1 and an
increased probability of the system evolving toward the O strategy (Non-entrusted, Rejecting reserves). Figure 4 shows
that as certain parameters increase, D shifts toward O, becoming D". This indicates an decrease in the area of S1 and an
increased probability of the system evolving toward the B strategy (Entrusted, reserves).

Proposition 1. Under perfect competition, the probability of the NPOs choosing to entrust and the reserves enterprises
choosing to reserves decreases with increasing costs.

Proof. According to 25t = -1 since x* and y* both belong to D* = {(x, ¥)|0 < x < 1,0 <y <1},

5o = sl mmmmar
g—g = E[(1_,(),”31,(%] > 0. g—g; = 2khB1+2/<21R—2N2+27r0 >0 are the same, so S, increases with the increase of C, and C,.
Therefore, the investment costs of both the NPOs and the reserves enterprises are in a single increasing relationship with
the area of S,. It can be seen that S, will decrease with the increase of costs, and the probability of the system evolving
towards O(0,0). the NPOs and the reserves enterprises will choose not to entrust or reserves. Proposition 1 confirmed.

Proposition 1 indicates that the production capacity reserves of emergency medical supplies is a component of the

emergency system. The cost recovery cycle of its capacity reserves is relatively long. When the reserves cost is high, it
will lead to a decrease in the willingness of both parties to carry out the production capacity reserves of emergency med-
ical supplies. In practice, the high reserves cost not only increases the economic burden but also may cause enterprises
to be cautious about participating in the reserves due to the inability to see obvious economic returns in the short term.
Similarly, when facing limited financial resources and diverse public service demands, the government also needs to make

a trade-off between emergency material reserves and other public expenditures.

Proposition 2. Under the dominance of the perfect competition, the probability that reserves enterprises choose the
reserves strategy increases with the reduction of reserves cooperation costs and reserves opportunity cost coefficients.
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A(0,1) B(1,1)

0(0.0)
C(1.0)

Fig 3. Evolutionary phase diagram of D moving towards point B.

https://doi.org/10.1371/journal.pone.0346435.9003

A(0.1) B(1.1)
D
0(0.0) )_)
C(1,0

Fig 4. Evolutionary phase diagram of D moving towards point O.

https://doi.org/10.1371/journal.pone.0346435.9004

981 - 1 1 ; i 98 881 = 17[(1-k)hB1+k1R=N1—mo]Az+(khB1+rkaR—Na+o)As
Proof. From A= 5[—(1_,(),"31,%1 R_N1_ﬂ0] > 0, it can be inferred that 5 x> 0 has T = o (=R ABy 1y RN (kP e RN ) }>0.

Therefore, S, increases with the increase of v, A, and A,, while the area of S, decreases with the decrease of v, A, and A,.
At this point, the system evolves towards B(1,1). Proposition 2 confirmed.

Proposition 2 indicates that the investment scale of emergency medical supplies capacity reserves has a signifi-
cant impact on both entrusting parties and reserves enterprises. The dual existence of reserves cooperation costs and
reserves opportunity cost coefficients may reduce the probability that NPOs and reserves enterprises carry out emer-
gency reserves. This is because, facing high capacity investment, potential loss risks, and opportunity cost pressures,
both parties will be more cautious in deciding to participate in emergency reserves, and their concerns mainly stem from
the uncertainty of cost recovery and considerations of opportunity costs. However, third-party financial policies such as
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interest subsidies can specifically alleviate the constraints of reserves opportunity cost coefficients and effectively reduce
enterprises’ concerns: by reducing financing costs, they not only ease direct economic pressure but also indirectly offset
the implicit pressure brought by opportunity costs, thereby enhancing enterprises’ enthusiasm for participating in emer-
gency medical capacity reserves. Specifically, interest subsidies can directly reduce financing costs, reduce the oppor-
tunity cost loss caused by fund occupation, and further alleviate the burden on participants. Therefore, when promoting
emergency medical supplies capacity reserves work, NPOs should fully consider the dual impacts of the two types of
costs, implement third-party financial policies such as interest subsidies to reduce cost-related concerns and improve
participants’ willingness and enthusiasm for reserves; meanwhile, strengthen policy publicity to promote more participants
to understand and use policy tools, and jointly promote the smooth development of emergency medical supplies capacity
reserves work. Ultimately, the system will steadily evolve toward the evolutionary path of “Entrusted reserves — reserves.”

Proposition 3. Under the scenario dominated by the perfect competition, the higher the social disaster reduction
benefits coefficient, the more significant the social disaster reduction benefits generated by the reserves of emergency
medical material production capacity, and the corresponding social welfare level will also be higher. Consequently, the
benefits obtainable by the participating agents (NPOs and reserves enterprises) will increase accordingly. Therefore, the
probability that NPOs choose to entrust reserves will increase, and the probability that reserves enterprises opt to carry
out reserves will also rise synchronously.

981 — 2(wAz+Cp)kB1 (wA1+C1)(2B1—2kB1)

Proof. From 95t = - , <0, it can be inferred that 23t < 0 also indicates that S
9 (2khB1+2#r2R-2No+270) [(1=K)2hB+2#4 R—2N1—~2¢ | 9B; 1

decreases with the increase of h and B, indicating that the system is evolving towards B(1,1). Proposition 3 confirmed. [J

Proposition 3 indicates that with the improvement of social disaster reduction benefits coefficient and the increase of
social disaster reduction benefits, both parties are more inclined to choose entrusted and reserves strategies. Especially
when the production capacity of emergency medical supplies is reasonably optimized in terms of material categories and
layout, the social disaster reduction benefits generated will be significantly improved. This scientific reserves method not
only provides timely critical material support for rescue operations, but also brings higher profits to NPOs and reserves
enterprises, and enhances their social reputation and brand image. More importantly, this optimization strategy enhances
the willingness of both parties to cooperate, helps to form a stable cooperative relationship, and thus increases the
support of production capacity reserves for emergency rescue. This positive interaction and cooperation further promote
the overall development of emergency medical material production capacity reserves, providing important guarantees for
social stability and sustainable development.

