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Abstract

At the critical juncture where Chinese cities are transitioning toward intensive urban re-
newal and sustainable development, the revitalization and adaptive reuse of industrial
heritage face a collective action dilemma stemming from the misaligned interests among
three key stakeholders: the Local Government (LG), the Industrial Heritage Developer
(IHD), and the Neighboring Complementary Merchants (NCMs). To address this chal-
lenge, this study constructs a tripartite evolutionary game model and innovatively pro-
poses an analytical framework of a Multi-Dimensional Policy Lever System, which inte-
grates spatial synergy (k, w, v), economic incentives (p1, p2, q), and behavioral regulation
(m, n). Numerical simulations reveal that the successful regeneration of industrial herit-
age does not rely on any single policy but fundamentally depends on the systematic co-
ordination and dynamic adaptation of these three-dimensional levers. The nonlinear cou-
pling of spatial elements forms the foundation for value leapfrogging. The economic driv-
ing force requires a critical shift from government subsidies (p) towards a market-based
value capture and recycling mechanism (q). Behavioral interventions provide the neces-
sary cognitive and normative safeguards for cooperation. The research elucidates a three-
phase evolutionary pattern of the system, transitioning from a stalemate to synergy, and
emphasizes the need for an adaptive and sequential combination of policies. The theoret-
ical contribution of this study lies in providing an integrative quantitative analytical
framework. Its practical significance is to offer a scientific basis for decision-makers to
construct a dynamic policy toolbox and promote the sustainable collaborative governance
of industrial heritage.

Keywords: industrial heritage; evolutionary game theory; multi-dimensional policy lever
system; collaborative governance; sustainable urban regeneration
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1. Introduction

Against the backdrop of a profound global shift in urban development paradigms
from extensive expansion to intensive renewal, the adaptive reuse of industrial heritage
has emerged as a core issue for achieving Sustainable Development Goal 11 (SDG 11) [1,2].
Its essence lies in steering urban development away from consumptive growth towards
regenerative development that encompasses cultural, social, economic, and environmen-
tal dimensions [3,4]. This process necessitates moving beyond mere physical renovation
to a systematic assessment of the intrinsic value of heritage and the coordination of multi-
dimensional interests [5-7]. This transition is particularly urgent and complex within the
Chinese context. The Guiding Opinions on Promoting Urban Renewal Actions in a Sus-
tained Manner (The Guiding Opinions) issued by the General Office of the State Council
of China explicitly outlines strategic requirements to prevent massive demolition and con-
struction, to strengthen the protection and utilization of industrial heritage, and to estab-
lish a sustainable urban renewal model featuring government guidance, market opera-
tion, and public participation [8]. This provides a top-level policy framework for system-
atically addressing the common collective action dilemma in industrial heritage renewal.
Industrial heritage not only carries unique historical context and collective memory but
also represents a critical asset within the urban stock space—one that urgently requires
activation and possesses the potential to catalyze the integrated regeneration of entire dis-
tricts [9]. Transforming these areas from industrial rust belts into vibrant life belts that
blend cultural identity, ecological resilience, community vitality, and economic innova-
tion is not only an essential path for promoting high-quality urban development but also
a key practice in implementing China’s People-Centric City concept and achieving an in-
clusive, sustainable urban future [6,10].

However, realizing this vision often faces severe challenges from a collective action
dilemma in practice [11,12]. Industrial heritage renewal is fundamentally a complex game
involving multiple stakeholders, including the Local Government (LG), the Industrial
Heritage Developer (IHD), and Neighboring Complementary Merchants (NCMs). The LG
must balance multiple objectives—heritage conservation, public service provision, and
economic development—under fiscal constraints [13]. The IHD confronts high conserva-
tion and renovation costs alongside long-term operational risks, resulting in uncertain in-
vestment returns [14]. While NCMs are motivated to benefit from the positive externalities
generated by heritage revitalization, they generally lack incentives to actively participate
in synergistic upgrading and tend to free-ride [11,15]. This profound misalignment of in-
terests and absence of incentives often lead projects into a stalemate, characterized either
by proactive government initiatives with insufficient market response or by the low-end
lock-in of surrounding areas after the core site’s revitalization. Consequently, it becomes
difficult to establish a sustainable, synergistic, and symbiotic regional regeneration system
[14].

Existing research provides multi-dimensional perspectives for understanding the
collective action dilemma in industrial heritage renewal, spanning a broad spectrum from
physical-spatial planning to governance mode analysis [16]. In recent years, applying evo-
lutionary game theory to analyze the strategic interactions among multiple agents in re-
newal processes has emerged as a new direction. Studies have confirmed the crucial role
of government intervention and incentives in promoting redevelopment led by original
land users [17-19]. However, most existing game models are confined to a binary frame-
work involving only the government and developers, or they examine policy tools in a
singular and static manner [20]. Although research has highlighted the importance of pol-
icy combinations and the evolutionary mechanisms of cooperative behavior in multi-
agent systems [21], a core question remains systematically unanswered: How can an inte-
grated set of policy tools be designed to simultaneously coordinate key variables across
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spatial, economic, and behavioral dimensions, thereby effectively guiding the strategies
of the LG, IHD, and NCMs from a non-cooperative game towards a sustainable synergis-
tic equilibrium?

To address this research gap, this paper innovatively constructs a tripartite evolu-
tionary game model encompassing the LG, IHD, and NCMs, and proposes a theoretical
framework of a Multi-Dimensional Policy Lever System designed to resolve the synergis-
tic dilemma in industrial heritage renewal. This framework systematically integrates scat-
tered policy tools into three core levers that precisely target different evolutionary drivers:

(1) The Spatial Synergy Lever: Through the coupled design of Infrastructure Carrying
Capacity (k), Heritage Spatial Activation Rate (w), and Degree of Functional Mix (v),
this lever aims to systematically enhance the physical environmental resilience, cul-
tural core attractiveness, and business format vitality of the area, laying the material
foundation for value creation.

(2) The Economic Incentive Lever: Through the mechanism design of development in-
centives (p1), operational incentives (pz), and Value Capture and Recycling (q), this
lever aims to reconfigure sustainable models for benefit distribution and cost-sharing.
It facilitates a smooth transition of the driving force from initial government fiscal
subsidies to a later-stage market-based value closed loop.

(3) The Behavioral Regulation Lever: Through the strategic design of Place Perception
intervention (m) and Spatial Negative Externality control (n), this lever aims to em-
ploy behavioral economics and spatial governance tools to correct agents” myopic
cognition, establish reasonable competition rules, and guide long-termism and coop-
erative behavior from both psychological and institutional perspectives.

This study aims, through the construction and simulation analysis of this tripartite
game model, to delve into the following questions: How do the strategic choices of the
three parties dynamically evolve under different parameter combinations of the three pol-
icy levers? What are the critical thresholds and marginal effects of each lever, and how do
their interactive and synergistic mechanisms operate? Ultimately, the goal of this research
is to provide quantitative theoretical foundations and decision-making support for poli-
cymakers to design a precise, synergistic, and adaptable policy tool portfolio. This aims to
propel industrial heritage renewal from isolated project islands towards a sustainable syn-
ergistic ecosystem, contributing theoretical insights and practical solutions for the high-
quality regeneration of urban stock space in China and similar cities globally.

2. Literature Review

The adaptive reuse of industrial heritage has become a central theme in sustainable
urban renewal [22]. The research paradigm is shifting from the conservation of individual
buildings towards a focus on multi-stakeholder synergy and systemic revitalization [23-
25]. However, when deconstructing the synergistic mechanisms of the core triad—LG,
IHD, and NCMs—the fragmentation of analytical tools and the limitations of theoretical
frameworks have become increasingly apparent. This review aims to clarify research pro-
gress concerning the three dimensions of space, economy, and behavior, thereby laying
the groundwork for constructing an integrated Multi-Dimensional Policy Lever System.