Proposition 4. Under perfect competition, as the conversion coefficient of reputation benefits and reputation value
increase, the probability of the receiving enterprises choosing to reserves increases.

Proof. From 25t = 2(vA1+C1)R
00 oM 3, [(1=K)2hB1+2r1 R—2N1—27) 2

kg2, and R increase, indicating that the system is evolving towards B(1,1). Proposition 4 confirmed. O

<0, it can be inferred that 2—5; <0 and % < 0. Therefore, S, decreases as x1,

Proposition 4 indicates that by carrying out emergency medical material production capacity reserves, both the NPOs
and the reserves enterprises can not only fulfill their social responsibilities and provide strong support for responding to
emergency situations, but also gain reputation value as a result. In this process, both parties can enhance their ability to
convert reputation benefits by fully leveraging their respective characteristics and advantages, such as the commission-
ing party’s organizational and coordination capabilities and the reserves party’s professional production and reserves
management level. The enhancement of this conversion ability further increases the reputation benefits of both parties,
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such as gaining widespread recognition and respect from society, thereby enhancing brand image and market position.
Therefore, when they see such reputation value and potential benefits, NPOs and reserves companies will be more
willing to choose entrusted and reserves strategies, as this not only benefits society but also brings long-term benefits to
themselves.

Proposition 5. Under perfect competition, the probability of deposit taking enterprises choosing not to deposit
increases with the increase of speculative returns.

951 = 2(wAs+Cy) 08y i i -
Proof. From Z&t [(1—k>2h31+2,;1R_12N1_2w0}2 > 0, the same goes for 55t > 0. Therefore, S, increases with the increase of N,
and N,, and the system evolves towards O(0,0), which is confirmed. O

Proposition 5 indicates that the production capacity reserves enterprises that choose to reserves will have to bear the
risks brought by price fluctuations. When emergency events occur, they will still sell according to the agreed price of the
entrusted agent. If they do not participate in the reserves reserves enterprises, they will obtain speculative returns based
on market premiums; If the reserves enterprises independently carries out reserves based on market experience, and
the NPOs does not entrust, then the NPOs can purchase from the market in case of emergency events, thereby avoiding
the cost of emergency reserves. So the reserves enterprises hopes that the NPOs choose the entrustment strategy and
enjoys the market premium income. The NPOs hopes that the reserves enterprises choose to reserves while avoiding the
cost of emergency medical material production capacity reserves. When the two speculative profits increase, it will cause
dissatisfaction among the participants in the reserves of emergency medical supplies production capacity. This dissatis-
faction will lead the NPOs and the reserves enterprises to evolve towards a combination of non commissioning and non
reserves strategies, respectively.

Proposition 6. Under perfect competition, the final decision of both parties in the game is influenced by the distribution
coefficient of social benefits from reserves, which depends on the specific situation.

9S8y — 2(wAg+Cy)hBy 2(wA1+C1)hBy

Proof. From %5t = QKB+ 2sRo2Ny+2g) + [(1-K)2hB. +20; R-20y 2] it can be inferred that the relationship between k and

S, depends on the situation. When “};’;ﬂﬁg}ig_’gﬁz’fz‘:o’;glz > (AL there is 251 < 0, and S, decreases with the
increase of k. Therefore, it can be inferred that in the current situation, the system evolves towards B(1,1) with the
increase of the profits distribution coefficient; When [(1(;’2723“1512*52’2_’2‘,32’\112‘307;312 < Ezﬁliggzg there is 25t > 0, and S, increases
with the increase of k. It can be inferred that under this condition, an increase in the profits distribution coefficient k will
cause the system to evolve towards O(0,0). O
Proposition 6 indicates that under perfect competition, the final decision of both parties in the game is influenced by the distri-
bution coefficient of social benefits from reserves, which depends on the specific situation. In practice, the final decision of both
parties in the game is indeed influenced by the distribution coefficient of social benefits from reserves. This impact is not fixed and
unchanging. Specifically, the setting and adjustment of distribution coefficients can directly affect the profits distribution pattern of
the NPOs and the reserves enterprises in the reserves of emergency medical supplies production capacity. When the allocation
coefficient is set more reasonably and fairly, it can motivate both parties to actively participate in reserves work and jointly pro-
mote the implementation of reserves strategies. This is because a reasonable allocation coefficient can ensure that both parties
receive corresponding returns in cooperation, reduce cooperation risks, and enhance cooperation confidence. However, if the
allocation coefficient is set improperly or there is controversy, it may lead to conflicts and differences of interest between the
NPOs and the reserves enterprises, thereby affecting their willingness and decision-making to participate in the reserves strat-
egy. Therefore, under the perfect competition, it is necessary to fully consider and reasonably set the distribution coefficient of

reserves social benefits to promote cooperation and win-win outcomes between both parties in the game.
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2.4 Evolutionary Game under Government Incentive Policies

Governments attach great importance to the reserves of emergency medical supplies and actively promote the construc-
tion of the emergency reserves system. In this process, governments, on the one hand, provide diversified policy incen-
tives for the development of the emergency reserves system, and on the other hand, continuously strengthen the intensity
of supervisory and disciplinary measures. Through the dual mechanism of “incentives + constraints”, they create a favor-
able and fair development environment for the orderly construction of the emergency reserves system.

Assumption 8: To advance the development of emergency reserves systems, reserves enterprises should take on
greater social responsibility—thus encouraging their participation in the reserves of production capacity for emergency
medical supplies [38]. The achievement reward for the reserves enterprises are x,B,. Where B, rewards the reserves
achievements that meet the conditions, x, € [0, 1] is the distribution coefficient of the reserves NPOs. When the NPOs
does not entrust the enterprises to reserves, but the enterprises actively carries out corresponding emergency medical
material reserves, the NPOs can provide a reserves cost subsidy to the enterprises, which is recorded as x1C,. Where
x1 € [0, 1] represents the cost subsidy intensity of the NPOs. In addition, governments conduct investigations on enter-
prises with potential reserves strength, and screen out potential high-quality reserves enterprises. For enterprises listed in
the potential reserves list of emergency medical material production capacity, they entrust reserves services. If the listed
enterprises choose not to reserves, a fine y3B3 will be imposed, where 5 is the severity of the punishment. The profits
matrix of both parties is shown in Table 5. The solving process is similar to that under perfect competition. According to
the payoff matrix of the NPOs and the reserves enterprises under the incentive policy in Table 5, the replicative dynamic
equations of the NPOs and the reserves enterprises can be obtained.

The return 74, when the NPOs choose the “Entrusted reserves Strategy”, the return 7, when choosing the “Non-
entrusted reserves Strategy”, and the average expected return 7/ are respectively:

T4 =Yl =7 + KR+ (1= K)hB1 — C1 — uA1 + (1= x2)B2]
+(1-y)(m1 = C1—UA1)
=[(1 = k)hB1 + kiR —mo + (1 —x2)Bzly — C1 — UA1 + 4 (11)

T2 = Y(m1 + Ny = x1C2) + (1= y)m1 = y(N1 = x1C2) + m4 (12)

7'y =x' 41+ (1=X)7"12
=xy[x1C2 + (1 =K)hB1 + (1= x2)B2 + k1R — 7o — N1]
= Cix—vA1x+ (N1 = x1Co)y + mq (13)

Table 5. Payoff matrix of NPOs and reserves enterprise under incentive policies.

Reserves Enterprises
Reserves Strategy Rejecting Reserves Strategy
Nonprofit organizations Entrusted Reserves Strategy m —m + kiR + (1 =k)hBy — C1 —vA1 + (1= x2)B2 m — Cq— VA4
2 + o + KkaR + khBy — Co — UAz + x2B; m2 + Np — x3B3
Non-entrusted Reserves Strategy w1+ Ni—x1C2 e
mo— Cy—vAy + x1Co T2

https://doi.org/10.1371/journal.pone.0346435.t005
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The replicator dynamics equation for the NPOs is:

dx —
F'(x) = pr =x(' 11 —7/4)

=x(1=xH{[x1C2 + (1 =k)hB1 + (1= x2)B2 + kiR —mo — N4]y— C1 —vAq} (14)

Similarly, the benefit 7/, for the reserves enterprises when choosing the “reserves Strategy” is:
The benefits of choosing the 'Rejecting reserves Strategy’ are:

7752 =mp + X(N2 — x3B3) (15)

The average expected return 7’5 is:

7'y =(khBy + x2B2 + x3B3 — x1C2 + koR— Np + mo)xy
—(1=x1)Cay—vAzy + (N2 — x3B3)x + m2 (16)

Then there is, the replication dynamic equation of the reserves enterprises is:

d _
F) = 5 =¥n'z—2)
=y(1 = y)(khB1 + x2B2 + x3B3 — x1C2 + kaR— Na + mo)x — (1 = x1)Ca — UA7] 17)

0(0,0),A(1,0),B(1,1),C(0,1) and D’(x*, y*) are the five local equilibrium points of F/(x) =0 and F'(y) =0
within region D' = {(x, )]0 < x < 1,0 < y < 1}. The horizontal and vertical coordinates of point D’(x*, y*) is

* = ’UAz—X102+C2 = wA1+Cy H H : H !
X = BB B e, b RN y* B —hB o Bsx Com R By N s Further obtaining the partial derivatives of F'(x) and

F'(y) with respect to x1 and y, the Jacobian matrix J' of the game system can be obtained.

(1=2x{[x1C2 + (1 —k)hB1 + (1= x1)B2 x(1=x)[x1C2 + (1 =k)hB4
J= +r1R +—mo — Ni]y — C1 — UA+} +(1—x1)B2 + k1R —mo — Nq]
Y(1=y)(khB1 + x2B2 + x3B3 (1=2y)[(khB1 + x2B2 + x3B3 — x1C2 + k2R
—x1C2 + K2R + 1o — N2) +mo — N2)x — (1 - x1)C2 — UA2 (18)

When the values and traces of the Jacobian matrix satisfy Det(J') > 0 and Tr(J') < O, the evolutionary stable strategy
ESS can be obtained [37]. When 0 < x*, y* < 1, the game system under this incentive policy has 5 local equilibrium points,
as shown in Table 6.

According to Table 6, after introducing incentive policy regulation, the saddle point, unstable point, and stable point of
the game system can be obtained. The above local stable points are consistent with the perfect competition background.