2.1. The Spatial Synergy Lever (k, w, v): From Isolated Elements to Systemic Coupling

TSpace serves as the foundation for value regeneration in industrial heritage. Early
spot-renewal models often led to projects becoming disconnected from the urban fabric,
creating cultural islands. Subsequent area-based ecological restoration and industrial im-
plantation still frequently face challenges of fragmented governance [25,26]. This has
prompted cutting-edge research to adopt a networked and systemic perspective [27].
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Three core variables within this perspective constitute The Spatial Synergy Lever in this
study: Infrastructure Carrying Capacity (k) is the physical cornerstone determining re-
gional accessibility, investment environment, and spatial performance, with its improve-
ment significantly boosting commercial vitality [28]; Heritage Spatial Activation Rate (w)
emphasizes transforming physical remains into living cultural capital and multifunctional
spaces through creativity and technology [25]; and Degree of Functional Mix (v) is a key
catalyst for stimulating regional economic and social network vitality [25,28]. Recent stud-
ies indicate that the synergistic coupling of k, w, and v can generate nonlinear value-
added effects surpassing simple summation. For instance, linking dispersed nodes
through linear spaces like heritage corridors can form a powerful regional brand ecosys-
tem with significant positive spillovers [27-29]. At the theoretical modeling level, research
has also begun to explore the complex influence of spatial structure on the evolution of
multi-agent cooperation [30,31]. However, existing studies predominantly remain at the
level of qualitative description or single-dimensional assessment. There is a lack of sys-
tematic modeling analysis and simulation verification concerning the precise quantitative
interactions among k, w, and v, and how their synergistic gain mechanisms transmit to
and influence the micro-level decisions of multiple stakeholders, including the LG, IHD,
and NCMs [25,32].

2.2. The Economic Incentive Lever (p1, pz, q): From Fiscal Dependence to a Value Loop

Benefit distribution lies at the core of synergistic renewal. Extensive research con-
firms that initial government subsidies and policy incentives (p1, p2) can effectively lower
entry barriers and startup costs for market entities, serving as crucial tools for catalyzing
project initiation [18,33]. However, their limitations are also widely recognized: over-reli-
ance on fiscal subsidies is not only unsustainable but also inadequate for precisely captur-
ing and feeding back the positive externalities generated by private investment [33,34].
Consequently, academic and policy focus is shifting towards constructing a self-sustain-
ing endogenous cycle mechanism, namely Value Capture and Recycling (q). Its core lies
in institutional designs, such as tax increment financing or business improvement districts,
to partially recapture gains from land value appreciation and commercial spillovers gen-
erated by heritage revitalization and then channel them back to cover renewal costs and
sustain operations [33,34]. Existing discussions predominantly concentrate on macro-level
public value capture, paying insufficient attention to the micro-level, market-contract-
based benefit recycling mechanism (q) between private sectors, particularly from NCMs
to the IHD. The resulting benefit imbalance, stemming from free-riding behavior, consti-
tutes the fundamental economic cause for the IHD’s lack of long-term investment moti-
vation and the low-end lock-in of NCMs’ business formats [18,35-37]. Therefore, design-
ing a complete incentive chain that connects initial government incentives (p) with a long-
term market-based closed loop (q) is essential. However, existing game models lack re-
fined simulation and empirical testing regarding the dynamic transition conditions, criti-
cal thresholds for the effectiveness of the value recycling mechanism (q), and how it sys-
tematically influences the strategic co-evolution of the LG, IHD, and NCMs [38,39].

2.3. The Behavioral Regulation Lever (m, n): Governing Cognition and Rules Beyond
Economic Rationality

Decision-making is influenced not only by economic interests but also profoundly by
psychological cognition and social norms. In industrial heritage renewal, the Place Per-
ception Coefficient (m) plays a pivotal role. Behavioral economics and heritage studies
indicate that stakeholders often exhibit myopia, leading to a systematic undervaluation
(m < 1) of the long-term cultural and social value of heritage due to cognitive biases [40-
45]. Correcting this bias requires interventions such as active narrative dissemination,
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community engagement, and digital technologies like extended reality (XR) to enhance
collective identity and convert cultural capital into sustainable investment willingness
[41,46].

On the other hand, the Spatial Negative Externality Coefficient (n) deeply affects the
efficiency of collective action. Low-end or incompatible commercial activities can create a
tragedy of the commons, eroding the overall value of the area (n < 1) [47,48]. Moving be-
yond traditional administrative commands, frontier research explores rules-based soft
governance tools, such as merchant credit ratings and business format covenants, and
draws on club resource theory to design incentive-compatible spatial rules [49,50]. This
approach, which transforms spatial governance into a rule-based game, aims to foster
positive social norms and peer pressure, thereby incentivizing merchants to pursue sym-
biotic upgrading and offering a new pathway for constructing a healthy competitive en-
vironment [49].

2.4. Innovations of This Study

In summary, while existing research has provided multi-dimensional insights, nota-
ble limitations persist: firstly, a fragmentation of dimensions, where spatial, economic,
and behavioral tools lack an integrated framework; secondly, a limited perspective, often
neglecting the critical third-party role of NCMs; and thirdly, static analysis, lacking quan-
titative examination of the synergistic evolution mechanisms of dynamically combined
levers.

This study aims to bridge these gaps. By constructing an LG-IHD-NCMs tripartite
evolutionary game model and proposing an integrated Multi-Dimensional Policy Lever
System, this research will not only verify the independent effects of the three lever cate-
gories—spatial (k, w, v), economic (p1, pz, q), and behavioral (m, n)—but will also focus
on revealing their interaction mechanisms, critical thresholds, and combination strategies.
This approach systematically addresses the question of how to guide the three parties
from a game stalemate towards synergistic symbiosis, thereby providing a new quantita-
tive analytical framework for the sustainable governance of industrial heritage.

Theoretically, this framework advances debates on collaborative governance by
moving beyond normative advocacy to specify its micro-foundations. It integrates in-
sights from institutional economics (e.g., designing self-enforcing contracts via q to re-
solve free-riding), spatial political economy (e.g., treating spatial variables k, w, v as cap-
italizable assets within a value production network), and governance theory (e.g., how
behavioral levers m, n shape the cognitive and normative context for cooperation). Thus,
the contribution lies in providing a testable, integrative theory of how multi-dimensional
policy interventions can structurally alter stakeholder incentives to transition from a gov-
ernance stalemate to a synergistic equilibrium.

3. Building and Analysis of Evolutionary Game Model
3.1. Assumptions and Key Variables

Game theory focuses on the analysis of Behavioral Strategies among multiple stake-
holders. Accordingly, this paper constructs a tripartite evolutionary game model involv-
ing LG), IHD and NCMs. The Strategic Interactions among these agents are illustrated in
Figure 1, and the definitions of all parameters are detailed in Table 1. To maintain a bal-
ance between theoretical breadth and logical focus, the model is structured hierarchically.
The core analytical framework is centered on regulatory governance and economic redis-
tribution (represented by the payoff matrix), which governs the fundamental strategic
choices of the three stakeholders. In contrast, elements of spatial production and behav-
ioral cognition are treated as “input variables” or “extensible modules” that modulate the
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values of specific parameters (e.g., k and v), rather than independent structural layers.
This approach prevents conceptual overfitting while ensuring the model’s adaptability to
various renewal contexts.

Spatial-Game Coupling Mechanism: Cultural-Commercial Ecosystem
Industrial Brownfield Value Reproduction (Value Reproduction)

p1

(Development Incentive Coefficient)

N k
Local Government \ (Infrastructure Carrying Capacity)
(Regulator) \

q AV

(Value Capture & Recycling Coefficient . |

000 \ Neighboring Complementary Mekchants
€L (Participants)

3
[

Cultural-Commercial Ecosystem
(Value Reproduction)
Sustainable Land Use & Vitality

Industrial Heritage Developer
(Operator)

& Core Brownfield Site

7 &5 \x‘._“‘(»StOck Assets)
.

(Heritage Spatial Activation Rate) ~

(Place Perception Coefficient)

Figure 1. Strategic interaction mechanism among the Local Government, Industrial Heritage Devel-

oper, and Neighboring Merchants.
The model is predicated on the following assumptions:

Assumption 1. Bounded Rationality and Strategy Dynamics. All three parties are mod-
eled as boundedly rational learners who refine their strategic choices via trial and error,
learning from feedback, and imitating peers. Their respective strategy spaces are: LG (pro-
active regulation, x; status quo regulation, 1 - x), IHD (adaptive reuse and revitalization,
y; low-value rent-seeking and idling, 1 - y), and NCMs (symbiotic upgrading, z; free-ride,
1 - z), where x, y, z € [0,1] represent the proportion of each party adopting the proactive
strategy.

Assumption 2. Synergy and Externalities in Payoffs. The payoff for each agent depends
on the combination of its own strategy and the strategies of others, moderated by two key
effects: (1) Synergy Effect: When two or all three parties adopt proactive strategies, they
can generate supernormal payoffs through the coupling of elements; (2) Externality: The
free-ride behavior of NCMs imposes a negative externality on the IHD, while their sym-
biotic upgrading behavior generates a positive externality.

Assumption 3. Multi-Dimensional Levers Embedded in the Payoff Functions. This study
transforms the three major policy levers of space-economy-behavior into key parameters
that directly adjust the costs or benefits of each party, embedding them into their respec-
tive payoff functions. This approach quantifies the micro-level pathways of policy inter-
vention. Accordingly, the main variables and parameters of the model are defined as fol-
lows (key parameters are listed in Table 1), with their design closely corresponding to the
three levers:
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(1) Spatial Synergy Lever Variables (Value Creation). This group of variables determines
the ceiling and structure of value creation within the system.

Infrastructure Carrying Capacity (k): A government investment variable that en-
hances regional foundational support. Its investment cost exhibits increasing marginal
costs (Cg2-l¥). Concurrently, k enters the payoff functions of the IHD and NCMs as a syn-
ergy gain coefficient.

Heritage Spatial Activation Rate (w): An owner effort variable, measuring the degree
of cultural heritage transformation. Its retrofitting cost exhibits increasing marginal costs
(Cn2j*). w is the core source of the area’s cultural attractiveness.

Degree of Functional Mix (v): A collective action variable for merchants, reflecting
the level of business format complexity. Its upgrading cost exhibits increasing marginal
costs (Cp2iY). v is key to stimulating network effects.

Synergy Gain Coefficients (s, d, u): Nonlinear combinations of the above three varia-
bles (e.g., s = k-a1 + w-az + v-as), characterizing their multiplier effects on asset value (s),
commercial spillover (d), and social benefit (u), respectively. They constitute the funda-
mental attraction driving systemic cooperation.

(2) Economic Incentive Lever Variables (Value Distribution). This group of variables
aims to regulate cost-sharing and benefit distribution, addressing the issue of incen-
tive compatibility.

Government Subsidy Coefficients (p1, pz2): Government policy variables that propor-
tionally offset the IHD's revitalization cost (p1Cn2j*) and the NCMs’ upgrading cost
(p2-Cpe-iv), thereby lowering the initial action threshold.

Value Capture and Recycling Coefficient (q): A core contractual variable. When
NCMs gain incremental benefits from systemic synergy, a certain proportion (q) of these
benefits is recycled to compensate the IHD. This mechanism aims to internalize positive
externalities, transforming free-riding into co-creation and benefit-sharing, thus serving
as the economic link that sustains long-term cooperation.

(3) Behavioral Regulation Lever Variables (Value Cognition). This group of variables
characterizes the moderating effect of psychological cognition and interaction norms
on decision-making.

Place Perception Coefficient (m): A cognitive bias variable (m > 0). The IHD’s subjec-
tive evaluation of the long-term cultural and brand benefits generated by revitalization
equals its objective value multiplied by m. An m < 1 indicates myopic undervaluation.
Policy interventions (e.g., narrative building, participation) aim to increase m.

Spatial Negative Externality Coefficient (n): A behavioral constraint variable (0<n <
1). When NCMs choose the “free-ride” strategy, their behavior reduces the IHD’s base
payoff by a multiplier n, simulating the damage caused by low-end business formats to
the area’s overall value. This creates market pressure that compels NCMs to regulate their
behavior.

Table 1. Key Model Parameters and Definitions. (Note: An asterisk (*) denotes a parameter that can

assume a value of either 0 or 1).

Parameter Meaning Remarks
Infrastructure Carrying Capacity coefficient, representing the level of improve-
k ment by the government in pipeline resilience, transportation micro-circulation, 0<k<1
and public space around the plot.
Heritage Spatial Activation Rate, representing the degree of cultural retrofitting
w ) . . 0<w<1
and developmental enhancement of the industrial heritage by the IHD.
v Degree of Functional Mix, representing the extent to which NCMs upgrade from 0<v<l

low-end to high-end business formats.
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Industrial Heritage Development Subsidy coefficient, representing the proportion
p! of the IHD’s incremental cost subsidized by the government under proactive poli- 0<pi<1
cies.
Supporting Upgrade Subsidy coefficient, representing the proportion of the
p2 ;s 1 . .. 0<p2<1
NCMSs’ incremental cost subsidized by the government under proactive policies.
q Value Capture and Recycling coefficient, representing the proportion of NCMs’ in- 0<q<1
cremental revenue shared with the IHD in states (¥, 1, 1). T
Place Perception coefficient, quantifying the IHD’s cognitive bias regarding the
m long-term cultural value (sentiment, memory) of the industrial heritage. An m <1 mz=0
indicates myopic undervaluation, while m > 1 signifies value discovery.
Spatial Negative Externality coefficient, quantifying the crowding-out effect
caused by spatial strategy conflicts. Its effect is state-dependent: (1) In state (*, 0, 0)
(both parties passive), the spatial uniqueness of the heritage gives the IHD a natu-
n ral advantage over surrounding low-end merchants, so n only reduces NCMs' rev- 0<n<1
enue. (2) In state (*, 0, 1) IHD passive, NCMs active), the quality upgrading of
NCMs creates reverse competitive pressure on the core site, causing n to reduce
the revenue of both parties (competitive dissipation).
. Marginal Infrastructure Cost coefficient for the government’s infrastructure im- -
provement.
1 Infrastructure Cost Elasticity, regulating the sensitivity of the government’s con- 150
struction cost to capacity improvements (k).
g Marginal Heritage Retrofitting Cost coefficient for the IHD. g=j"
. Heritage Retrofitting Cost Elasticity, regulating the sensitivity of the IHD’s renova- .
J tion cost to the activation rate (w). j>0
¢ Marginal Functional Replacement Cost coefficient for NCMs’ business format up- feoiv
grading.
: Commercial Upgrading Cost Elasticity, regulating the sensitivity of NCMs’ up- (>0
grading cost to the functional mix (v).
1=k-ai+w-a2+ v-as
Differential Rent Synergy coefficient, representing the impact of the three parties’”  s2=k-a1 + w-az;
S proactive behaviors on the IHD’s revenue. In state Ei(1,1,1), the coefficient is s1,
and so on until ss in state Es(0,0,0). s7=v-as;
ss=0
ai Contribution weight of infrastructure (k) to the Differential Rent Synergy (s).
az Contribution weight of heritage activation (w) to the Differential Rent Synergy (s). artaztas=1
as Contribution weight of functional mix (v) to the Differential Rent Synergy (s).
di=kb1 + wb2+
Spatial Positive Spillover coefficient, representing the impact of the three parties’ &= kvb?i Wby
d proactive behaviors on NCMs’ revenue. In state Ei(1,1,1), the coefficient is di, and ’
so on until ds in state Es(0,0,0). & = vibs:
ds=0
b1 Contribution weight of infrastructure (k) to the Spatial Positive Spillover (d).
b2 Contribution weight of heritage activation (w) to the Spatial Positive Spillover (d). ~ bi+b2+bs=1
bs Contribution weight of functional mix (v) to the Spatial Positive Spillover (d).
1=ka+wa+ves
Socio-ecological Comprehensive Benefit coefficient, representing the impact of the =~ uwz=k-c1 + w-cz;
u three parties’ proactive behaviors on the LG’s urban operational revenue. In state
Ei(1,1,1), the coefficient is u1, and so on until us in state Es(0,0,0). ur = v-cs;
us =0
Contribution weight of infrastructure (k) to the Socio-ecological Comprehensive
c1 at+tcata=1

Benefit (u).
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Contribution weight of heritage activation (w) to the Socio-ecological Comprehen-