Table 6. Stability analysis of local equilibrium points under incentive policies.

equilibrium Det(J) Tr(J) Local stability
0(0,0) + - ESS

A(0,1) + + Unstable
B(1,1) + - ESS

C(1,0) + Unstable
D'(x*, y*) - 0 Saddle point

https://doi.org/10.1371/journal.pone.0346435.t006
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0(0,0) and B(1,1) are evolutionary equilibrium stable strategies, indicating that the evolutionary phase diagram under
incentive policy and the phase diagram under perfect competition have not changed.
Further research on the relationship between various influencing factors can be conducted by analyzing the relative

sizesof S, ,.,and S,, ... S, ., is denoted as S,, then:
1 .
S, ZE( +y")
=1( vA2 + x1C2 + Cp
2 khB1 + x2Bs + x3B3 — x1C2 + kpR—No + g
_ vA1 + Cy )
khB1—hB1 + x2B2 — x1C2 + k1R =By + Ny + g (19)

Proposition 7. The probability of a reserves enterprises choosing a reserves strategy increases with the increase in
cost subsidies from the NPOs and rewards for production capacity reserves achievements.

r* 89Sy — 2(khB1+x2Bo+x3B3+rpR+mo—Na—vA—C2)Cr 2(vA1+C4)Cy ;
Proof. From 0 <x" < 1and 57 KRB +7xBa72x3 By—2x 1 Co P 2rg RNyt 2m . — (KHBy—2hBr +3x3B,—2x1Cam2r R2BvaN 72y there is
39S, o ; 9S8, — _ 2(vA2—x1C2+Co)x2 _ 2(vA1+Cq)(1—x2)
ox. < 0. Similarly, according 10 557 = — (2B, 72x;8; +2x2Br-2x: s +2nsR2Ns¥2mo)? ~ (ZKHBy—2HBy¥2x3By-2x: Ca—2ry R2B; ¥ 2N, 722 tETE
is g—g; < 0. So as xyand B, increase, the area of S, decreases, and the game system under incentive policies evolves
towards B(1,1).Proposition 7 is proven. [

Proposition 7 indicates that the reserves of emergency medical supplies production capacity, as an important compo-
nent of the goverment emergency system construction, is the vanguard of social responsibility. The benefits of its reserves
are directly related to the social benefits of emergency rescue. Therefore, cost subsidies and reserves achievement
rewards have become important incentive measures. These two measures can effectively reduce the costs of reserves
enterprises and increase their profits, thereby playing a positive role in promoting the selection of emergency medical
material production capacity reserves strategies by enterprises. Through this positive incentive, more enterprises can be
encouraged to participate in the reserves of emergency medical supplies production capacity, contributing to the smooth
implementation of goverment emergency rescue work.

Proposition 8. The probability of reserves enterprises choosing to reserves increases with the increase of the penalty
base and severity.

89Sy — 2(vAs—x1C+C)B 88 L 98
Proof. From (19), 5.2 = —oiaB,72:38; 12 xs B2, Cor2maR2Ny72mgye: then =2 > 0. Similarly 7z > 0. So the area of S,
increases with the increase of x3 and B,, and the system evolves towards O(0,0). Proposition 8 is confirmed. O

Proposition 8 indicates that setting a reasonable penalty base and severity can significantly increase the cost of
non-compliance for reserves enterprises in emergency medical supplies reserves, effectively reducing their motivation for
speculative behavior. With the gradual strengthening of punishment, reserves enterprises will pay more attention to avoid-
ing risks such as economic losses, reputation damage, and potential legal liabilities. Therefore, they are more inclined to
choose a prudent reserves strategy rather than taking risks in speculative behavior. This institutional design not only helps
regulate the behavior of reserves enterprises, but also enhances the stability and reliability of the entire emergency medi-
cal material reserves system, providing a solid guarantee for medical material production capacity reserves in response to
emergencies.

Proposition 9. The impact of the size of x, on the outcome of the game depends on the specific situation.
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khB1+x2Bo+x3B3—x1Co+kaR=-No+mo \2 o vA=Xx1Co+Cy 9S8y
Proof. When (gt g e e i) < —oAsG, it can be concluded that the area of =2 <0 and S,

decreases with the increase of y,. When the profits sharing ratio of the reserves enterprises increase, the system will
evolve towards a combination of entrusted reserves strategies. Proposition 9 is confirmed. O

Proposition 9 indicates that as the proportion of achievement rewards and benefits shared by reserves enterprises
increase, the probability of the system evolving towards a combination of non commissioned and non reserved strate-
gies may increase. This phenomenon reveals that under goverment incentive policies, the final decision of both parties
in the game is indeed influenced by the allocation coefficient of the reserves enterprises, and this influence is not fixed,
but varies according to specific circumstances. Specifically, the increase in the proportion of achievement rewards and
profits sharing means that the reserves enterprises can obtain more economic returns when participating in the reserves
of emergency medical supplies production capacity. This should have been an incentive factor to encourage the reserves
enterprises to participate more actively in reserves work. However, if this increase in proportion does not fully reflect the
actual contribution and risk of the reserves enterprises, or is not coordinated with other incentive measures, it may lead
to a decrease in the willingness of the reserves enterprises to participate in the reserves. In addition, when faced with an
increase in the proportion of rewards and benefits shared by the reserves enterprises, the NPOs may also reassess their
own benefits and risks. If the NPOs believe that increasing the profits sharing ratio of the reserves enterprises will result
in damage to their own interests, or that the social benefits brought by the reserves work have not met expectations, they
may tend to choose a strategy of not entrusting. Therefore, when formulating goverment incentive policies, it is necessary
to comprehensively consider the interests and risks of both parties in the game, ensuring that the proportion of rewards
and benefits shared by the reserves enterprises can not only motivate them to actively participate in reserves work, but
also maintain the cooperation willingness of the NPOs. At the same time, it is necessary to flexibly adjust this ratio accord-
ing to specific situations to adapt to changes in demand under different circumstances.