“ sive Benefit (u).
o Contribution weight of functional mix (v) to the Socio-ecological Comprehensive
Benefit (u).
Bgi Base revenue for the LG’s status quo regulation strategy.
Bg2 Base incremental revenue for the LG’s proactive intervention strategy.
Cg1 Base cost for the LG's status quo regulation strategy.
Ce2 Base incremental cost for the LG’s proactive intervention strategy.
Rg1 Subsidy provided by the LG to the IHD under proactive policies. Rgi = pr-Cr2g
Re Subsidy provided by the LG to NCMs f:'or upgrading costs under proactive poli- Ry = prCrof
cies.
B Revenue for the IHD’s low-value rent-seeking and idling strategy.
Bro Base incremental revenue for the IHD’s adaptive reuse and revitalization strategy.
Cnt Cost for the IHD’s low-value rent-seeking and idling strategy.
Cn2 Base incremental cost for the IHD’s adaptive reuse and revitalization strategy.
Bp1 Revenue for NCMs’ status quo operation (free-ride) strategy.
Bp2 Base incremental revenue for NCMs’ symbiotic upgrading strategy.
Cp1 Cost for NCMs' status quo operation (free-ride) strategy.
Cp2 Base incremental cost for NCMs’ symbiotic upgrading strategy.
Rp1 Profit share transferred from NCMs to the IHD in state Ei(1,1,1). Rp1 = q'Bpz-di
Rp2 Profit share transferred from NCMs to the IHD in state E5(0,1,1). Rp2 = q-Bp2-ds
3.2. Establishing and Solving the Evolutionary Game Model
Based on the above assumptions and related variables, the pay-off matrix for the tri-
partite evolutionary game model is obtained Table 2.
Table 2. Pay-off Matrix for the Tripartite Evolutionary Game.
IHD Adaptive Reuse and Revitalization (y) Low-Value Rent(-ls_(;:;kmg and Idling
NCMs symbiotic Upgrading (z) Status Qtllo- Z())peratlon Symblotlc(zl)Jpgradmg St:::; (Slu((;-(z))p
Ei(1,1,1) E2(1,1,0) Es(1,0,1) E4(1,0,0)

Bg1 + Bgzru1 — Cg1 — Cga'r — Rg1 Bg1 + Bgaruz — Cg1 — Cga'r Bg1 + Bga-us — Cg1 — Cgo'r — Bg1 + Bgerua-Cg1 —
proactive - Ry - Rg1 Rg2 Cegr
r:;s::z;l m-(Br + Bhlz :11)+ Rihl Crg+ m (BhlC +hz ?;Szgl G n-B-(1+s3) ~Cn Bu+(1+s4) = Cn

LG P TR padg-cn MO PO e dy - o
Es(0,1,1) Es(0,1,0) E7(0,0,1) Es(0,0,0)
Bgi+(1 +us) — Cg Bg1+(1 + us) — Ca1 Bg1+(1 + ur) — Ca1 Bgi+(1 +us) — Cg1
status quo
regulation m-(Bn1 + Br2:ss) — Cni — Cho-g + m-(Bh1 + Bh2-s6) — Ch1 — nBri-(1+7) - Ci Bin-(1 + 55) — Cin
(1-) Rp2 Cr2g

n+(Bp1 + Bp2rd7) — Cp1 —

Bp1 + Bp2:ds — Cp1 — Cp2:f — Rp2 Bpi1:(1 + de) — Cp1
CpZ'f

n-Bpi-(1 + ds) - Cp

Expected return of LG’s proactive regeneration behavior (Eg1):
Eg1 = y-z:(Bg1 + Bgu1 — Cg1 — C2r — Rg1 — Rg2) + y+(1 — 2):(Bg1 + Bgzruz — Cg1 — Cgo'r — Rg1)

1
+(1 = y)z:(Bg1 + Bgzrus — Cg1 — Cgorr — Rg2) + (1 — y)+(1 — 2)-(Bg1 + Bgzrua — Cg1 — Cg2-1) @

Expected return of LG’s regulatory behavior of maintaining the status quo (Eg):
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Eg =y-z-(Bgi*(1 + us) — Cg1) + y+(1 — z)-(Bg1-(1 + us) — Cg1) + (1 — y)-z(Bgr-(1 + ur) = Cg1) + (1 = y)(1 — 2)-(Bg1-(1 + us) — 2
Cgl)

Mean expected earnings for LG (Eg3):
Egs = x-Eg1 + (1 — x)-Eg2 3)
Replicator dynamic equation for LG, F(x) = x-(Eg1—Eg3), where
F(x) =x:(1 = x)-((y-z*(Bst + Bgz:(k-c1 + w-c2 + v-c3) — Cg1 = Ce2+(I¥) = p1-Cr2-(j*) — p2-Cp2+(iv))
+y+(1 - 2)(Bst + Bez-(keci + wee2) - Gyt — Ce(1¥) — pr-Cre(j))
+(1 - y)z:(Byt + Bg-(kc1 + v-s) — Gyt — Ce(1¥) — p-Cro(i¥)) @
+(1 = y)(1 - 2)(Bgt + Byz-(kcr) — Cgt = Cear(19)) = (yz-(Bea-(1 + (w-cz + v-z)) — Ci)
+y (1= 2)Bgr(1 + (W2) = Ca) + (1~ y)z:(Bgr(1 + (v:3))-Cg1) + (1 — y)(1 =~ 2)-(Bgt — Ce1)))
Expected return of IHD’s adaptive reuse and revitalization behavior (En):

En1 = x-z-(m+(Bn1 + Bra's1) — Ch1 — Ch2-g + Rg1 + Rp1) + (1 = x)-z+(m(Bn1 + Bha'ss) = Chi — Ch2'g + Rp2)

+x-(1 = z)-(m-(Bh1 + Bh2-s2) = Ch1 — Cn2-g + Rg1) + (1 = x)-(1 = 2)-(m-(Bh1 + Bh2-ss) = Ch1 — Cn2-g) ©)
Expected return of IHD’s low-value rent-seeking and idling behavior (En2):
En2 = x-z:(n‘Bhi-(1 + s3) = Cn1) + (1 = x)-z-(:Bha-(1 + s7) — Cn1)
+x+(1 = z)-(Bn1+(1 + s4) = Cn1) + (1 = x)-(1 = z)-(Bn1+(1 + s8) — Cn1) ©
Mean expected earnings for IHD(Ens):
Ehs = y'Em + (1 - y)-En2 (7)

Replicator dynamic equation for IHD, F(y) = y-(En—Ens), where
F(y) =y-(1 - y)((xz:(m-(Bn1 + Bre:(k-a1 + w-az + v-a3)) — Ch1 — Cr2+(j*") + p1-Chz-(j*)
+q-Bp2:(k-b1 + w-b2 + v-b3)) + (1 — x)-z:(m-(Bn1 + Bra(w-az2 + v-as)) = Ch1 — Cro-(j*)
+q-Bpz:(Wb2 + v+b3)) + x:(1 — z)-(m*(Bn + Brz:(k-a1 + w-az)) — Cn1 — Crz+(j*) + p1-Crz-(j*)) (8)
+(1 = x)(1 - z)-(m(Br1 + Brzr(w-a2)) — Cr1 — Cr2+(j*))) — (x-z*(n'Brr-(1 + (k-a1 + v-as))
—Cn1) + (1 = x)-z-(n-Bni-(1 + (v-a3)) — Cn1) + x:(1 = z)-(Bn-(1 + (k-a1)) — Cm) + (1 = x)*(1 = 2)-(Bn1 — Cn1)))
Expected return of NCMs’ symbiotic upgrading behavior (Ep1):

Ep1 = xy*(Bp1 + Bpzrd1 = Cp1 = Cpzrf — Rp1 + Rg2) + (1 — x)-y*(Bp1 + Bpa-ds — Cp1 — Cpa-f — Rp2)

+x:(1 = y)-(n+(Bp1 + Bpz-ds) — Cp1 — Cpz-f + Rg2) + (1 = x)+(1 = y)-(n-(Bp1 + Bp2-d7) = Cp1 — Cp-f) ©)
Expected return of NCMs' status quo operation behavior (Ep2):
Ep2 = x-y-(Bp1-(1 + d2) = Cp1) + (1 = x)-y-(Bpr:(1 + ds) — Cp1) 10
+x:(1 = y)-(n-Bp1-(1 + da) = Cp1) + (1 = x)(1 - y)-(-Bp1-(1 + ds) — Cp1)
Mean expected earnings for NCMs (Eps):
Eps = z-Ep1 + (1 - z)-Ep2 (11)