3 Numerical simulation

To further reveal the evolutionary paths and key driving factors of reserves strategies between NPOs and reserves enter-
prises, this study conducts numerical simulations using simulation software based on the theoretical analysis framework
of evolutionary game models. Specifically focusing on the scenario dominated by the perfect competition, it emphasizes
exploring the operational mechanism of government incentive policies on the evolutionary game system of emergency
medical material production capacity reserves: among them, positive incentives exert an enabling effect by indirectly
reducing the operating costs of both parties, while penalty measures inhibit speculative behaviors by compressing enter-
prises’ opportunity benefits, and the two jointly act on the equilibrium state of the reserves cost-benefit game. Through
simulations, this section quantitatively analyzes the influence laws of key parameters such as government incentive inten-
sity and penalty intensity on the evolutionary outcomes of the game system, providing solid data support and practical
basis for the formulation of targeted policy recommendations in subsequent sections.

Taking the Chongging region of China as the research context, this study selects the Chongqing Municipal Commis-
sion of Economy and Information Technology (as the government), the Chongqing Red Cross Society (as the NPO), and
Chongging Pharmaceutical (Group) Co., Ltd. (as the medical material reserves enterprise) as the practical data support
for numerical simulations [23,39,40]. Given the complex interactive relationships among the above three parties and the
difficulty in accurately quantifying the core parameters of their actual operations through direct measurement, this study
does not set customized values based on specific scenarios. However, to ensure the universality and practical applicability
of the evolutionary laws derived from the research, the numerical settings strictly adhere to the following three principles:
(1) The numerical differences among variables are consistent with the actual conditions in the field of emergency medical
material reserves; (2) All numerical settings align with the basic assumptions presented in the theoretical analysis section
of this paper; (3) The fluctuation range of the initial values of variables is controlled within a reasonable interval to avoid
imbalances in the initial state of the system, laying a stable foundation for subsequent parameter sensitivity analysis.
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Since the core objective of this study is to explore the evolutionary trends and inherent variation laws of the game system,
setting values in accordance with the above principles can effectively achieve this goal. Based on this, the initial parame-

ters of the model are set as follows: 79 = 0.1, R=10, k1 = 0.9, k, =1, h=1, K=0.5, C,=7, C,=8,N,=2, N,=3, A, =4, A,=2,
v=0.5,B,=10, B,=3, B,=4, x1 =0.2, x2 =0.3, x3 = 0.5.

3.1 The impact of the ratio of reserves costs to reserves benefits on the evolutionary results

In order to achieve the reserves of emergency medical supplies production capacity, the establishment of cooperative
relationships is particularly important. The construction of this relationship between the NPOs and the reserves enter-
prises are based on a balance of interests between both parties, which means that neither party can suffer losses in the
cooperation. Therefore, the benefits and costs of both parties become key factors in strategy selection. According to the
previous analysis, when the NPOs cooperates with the reserves enterprises, if the investment cost, reputation benefits,
and social disaster reduction benefits can be reduced, it will greatly increase the possibility of the game system develop-
ing towards the direction of entrusted reserves.

In order to further explore the intrinsic relationship between costs and benefits, and to investigate the specific impact
of perfect competition on the evolution of the emergency medical material production capacity reserves game system, a
hypothetical scenario is set: while maintaining the stability of social disaster reduction benefits and reputation benefits, the
ratio of reserves costs to benefits is adjusted to 0.3, 0.4, 0.5, and 0.6, respectively. Based on these parameter settings, a
simulation of the game system was conducted, and the results are shown in Figures 5 and 6.

When the ratio of cost to benefit cannot promote the evolution of the direction of emergency medical material pro-
duction capacity reserves between the NPOs and the reserves enterprises, goverment incentive policies will reduce the
cost of emergency medical material production capacity reserves. To further explore the impact of goverment emergency
reserves incentive policies on the evolutionary trajectory, when the ratio of cost to benefit is 0.6, the effect of cost subsidy
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Fig 5. System evolution trajectory under different proportions of cost and benefit of the NPOs.

https://doi.org/10.1371/journal.pone.0346435.9005
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Fig 6. System evolution trajectory under different proportions of cost and benefit of the reserves enterprises.

https://doi.org/10.1371/journal.pone.0346435.9006

intensity on the evolutionary outcome of the game system is observed, and the evolutionary result is Non-entrusted
reserves, no reserves.

Figures 7 and 8 shows the evolution trajectory of the system under different cost subsidy levels. When the NPOs
does not entrust, but the enterprises carries out critical emergency medical material reserves, the NPOs will provide
cost subsidies to the reserves enterprises with a subsidy coefficient. For the convenience of numerical simulation, the
cost subsidy coefficients are taken as 0.2, 0.3, 0.4, and 0.5, respectively. The results are shown in Figures 7 and 8.
Observing Figures 7 and 8, it can be observed that when the cost-benefit ratio between the nonprofits organizations
and the reserves enterprises are relatively high, making it difficult for both parties to spontaneously form reserves coop-
eration, the introduction of cost subsidies becomes a key factor. Moreover, this cost subsidy has a threshold between
0.4 and 0.5. If the cost subsidy given to the reserves enterprises fail to reach this threshold, the reserves enterprises
will lack sufficient motivation to evolve towards emergency medical material production capacity reserves. This means
that in order to effectively incentivize reserves enterprises to participate in emergency medical supplies reserves, it is
necessary to ensure that the cost subsidies provided reach or exceed this critical threshold. Meanwhile, Proposition 7 is
validated in Figures 7 and 8.