Replicator dynamic equation for NCMs’ responses F(z) = z-(Epi—Ep3), where
F(z) =z-(1 - z)-((x"y"(Bp1 + Bpz:(k-b1 + w-b2 + v-b3) — Cp1 — Cp2:(i¥) — q-Bpz-(k-b1 + w-b2 + v-bs)
+p2-Cp2+(iv)) + (1 — x)-y(Bp1 + Bp2:(w+bz + v-bs) — Cp1 — Cp2+(iv) — q-Bpe-(w-b2 + v-bs))
+x:(1 = y)-(n:(Bp1 + Bpzr(k-b1 + v-b3)) — Cp1 — Cp2+(iv) + p2-Cp2-(iv)) (12)
+(1=x)-(1 = y)-(-(Bp1 + Bpz-(v-bs)) — Cp1 — Cp2:(i))) — (xy-(Bp1:(1 + (k-b1 + w-bz)) — Cp1)
+(1 = x)-y-(Bp1-(1 + (W'b2)) — Cp1) + x-(1 — y)-(n'Bp1-(1 + (k-b1)) = Cp1) + (1 — x)-(1 - y)-(n'Bp1 — Cp1)))
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3.3. Equilibrium Analysis of Evolutionarily Stable Strategies

The solution to the system of replicator dynamics equations (F(x) =0, F(y) =0, F(z) =
0) yields eight pure-strategy equilibrium points for the tripartite game: E1(1,1,1), E2(1,1,0),
Es(1,0,1), E«(1,0,0), Es(0,1,1), E«(0,1,0), E#(0,0,1) and Es(0,0,0) [51-53].

The local stability of each equilibrium point within this system of differential equa-
tions is assessed by analyzing the eigenvalues of its associated Jacobian matrix. For the
tripartite evolutionary game, the Jacobian matrix ] is given by:

R S (2x = 1)-g1) x-(x = 1)-g@) x(x = 1)-g@)
J= %y) al;—(yy) %y) ={y @-yrgd @O-2y)805) y@ -1 g6
OF(z) OF(z) OF(z) z:(1-2)-g7) z(@z-1-88) ((2z-1)-80) (13)
dx dy dz
where
g(1) = Cezlx — Bgzrerk + Cprivp2z + Crzjw-pry + Bgrrcow-y + Bgires vz — Berczwry —
Bg2rcsvez
g(2) = Cn2jjv-p1 + Bgirc2w — Bgzrc2w
8(3) = Cp2iiv-p2 + Bgr-ca'v — Bgzrca-v
g(4) = Cn25j"-p1 — Bnrrark + Brerarrk-m + Bri-ark-z — Burrarknz + Bpzrbrrk-q-z
g(5) = Bu'm - Bn + Buiz = Cn2jv — Bun'z + Crejv-prrx — Brrrark-x + Brerazm-w +
Bre-ark'm-x + Bnrarkx-z + Brrasm-vz - Bunrasnv-z + Bpebsqvz + Bprbrqwz -
Brr-arkn-xz + Bpzbrk-q-xz
g(6) =Bn1 — Bui'n + Burrarrk-x + Brzras'm-v — Bni-asn-v + Bp2-bs-q-v + Bp2-b2-q-w — Brirar-k-n-x
+ Bpzbik-q-x
8(7) = Cp2iv-p2 = Bp1-b1-k-n + Bpz-b1-k'n — Bpr-br-k-y + Bpz-br-k-y + Bp1-bi-k-n-y — Bpz-b1-kn-y
- Bpbrk-qy
g(8) = Bp1-b2w — Bp2bs-v — Bpzb2rw + Bp1-bi-k-x — Bpz:b1-k-x + Bpz:bs'n-v + Bp2-bs-q-v +
Bp2-b2:q-w — Bp1-bi-k-n-x + Bpz-br-k-n-x + Bpz-b1-k-q-x
8(9) = Cpz-iv — Cpz:iv-p2-x — Bpz-bsn-v — Bpz-bs-v-y + Bp1-b2-w-y — Bp2-b2w-y + Bp1-b1-kn-x —
Bpzbrknx + Bprbrkxy - Bprbrkxy + Bprbsnwvy + Bprbsqvy + Bpbrqwy -
Bp1-bi-kn-xy + Bpzbrkn-xy + Bpzbrrk-gxy
This study employs standard Jacobian eigenvalue analysis to evaluate the stability of
the eight candidate equilibrium points in the tripartite replicator dynamics system. Fol-
lowing Lyapunov’s direct method, an equilibrium is identified as an Evolutionarily Stable
Strategy (ESS) only when all three associated eigenvalues possess negative real parts (A <
0). Instability is concluded if any eigenvalue is positive (A > 0). The calculated eigenvalues
(A) corresponding to each equilibrium point are summarized in Table 3.
Table 3. Calculated Eigenvalues and Stability Conditions for the Eight Pure-Strategy Equilibria (Lo-
cal asymptotic stability requires all eigenvalues to have negative real parts).
ESS Al A2 A3

E1
(1,1,1)

E2  Bgi(c2w + 1) = Bg1 — Bg2:(crkk + c2w)  Bri(ar-k + 1) = m+(Bh1 + Br+(ar-k +
(1,1,0) + Cgzrl< + Crajw-pr a>w)) + Cnzj* — Cr2jw-p1

Es Bg1+(c3v + 1) — Bg1 — Bg2+(crrk + c3-v)
(1,0,1) + Czlk + Cpo-ivep2

Bgi:(c3v + 2w + 1) = Bgt = Bgz(crrk +  Ch2;j¥ = m+(Bn1 + Bre:(arrk + a3'v +  Bpi+(br-k + b2w + 1) = Bp1 — Bp2:(b1k +
v+ c2w) + Cezlk + Cpoiv-p2 + azw)) — Bpzrqr(bi'k + bav + b2w) = bsv + baw) + Cpe-iv + Bp2-q-(br-k + bsv
Crejv-pl Cr2jv-p1 + Bun-(ark + as-v + 1) +b2w) — Cpziv-p2

Bp1 — Bp1+(b1-k + b2rw + 1) + Bpa-(br-k +
bs'v + b2:w) = Cp2-iv — Bp2:q(b1-k + bs-v
+b2w) + Cp2iv-p2
m-(Bhi1 + Bro-(ar-k + azv + azw)) -
Cn2j* + Bp2rq-(b1k + bav + baw) +
Cn2jw-p1 — Bun-(ark + as-v + 1)

Cp2:i¥ — n+(Bp1 + Bpz:(b1-k + bav)) -
Cp2:iv-p2 + Bprn-(br-k + 1)
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Es4 m-(Bn + Bre-(a1'k + a2’w)) = Bui-(arrk +  n+(Bp1 + Bp2-(b1-k + bs-v)) — Cpz-iv +
Cgo'lk = Bg2rcrrk } . .

(1,0,0) 1) — Crj* + Crzijw-p1 Cpo-iv-p2 — Bprne(brk + 1)

Es Bglc_ Ei'i@":,’)‘* CéW; 1)C+ Bigz‘(a.k * Cn2j% — m+(Bn + Brzr(as-v + azw)) + Bpi-(b2rw + 1) = Bp1 = Bp2+(bs-v + b2'w)

. e — Cop:lk— 2-{V-p2 —
0,1,1) ’ C ;’ b PP Bri'n:(asv + 1) = Bporq-(bsv + barw) + Cpriv + Bpoq-(bsv + barw)
hz. W. 1

Ee  Bgi— Bgi(c2w + 1) + Bgo:(c1-k + c2'w) P o Bp1 — Bp1-(b2rw + 1) + Bp2+(bs-v + b2-w)
(0,1,0) — Cez Ik - Crajv-p1 B + G~ me(Ba + Bra-azw) — Cyriv = Byorq-(b>v + barw)

E7 Bg1 — Bgi+(c3v + 1) + Bgzr(crrk + c3v)  m+(Bn1 + Brzr(as-v + azw)) — Chzijv — ) o T
(0,0,1) ~ Cglk = Cpariv-pe Bun-(@rv + 1) + Burq(bsv + bow) P Gl T (Ber + Brabsy)
(0%80) Bgrcrrk — Cglx m-(Bn1 + Brrazw) — Cr2+j% — Bm n+(Bp1 + Bp2'bs-v) — Cp2+iv — Bpin

Based on the analysis of equilibrium stability and practices in China, the construction
of an industrial heritage “cultural-commercial ecosystem” can be divided into three
stages, corresponding to different equilibria and revealing the evolutionary process of the
policy lever system (the conceptual pathway is illustrated in Figure 2).

(1) Initiation Phase: Systemic Gridlock (Stable at Es(0,0,0))

At this stage (Figure 2a), the entire policy lever system fails to function effectively.
The Spatial Synergy Lever (w, v) is inefficient, unable to generate sufficient added value
to cover costs; The Behavioral Regulation Lever is weak, characterized by insufficient
value cognition (low m) and a lack of negative externality constraints (weak effect of n);
The Economic Incentive Lever (p1, p2, q) is absent. The payoff of any proactive strategy
falls below that of the status quo, locking the system into a collective action dilemma of
mutual inaction. In terms of governance arrangements, this state corresponds to a “Market
Failure” scenario where the absence of effective policy levers prevents any spontaneous
renewal.

(2) Growth Phase: Heritage Activation (Stable at E2(1,1,0))

At this stage (Figure 2b), the government achieves a single-point breakthrough
through dominant intervention. Enhancing infrastructure (k) and providing subsidies (p1)
significantly improve the IHD’s payoff expectations, driving its active participation (y—
1). However, The Economic Incentive Lever remains incomplete due to the absence of the
Value Capture and Recycling mechanism (q). Consequently, the free-ride strategy (z = 0)
remains the dominant strategy for NCMs. The system stabilizes at an asymmetric equilib-
rium of government-led activation with merchant passivity. This reflects a typical “Gov-
ernment-Dominant Model” often seen in the early stages of Chinese urban renewal, char-
acterized by high fiscal input but low market spillover.

(3) Maturation Phase: Synergistic Development (Stable at Ei(1,1,1))

This stage (Figure 2c) marks the achievement of synergistic optimization within the
multi-dimensional lever system. The Spatial Synergy Lever (k, w, v) couples efficiently,
creating a solid foundation for value-added growth. The Economic Incentive Lever com-
pletes its critical transformation, shifting from initial subsidies (p) to a mature, market-
based Value Capture and Recycling mechanism (q), which institutionally resolves the
free-riding dilemma and aligns the interests of the IHD and NCMs. Simultaneously, The
Behavioral Regulation Lever (high m, effective n) provides cognitive and regulatory safe-
guards. Consequently, the mutually reinforcing proactive strategies adopted by all three
parties establish a virtuous cycle, driving the system’s convergence to an optimal syner-
gistic equilibrium. This state represents the ideal “Collaborative Governance” mode,
where the interests of the LG, IHD and NCMs are aligned through institutionalized value
loops.
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(a) Initiation Phase

(b) Growth Phase (c) Maturation Phase

Figure 2. Evolutionary pathway diagrams derived from the tripartite game model, illustrating the

(a) Initial, (b) Developmental, and (c) Consolidated phases of the system.

4. Simulation Results and Analysis

Promoting the effective synergistic development of Chinese industrial heritage sites
and advancing them to the maturation phase is a crucial objective for urban renewal in
many Chinese cities, as it also helps maximize the investment returns for all stakeholders.
Therefore, this study selects the stable point Ei(1,1,1) as the focal research state. We per-
formed numerical simulations in MATLAB 2024 (b) to generate the strategy evolution
paths for each player. This methodology graphically illustrates how key parameters
within the replicator dynamics shape the evolutionary process and outcomes of the three-

party game [54].

4.1. Calibration Framework and Parameterization Strateqy

This section aims to establish rigorous parameter assignment criteria for the numer-
ical simulation of the tripartite evolutionary game model. The goal is to ensure that the
results effectively validate the theoretical mechanisms of the three major policy levers—
spatial, economic, and behavioral —and reflect the realistic context of industrial heritage
renewal in China. The setting of baseline values and ranges for all parameters is centrally
focused on revealing the independent thresholds, interactive effects, and dynamic path-
ways of these levers.

The parameterization of The Spatial Synergy Lever (k, w, v) is calibrated not only
against publicly available data from typical domestic projects (e.g., Beijing Shougang
Park, Shanghai Yangpu Riverfront) [55-60] but is also deeply rooted in depicting the eco-
nomic law of increasing marginal costs inherent in high-quality renewal. By setting cost
elasticity coefficients greater than 1 (1, j, i > 1), improvements in Infrastructure Carrying
Capacity (k), Heritage Spatial Activation Rate (w), and Degree of Functional Mix (v) cor-
respond to exponentially rising costs. This reproduces resource constraints and nonlinear
threshold effects within the model, aligning with the research framework for multi-criteria
optimization decision-making in the adaptive reuse of industrial heritage [61].

The parameterization of The Economic Incentive Lever (p1, p2, q) simulates the tran-
sition of driving forces from external subsidies to an endogenous cycle. The value ranges
for the Government Subsidy Coefficients (p1, p2) are informed by diverse fiscal support
practices in urban renewal [58], and their dynamic adjustment effects draw on findings
from related evolutionary game studies concerning the fine design of government incen-
tive tools. The setting of the core parameter —the Value Capture and Recycling Coefficient
(q) —focuses on investigating its critical threshold for triggering the internalization of pos-
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itive externalities among private sectors. This is key to overcoming the free-riding di-
lemma and constructing a market-based closed loop, a mechanism akin to incentive con-
ditions that foster cooperative equilibria in structured game populations [62].

The parameters for The Behavioral Regulation Lever (m, n) are grounded in behav-
ioral science and spatial governance research. The baseline value of the Place Perception
Coefficient (m) is set below 1 to quantify stakeholders’ systematic myopic undervaluation
of heritage cultural value. This aligns with research conclusions on enhancing heritage
site satisfaction by increasing social impact and community engagement [25]. The Spatial
Negative Externality Coefficient (n) measures the value degradation caused by low-end
business formats on the area. Its intervention logic resonates with spatial governance stud-
ies that aim to shape compliant behavior and avoid the tragedy of the commons through
rules and oversight [62]. All parameters underwent systematic iterative fine-tuning to en-
sure the model can robustly reproduce the complete evolutionary spectrum from a game
stalemate to a synergistic equilibrium.

Ultimately, through systematic iterative refinement, all parameters were calibrated
to ensure the model can stably replicate multiple potential equilibria from stalemate to
synergy under baseline conditions, providing a robust foundation for subsequent sensi-
tivity analysis and policy combination simulations. The baseline values for all parameters
are detailed in Table 4.

Table 4. Assumptions of initial parameter values before simulation. (Note: The cost-related varia-
bles (1, j, i, f) are defined as base coefficients for the power functions within the replicator dynamic

system to simulate the non-linear marginal costs associated with multi-stakeholder participation.).

Parameter Category Parameter Value Parameter Value Parameter Value
The Spatial Synergy Lever Parame- K 04 w 0.6 v 03
ters
The Economic Incentive Lever Pa- b 0.2 P2 01 q 02
rameters
The Behavioral Regulation Lever m 0.8 N 0.6
Parameters
Nonlinear Cost Elasticity 1 6 j 7 i 5
ai 0.2 a 04 as 0.4
Revenue Weight Coefficients b1 0.2 b2 0.5 bs 0.3
C1 0.1 c2 0.3 c3 0.6
Bgl 3 BgZ 78
LG'sR & Cost P t
s Revenue ost Parameters Cu 5 Co 6
Bni 1 Bh2 35
IHD’s R & Cost P t
s Revenue ost Parameters Cun 5 Cos 5
Bpl 4 BpZ 80
NCMs’ R & Cost P t
s’ Revenue ost Parameters Co 3 Coo 10

4.2. Nonlinear Sensitivity Results of Physical Spatial Elements

Infrastructure resilience (k), Heritage Spatial Activation Rate (w), and Degree of
Functional Mix (v) constitute the three cornerstones of the synergistic “people-place-in-
dustry” system in industrial heritage. In Figures 3-5, the values of k, w, and v are sequen-
tially set to 0.2, 0.4, 0.6, 0.8, and 1.0; 0.4, 0.5, 0.6, 0.7, and 0.8; and 0.1, 0.3, 0.5, 0.7, and 0.9,
respectively. The tripartite simulation results reveal the diminishing marginal utility and
threshold effects of physical spatial interventions.