Observing the impact of reserves achievement rewards on evolutionary outcomes, Figs 9 and 10 show that reserves
achievement rewards have a weaker initial incentive effect, while cost subsidies have a faster convergence speed on
evolutionary outcomes, making their impact more direct. However, in the long run, the effect of achievement rewards is
more significant, so a combination of two methods can be used to incentivize reserves enterprises. In addition, through
the joint efforts of the NPOs and the reserves enterprises, the NPOs strengthens local construction, improves reserves
planning and layout, and builds a reserves information platform. The reserves enterprises improve the production capacity
and reserves level of emergency medical materials, which is expected to provide faster and high-quality medical material
support in the event of public health incidents, generate more social benefits, and both parties can obtain more rewards
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for emergency reserves achievements, further ensuring the stability of the entrusted agency cooperation for emergency
medical material production capacity reserves. Meanwhile, Proposition 7 is once again validated in Figs 9 and 10.

Based on the above simulations, both cost subsidies and rewards for reserves achievements can promote the evolution
of the game system towards cooperation in emergency medical material production capacity reserves. When the NPOs
simultaneously carry out reserves cost subsidies and reserves achievement rewards, the thresholds of both measures will
be affected and changed simultaneously. In order to further investigate how cost subsidy intensity affects the evolutionary
results of the game system, a specific reserves achievement reward value B,=5 was set, and four different cost subsidy
intensities were selected, namely 0.2, 0.3, 0.4, and 0.5. By observing Figs 7—10 the evolution trajectory of the emergency
medical supplies production capacity reserves game system under different cost subsidy levels can be obtained.

If the rewards for the achievements of the reserves enterprises are reduced, it can cause a change in the cost subsidy
threshold, and the two are positively correlated. By observing Figs 11 and 12, it can be seen that when the threshold for
cost subsidies is lowered to between 0.3 and 0.4, the simultaneous use of achievement rewards and cost subsidy policies
can promote the evolution of reserves enterprises toward reserves cooperation.

3.2 The impact of unilateral reserves willingness returns and reserves profits and losses on evolutionary
outcomes

Take B,=5,x, = 0.3. From Figs 11 and 12, it can be seen that the enterprises choose rejecting reserves and the NPOs
choose non-entrust reserves. In addition, the penalty base is set to 0, and the NPOs takes 0.5, 1.5, 2, and 2.5 from the
unilateral reserves intention of the reserves enterprises, while keeping all other parameters unchanged. The simulation
results are shown in Figs 13 and 14. In addition, assuming all other parameters remain unchanged, reserves cooperation
costs of the NPOs are taken as 3, 4, 5, and 6, respectively, and the simulation results are shown in Figs 15 and 16.
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Fig 11. System evolution trajectory under different cost subsidy levels under reserves achievement rewards of NPOs.
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Fig 12. System evolution trajectory under different cost subsidy levels under reserves achievement rewards of the reserves enterprises.
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Fig 13. The impact of unilateral reserves intention returns on the evolutionary outcomes of the NPOs.
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Fig 14. The impact of unilateral reserves intention returns on the evolutionary outcomes of the reserves enterprises.
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Fig 15. The impact of reserves profits and losses on the evolutionary outcomes of the NPOs.
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Fig 16. The impact of reserves profits and losses on the evolutionary outcomes of the reserves enterprises.
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Proposition 5 and Proposition 2 are validated in Figs 13—16. On the premise that the income of the NPOs and the
reserves enterprises remain unchanged, observe the changes in unilateral reserves intention income and reserves coop-
eration costs, as well as the proportion of unilateral intention income and reserves cooperation costs to reserves income.
By observing Figs 13—16, it can be observed that there are specific thresholds for both unilateral reserves willingness
returns and reserves cooperation costs. It is worth noting that the threshold for unilateral reserves returns is actually lower
than the threshold for reserves cooperation costs. This finding indicates that compared to unilateral reserves returns,re-
serves cooperation costs have a more significant impact on the ultimate strategic choices of NPOs and reserves enter-
prises. In other words, when considering whether to engage in reserves cooperation, both parties are more likely to be
affected by reserves cooperation costs, rather than just focusing on the size of unilateral reserves returns. At the same
time, the cooperation between the two parties in entrusting and acting as agents for the reserves of emergency medical
supplies production capacity is conducive to improving their respective social reputation and sharing the benefits of social
disaster reduction. At the same time, when the reserves reserves opportunity cost coefficients is high, it can effectively
reduce the reserves cooperation costs and enhance the stability of the entrusted agency relationship for the reserves of
emergency medical supplies production capacity.

At the same time, the introduction of punishment mechanisms has also played a positive role in improving the quality of
reserves opportunity cost coefficients. Based on the simulation results of Figs 13-16, when N,=2 and A, =4, the system
tends to evolve in a direction of Non-entrusted reserves or reserves. In order to further explore the impact of punishment
on the game system, we set N,=2 while keeping other parameters constant, A, =4, And adjust the penalty base values to
4, 5, 6, and 7 respectively. Through this series of simulation experiments, we obtained the evolution results of the system
under different penalty bases, as shown in Figs 17 and 18.

The simulation results in Figs 17 and 18 not only verify the accuracy of Proposition 8, but also further reveal the specific
impact of punishment intensity on the system evolution results. When the punishment intensity is between 4 and 5, there
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Fig 17. The impact of changes in punishment intensity on the evolutionary outcomes of the NPOs.
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Fig 18. The impact of changes in punishment intensity on the evolutionary outcomes of the reserves enterprises.
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is a clear threshold. This means that if the punishment is below this threshold and fails to exceed speculative returns, such
punishment will not effectively guide the reserves enterprises to engage in fair competition. Only when the punishment
exceeds this threshold will the system evolve towards the direction of developing emergency medical material produc-
tion capacity reserves. In addition, with the increase of punishment intensity, the convergence speed of the game system
also shows an accelerating trend. Although the macro level incentive policies for the cooperation of emergency medical
supplies production capacity reserves have provided an opportunity for both sides to cooperate, there is still uncertainty

in the implementation process. The punishment mechanism, as an effective means of constraint, can limit the speculative
behavior of the reserves enterprises, thereby avoiding potential damage to the rights and interests of the NPOs. More
importantly, the punishment mechanism plays a crucial role in driving both parties towards a stable strategy of entrusted
reserves, providing strong guarantees for the realization of emergency medical material production capacity reserves.

4 Conclusions

Based on the core ideas and analytical methods of evolutionary game theory, this study constructs dynamic evolution-
ary game models for the cooperative production capacity reserves of emergency medical supplies between NPOs and
reserves enterprises under two scenarios: “perfect competition” and “government incentive policy intervention.” Through
theoretical deduction, the operational mechanisms of key factors—including one-time subsidies, revenue sharing, cost
subsidies, and regulatory penalties—on the strategic choices of both parties are systematically analyzed. Furthermore,
numerical simulation is used to quantitatively examine the impact of government incentive policies on the final
decision-making equilibrium of the two types of subjects. The research results are summarized as follows:

(1) Under the synergistic effect of perfect competition and government incentive policies, multiple key factors—such
as reputation value, reputation conversion capability, social disaster reduction benefits, and government incentive
intensity—jointly drive the evolutionary game system of emergency medical supply production capacity reserves
toward cooperative equilibrium. However, the impact of government incentive policies on the game system is not
fixed: the achievement of reserves cooperation significantly depends on the reasonable setting of the incentive
allocation coefficient. Excessive bias toward enterprises will weaken NPOs’ willingness to entrust reserves, while
excessive inclination toward NPOs may reduce enterprises’ enthusiasm for reserves participation. Therefore, the
government must carefully consider and scientifically calibrate this allocation coefficient when formulating relevant
incentive policies.

(2) Government incentive policies are the key driving force for breaking through the threshold constraints of cooperative
production capacity reserves and promoting the game system toward cooperative equilibrium. Their coordinated appli-
cation with NPOs’ cost subsidies can significantly improve cooperation efficiency and stability through complementary
advantages. Specifically, the reserves cost-benefit ratio is the core threshold variable determining cooperation: at low
ratios, cooperative equilibrium can be easily achieved through the spontaneous operation of market mechanisms;
once exceeding a specific threshold, perfect competition alone fails, and the game system tends to evolve toward
non-cooperation. Government incentive policy intervention can effectively address this dilemma: on the one hand,
compared with NPOs’ cost subsidies (which take effect quickly in the short term), government incentives exert long-
term and fundamental effects, fundamentally lowering the cooperation threshold; on the other hand, the implementa-
tion of government incentives generates a linkage effect, significantly reducing the cost subsidy threshold for NPOs,
further alleviating their participation pressure and enhancing their willingness to cooperate. Therefore, constructing
a collaborative incentive model with government incentive policies as the core and NPOs’ cost subsidies as supple-
ments can form a complementary effect of “long-term empowerment + short-term efficiency improvement,” efficiently
breaking through the cost-benefit ratio threshold constraint and promoting the stable implementation and sustainable
operation of cooperative production capacity reserves.
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(3) Enterprises’ opportunity costs have a significant negative impact on the achievement of reserves cooperation, while
opportunity benefits may drive the game system toward the “non-reserves” strategy. If the penalty intensity in govern-
ment incentive policies is insufficient—i.e., lower than enterprises’ opportunity benefits—enterprises will most likely
abandon reserves. In such cases, penalty intensity must be increased: only when penalties exceed a specific criti-
cal threshold can cooperative production capacity reserves be promoted. In addition, there is a positive correlation
between the government’s penalty intensity and the cooperative performance of reserves enterprises: stricter penal-
ties reduce enterprises’ opportunity benefits, strengthen their willingness to cooperate, and facilitate the achievement
of emergency medical supply production capacity reserves goals.

Based on the above research conclusions and combined with practical implementation needs, to further improve the
operability of the policy suggestions, this study refers to the relevant laws, regulations and policies on emergency medical
supplies reserves in Chongqing, China (including relevant provisions on emergency supplies management, tax incentives,
and reward and punishment mechanisms) to clarify various quantitative data and operational standards [23,39-44]. The
detailed suggestions are as follows. It should be noted that the setting of various data involved in this paper is consistent
with the current practical norms in Chongqing, which is for reference only. It can be flexibly adjusted and adapted accord-
ing to the emergency management policies, economic development level and actual reserves needs of other regions,
combined with the latest local policy orientation. At the same time, if the relevant policies are adjusted subsequently or
there is room for supplement and improvement of the existing reference information, the data setting can be optimized
accordingly.