First, Infrastructure Carrying Capacity (k) exhibits a strict threshold for fiscal sustain-
ability. As shown in Figure 3, moderately increasing k (from 0.2 to 0.4) can effectively
improve the investment environment and promote cooperation among the three parties.
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However, once the investment becomes excessively high (k > 0.8), the exponentially rising
marginal cost (Cg2'1¥) rapidly depletes fiscal surpluses, causing the government’s strategy
(x) to collapse toward a non-cooperative state. This quantitatively substantiates the neces-
sity of preventing massive demolition and construction and pursuing moderate renewal.
Second, Heritage Spatial Activation Rate (w) and Degree of Functional Mix (v)
demonstrate a more pronounced positive lock-in effect. As shown in Figures 4 and 5,
when w and v are at low levels, the system remains in a stalemate. However, once they
surpass the critical thresholds of w > 0.6 and v > 0.5, the synergy gain coefficients are sig-
nificantly amplified, driving both the IHD and NCMs to rapidly converge towards the
ideal state Ei(1,1,1). This indicates that, compared to mere hardware renovation, value
creation based on content implantation (w) and business format symbiosis (v) is the core
endogenous driver for supporting the formation of a multi-layered value network and
propelling the system’s transition from government-led to synergistic symbiosis.

1 i T T T 1
—¥—k=0.2

—+—k=0.4

0.8

0.2

0 0.2 0.4
Time

(a) Government's strategy x

0 0
0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time Time

(b) Industrial Heritage Developer' strategy y (c) Neighboring Complementary Merchants's strategy z

Figure 3. Evolutionary trajectories of strategies under different k. The specific values of k for each
trajectory are 0.2, 0.4, 0.6, 0.8, and 1.0, as indicated in the legend. All simulations share a common
initial strategy profile of (x0, y0, z0) = (0.5, 0.5, 0.5). Subplots (a—c) depict the strategic evolution of
the Local Government (x), the Industrial Heritage Developer (y), and the Neighboring Complemen-
tary Merchants (z), respectively. The horizontal axis, labeled “Time (Simulation Steps)”, denotes the

iteration count in the numerical simulation.

1
—¥—w=04

1 1
—y—w=0.4 —¥—w=04
—+—w=0.5 —t+—w=0.5 —+—w=0.5
——w=0.6 % ——w=06
. . 4 0.8 w=0.7
——w=0.8
0.6 [
z
0.4
0.2
- 0 —
0 0.2 0.4 0.8 1 0 0.2 0.4 0.6 08 1 0 0.2 04 0.6 0.8 1
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(a) Government's strategy x

(b) Industrial Heritage Developer' strategy y (c) Neighboring Complementary Merchants's strategy z

Figure 4. Evolutionary trajectories of strategies under different w. The specific values of w for each
trajectory are 0.4, 0.5, 0.6, 0.7, and 0.8, as indicated in the legend. All simulations share a common
initial strategy profile of (x0, y0, z0) = (0.5, 0.5, 0.5). Subplots (a—c) depict the strategic evolution of
the Local Government (x), the Industrial Heritage Developer (y), and the Neighboring Complemen-
tary Merchants (z), respectively. The horizontal axis, labeled “Time (Simulation Steps)”, denotes the

iteration count in the numerical simulation.
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Figure 5. Evolutionary trajectories of strategies under different v.The specific values of v for Each
trajectory are 0.1, 0.3, 0.5, 0.7, and 0.9, as indicated in the legend. All simulations share a common
initial strategy profile of (x0, y0, z0) = (0.5, 0.5, 0.5). Subplots (a—c) depict the strategic evolution of
the Local Government (x), the Industrial Heritage Developer (y), and the Neighboring Complemen-
tary Merchants (z), respectively. The horizontal axis, labeled “Time (Simulation Steps)”, denotes the

iteration count in the numerical simulation.

4.3. Requlatory Effects of Policy Levers and Benefit Loops

Addressing the “collective action dilemma,” this section simulates the distinct mech-
anisms of external incentives (p1, p2) and the endogenous contract (q). In Figures 6-8, the
values of p1, pz, and q are sequentially set to 0.0, 0.2, 0.4, 0.6, and 0.8; 0.1, 0.3, 0.5, 0.7, and
0.9; and 0.0, 0.1, 0.2, 0.3, and 0.4, respectively. This aims to reveal how parameter design
can resolve the collective action dilemma caused by free-riding. The simulation results
validate the necessity of transitioning the driving mechanism from fiscal dependence to a
value closed loop.

The results indicate that fiscal subsidies (p1, pz2) exhibit a significant double-edged
nature. As shown in Figures 6 and 7, during the initiation phase, moderately increasing
the development subsidy (p1 from 0.2 to 0.4) and the mixed-use subsidy (pz) can effectively
lower market entry barriers, driving the strategies of the IHD and NCMs from negative
to positive. However, subsidies face a strict fiscal constraint boundary: when p1 > 0.6, ex-
cessive fiscal expenditure leads to a sharp decline in the government’s expected payoff,
forcing its strategy (x) to rapidly collapse toward 0, ultimately destabilizing the system.
This provides a quantitative basis for the subsequent discussion’s proposal to establish a
subsidy exit mechanism.

Secondly, the Value Capture and Recycling Coefficient (q) acts as the ballast for sus-
taining long-term synergy. As shown in Figure 8, when q < 0.1, the IHD lacks continuous
revitalization motivation due to insufficient compensation for positive externalities. Only
when q surpasses the critical threshold of approximately 0.2 can the benefit recycling
achieved through contracts (e.g., revenue sharing) effectively internalize externalities,
driving the three parties to robustly converge to the Pareto-optimal state Ei(1,1,1). This
result strongly supports the core argument in the Conclusion regarding the construction
of a market-based beneficiary-pays benefit closed loop.
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Figure 6. Evolutionary trajectories of strategies under different p1. The specific values of p1 for each
trajectory are 0.0, 0.2, 0.4, 0.6, and 0.8, as indicated in the legend. All simulations share a common
initial strategy profile of (x0, y0, z0) = (0.5, 0.5, 0.5). Subplots (a—c) depict the strategic evolution of
the Local Government (x), the Industrial Heritage Developer (y), and the Neighboring Complemen-
tary Merchants (z), respectively. The horizontal axis, labeled “Time (Simulation Steps)”, denotes the

iteration count in the numerical simulation.
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Figure 7. Evolutionary trajectories of strategies under different p2. The specific values of p2 for each
trajectory are 0.1, 0.3, 0.5, 0.7, and 0.9, as indicated in the legend. All simulations share a common
initial strategy profile of (x0, y0, z0) = (0.5, 0.5, 0.5). Subplots (a—c) depict the strategic evolution of
the Local Government (x), the Industrial Heritage Developer (y), and the Neighboring Complemen-
tary Merchants (z), respectively. The horizontal axis, labeled “Time (Simulation Steps)”, denotes the

iteration count in the numerical simulation.
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Figure 8. Evolutionary trajectories of strategies under different q. The specific values of q for Each
trajectory are 0.0, 0.1, 0.2, 0.3, and 0.4, as indicated in the legend. All simulations share a common
initial strategy profile of (x0, y0, z0) = (0.5, 0.5, 0.5). Subplots (a—c) depict the strategic evolution of
the Local Government (x), the Industrial Heritage Developer (y), and the Neighboring Complemen-
tary Merchants (z), respectively. The horizontal axis, labeled “Time (Simulation Steps)”, denotes the
iteration count in the numerical simulation.
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4.4. Dual Regulation of Psychological Cognition and Spatial Competition

This study further introduces a behavioral economics perspective to explore the reg-
ulatory effects of micro-level psychology and spatial competition on macro-level evolu-
tion. In Figures 9 and 10, the values of m and n are sequentially set to 0.6, 0.8, 1.0, 1.2, and
1.4; and 0.2, 0.4, 0.6, 0.8, and 1.0, respectively. The tripartite simulation results reveal the
dual governance logic of cognitive guidance and rule-based constraint.