(1) Optimize the Incentive Allocation Mechanism to Balance the Interest Demands of Multiple Subjects Focusing on
“precision quantification and dynamic adaptation”, optimize the incentive allocation mechanism for emergency medical
supplies production capacity reserves to ensure that the incentive policies are operable and verifiable. Clarify that the
government’s emergency management department takes the lead and the financial department cooperates as the
exclusive implementation subject of incentive allocation, responsible for the policy implementation and dynamic adjust-
ment, which is consistent with the requirement of multi-department collaborative management specified in the “Mea-
sures for the Administration of Emergency Medical Supplies Reserves in Chongqing.” Refine the evaluation indicators
for the contribution of multiple subjects: the efficiency of enterprises’ production capacity reserves is calculated by
“actual reserves volume / promised reserves volume”, and the resource integration capacity of non-profit organizations
(NPOs) is calculated by “coordinated supplies arrival time limit / agreed time limit.” Combined with the practical expe-
rience of emergency medical supplies reserves in Chongqging and relevant policy orientation, the incentive allocation
coefficient interval is initially set at 0.4 to 0.6, and the basic allocation ratio between enterprises and NPOs can refer to
55% and 45% respectively. Specifically, it can be dynamically adjusted according to the actual contribution evaluation
results of both parties to avoid excessive incentive bias towards a single subject. In the implementation of incentives,
it is necessary to ensure a reasonable profit margin for enterprises and fully cover the entrusted coordination costs of
NPOs, so as to simultaneously enhance the participation willingness of both parties. “The enterprise reserves partic-
ipation rate increases by more than 10% and the NPOs’ willingness to undertake reserves increases by more than
15%” can be used as the reference for evaluating the implementation effect, which can be optimized and adjusted
according to the actual implementation situation to promote the stable evolution of the game system towards coopera-
tive equilibrium.

(2) Construct a “Government-led + NPO-supplemented” Collaborative Incentive System to Break Through Threshold Con-
straints Deepen the “government-led + NPO-supplemented” collaborative model to form a closed-loop complementary
mechanism featuring “long-term empowerment + short-term efficiency improvement”, effectively reduce the cooperation
threshold and improve cooperation efficiency, which is consistent with the emergency supplies reserves management
principle of “hierarchical responsibility and collaborative guarantee” in Chongging. At the government level, combined
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with the relevant requirements on tax reduction and exemption in the “Measures for the Administration of Tax Preferen-
tial Policies Enjoyed by Chongging Commodity Reserves Management Companies and Their Directly Affiliated Ware-
houses” and the calculation of the operation costs of local reserves enterprises in Chongqing, the specific standards
for tax incentives for reserves enterprises can refer to reducing enterprise income tax by 5% to 8% according to the
reserves capacity, and the specific ratio can be adjusted according to the latest tax policies. Standardize the payment
process of reserves compensation funds, and it is recommended to implement quarterly payment. For the delayed
payment part, liquidated damages can be paid at a rate of 0.05% per day to protect the legitimate rights and interests
of enterprises and NPOs, echoing the requirement of standardized management of reserves funds in the “Measures for
the Administration of Emergency Medical Supplies Reserves in Chongqing.” At the NPOs level, give play to the advan-
tages of flexibility and efficiency, and simplify the application process for short-term subsidies. After enterprises and rel-
evant subjects submit the reserves service agreement and cost details, the review shall be completed within 3 working
days, and the subsidy can be issued at 3% to 5% of the coordinated supplies amount to quickly respond to emergency
reserves needs. Establish a monthly docking mechanism between the government and NPOs to achieve policy linkage.
“The cooperation threshold is reduced by more than 20% and the emergency supplies response time limit is shortened
by more than 15%” can be used as the reference for evaluating the implementation effect, which is in line with the work
requirement of “efficient allocation and rapid guarantee” of relief supplies in Chongging, so as to realize the complemen-
tary advantages of both parties and improve cooperation efficiency and stability.

(3) Improve the Penalty Constraint Mechanism to Strengthen the Rigidity of Policy Implementation Establish a hierarchi-
cal and classified penalty constraint mechanism to strengthen the rigidity of policy implementation, restrict the short-
term speculative behaviors of subjects, and ensure the achievement of reserves goals, which is consistent with the
relevant provisions on the accountability of enterprises undertaking reserves for violations of regulations specified in
the “Measures for the Administration of Emergency Medical Supplies Reserves in Chongging.” Construct a hierarchi-
cal penalty system directly linked to enterprises’ opportunity benefits, ensuring that the penalty intensity is not only
higher than the potential opportunity benefits of enterprises but also exceeds the critical threshold, so as to reduce the
attractiveness of the “non-reserves” strategy. Clarify the reference for hierarchical penalty gradients: if the opportunity
benefit is not more than 100,000 yuan, the fine amount can refer to 1.2 times the opportunity benefit; if the opportu-
nity benefit is more than 100,000 yuan and not more than 500,000 yuan, the fine amount can refer to 1.5 times the
opportunity benefit; if the opportunity benefit is more than 500,000 yuan, in addition to the fine according to the corre-
sponding ratio, consideration may be given to revoking the enterprise’s policy support qualification within 3 years and
including it in the joint disciplinary list for untrustworthy entities, and the specific penalty standards can be adjusted
according to the latest laws and policies. Strengthen regular supervision, which is recommended to be carried out by
the government’s emergency management department together with a third-party institution, completing a comprehen-
sive evaluation every six months, and notifying and criticizing the relevant responsible persons who fail to implement
the penalty mechanism. “The enterprise default rate is reduced to less than 5% and the reserves goal completion rate
reaches more than 95%” can be used as the reference for assessment, which is compatible with the physical reserves
requirements in Chonggqing, forming a closed-loop management of “adequate incentives and strong penalties” to
ensure the effective implementation of various reserves policies.

5 Limitations and future work

This study employs surrogate indicators and indirect data to conduct quantitative analysis, which has certain limitations.
Future research can further optimize the quantitative models of these two aspects by conducting special surveys, obtain-
ing microdata reserved from government-enterprise cooperation, and introducing questionnaire surveys and in-depth
interviews, thereby enhancing the accuracy of research conclusions.
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