First, the Place Perception Coefficient (m) plays a critical role as a value amplifier. As
shown in Figure 9, when the IHD exhibits myopic bias (m = 0.6), the undervaluation of
the heritage’s long-tail brand premium leads to a rapid decline in cooperative willingness.
Conversely, when m is elevated above 1.2 through cultural narratives and brand reinven-
tion, the enhanced value identification can significantly offset initial cost pressures, driv-
ing an exponential acceleration in strategy evolution. This confirms the assertion in the
Discussion that cognitive intervention can effectively correct agents” psychological dis-
count rates.

Secondly, the Spatial Negative Externality Coefficient (n) validates a governance-
forcing effect. As shown in Figure 10, in the absence of effective landscape control (low n),
the broken windows effect of low-end business formats causes severe dissipation of re-
gional value, forcing the IHD to withdraw (y — 0). In contrast, implementing strict spatial
access controls and negative list management (maintaining a high n value) not only pro-
tects the value of the core asset but also activates a Red Queen Effect within the system—
the survival pressure of advance or regress compels NCMs to proactively choose symbi-
otic upgrading (z — 1) to avoid market elimination. This indicates that hard spatial rules
serve as the institutional foundation ensuring the fulfillment of soft economic contracts.
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Figure 9. Evolutionary trajectories of strategies under different p1. The specific values of m for each
trajectory are 0.6, 0.8, 1.0, 1.2, and 1.4, as indicated in the legend. All simulations share a common
initial strategy profile of (x0, y0, z0) = (0.5, 0.5, 0.5). Subplots (a—c) depict the strategic evolution of
the Local Government (x), the Industrial Heritage Developer (y), and the Neighboring Complemen-
tary Merchants (z), respectively. The horizontal axis, labeled “Time (Simulation Steps)”, denotes the

iteration count in the numerical simulation.
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Figure 10. Evolutionary trajectories of strategies under different n. The specific values of n for each
trajectory are 0.2, 0.4, 0.6, 0.8, and 1.0, as indicated in the legend. All simulations share a common
initial strategy profile of (x0, y0, z0) = (0.5, 0.5, 0.5). Subplots (a—c) depict the strategic evolution of
the Local Government (x), the Industrial Heritage Developer (y), and the Neighboring Complemen-
tary Merchants (z), respectively. The horizontal axis, labeled “Time (Simulation Steps)”, denotes the

iteration count in the numerical simulation.

4.5. Stability Analysis of Synergistic Regeneration Paths

This section implements a cross-simulation analysis of the tripartite strategy evolu-
tion under controlled settings to investigate the interaction effects among the multi-di-
mensional policy levers and to assess the robustness of the system. By setting the Heritage
Spatial Activation Rate (w) to 0.7 and the Degree of Functional Mix (v) to 0.5, and then
sequentially assigning values of 0.2, 0.4, 0.6, 0.8, and 1.0 to the Infrastructure Carrying
Capacity (k), behavioral evolutionary simulations are obtained that illustrate the impact
of different land carrying capacity improvement coefficients on the three parties’ strategic
evolution, as shown in Figure 11. Subfigure (a) shows the behavioral evolution simulation
for the government, subfigure (b) for the industrial heritage developer, and subfigure (c)
for the neighboring complementary merchants.

The simulation results reveal significant synergistic multiplier and risk-buffering ef-
fects. Compared to the stringent condition in Section 4.2’s single-factor analysis where
cooperation was only stable around k = 0.4, Figure 11 shows that, with high-quality con-
tent empowerment (elevated w and v), the market entities (IHD, NCMs) maintain robust
cooperative resilience across a broad range of k € [0.4, 0.8], rapidly converging to the ideal
steady state Ei. This indicates that high-quality cultural and business format content can
effectively hedge against the uncertainty risks brought by fluctuations in infrastructure
supply.

For the government (x), although the high investment at k = 0.8 brings initial fiscal
pressure, the strategy ultimately returns to an active state. This is due to the exponential
growth in comprehensive social benefit (u) triggered by the increases in w and v. This
result strongly supports the theoretical judgment in Section 5 (Discussion) regarding
achieving value leapfrogging and enhancing system fault tolerance through the nonlinear
coupling of spatial elements.
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Figure 11. Simulated strategy evolution under a fixed setting (w = 0.7, v = 0.5) while varying the
infrastructure coefficient (k = 0.2, 0.4, 0.6, 0.8, 1.0). All simulations share a common initial strategy
profile of (x0, y0, z0) = (0.5, 0.5, 0.5). Subplots (a—c) depict the strategic evolution of the Local Gov-
ernment (x), the Industrial Heritage Developer (y), and the Neighboring Complementary Merchants
(z), respectively. The horizontal axis, labeled “Time (Simulation Steps)”, denotes the iteration count

in the numerical simulation.

5. Discussion

This section aims to elucidate the underlying mechanisms, interactive relationships,
and dynamic evolutionary patterns of the three-dimensional policy levers. It further syn-
thesizes these insights into a dynamic governance framework.

5.1. Key Findings and Micro-Level Mechanisms of the Levers

The simulation results first clearly delineate the unique micro-level operational path-
ways of the three levers. The core function of The Spatial Synergy Lever (k, w, v) is to
construct a multi-layered value generation network. Within this, Infrastructure Carrying
Capacity (k) forms the physical foundation network, Heritage Spatial Activation Rate (w)
creates the cultural-significance network, and the Degree of Functional Mix (v) catalyzes
the socio-economic network. Improving a single element has limited effect, but when the
three synergistically surpass critical thresholds (e.g., w > 0.6, v > 0.5), they trigger strong
network externalities, enabling a nonlinear leap in value [6,16]. Conversely, for the gov-
ernment, maintaining the infrastructure coefficient (k) below the fiscal safety threshold of
0.8 is essential to avoid budget depletion. This mechanistically explains why fragmented,
single-building retrofits often reach an impasse, whereas systematic district-scale renewal
possesses greater vitality, precisely aligning with the policy orientation of preventing
massive demolition and construction and promoting mixed-use development. This theo-
retical mechanism is empirically illustrated by the transformation of Beijing Shougang
Park. In the model’s terms, the project’s success in the “Growth Phase” relied heavily on
the government’s massive investment in infrastructure carrying capacity (k) and the initial
policy subsidies (p1) associated with the 2022 Winter Olympics. These interventions broke
the initial deadlock (Es — Ez), creating the necessary threshold for the subsequent influx
of high-end commercial and technological formats (v) to establish a sustainable value loop
(E1).

The Economic Incentive Lever (p1, p2, q) follows the logic of incentive compatibility
in its institutional evolution. Initial government subsidies (p1, p2) serve as an exogenous,
powerful intervention, primarily functioning to break the participation constraints of mar-
ket entities and overcome high sunk costs in the startup phase [13,27]. However, sustain-
able momentum must arise from internal market-based benefit balance. The Value Cap-
ture and Recycling mechanism (q) addresses the long-term incentive compatibility con-
straint precisely by internalizing positive externalities through contractual design [12,25].
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The critical value of q identified in the simulations (approximately 0.2) essentially marks
the key juncture where the system’s driving force successfully transitions from being gov-
ernment-led to market-operated. Moreover, the simulation defines a “golden window”
for initial development subsidies (p: between 0.2 and 0.4) to catalyze the market, while
simultaneously warning that exceeding the 0.6 fiscal risk line will lead to system destabi-
lization.

The role of The Behavioral Regulation Lever (m, n) is more profound, reshaping the
decision-making environment at cognitive and normative levels. Enhancing the Place Per-
ception Coefficient (m) is akin to setting a value cognitive anchor, aiming to correct deci-
sion-makers’ systematic undervaluation of long-term cultural and social worth due to my-
opia [14,18]. This requires realizing value through in-depth cultural excavation and fos-
tering public participation. Regulating the Spatial Negative Externality Coefficient (n),
conversely, is like establishing a behavioral normative anchor. It defines the cost of free-
riding or low-end lock-in through clear rules such as business format access control and
landscape management, thereby guiding collective action towards a benign order [17,24].
Together, they provide indispensable psychological stability and institutional guarantees
for economic cooperation. Specifically, elevating m above 1.2 acts as a powerful “value
discovery” signal, significantly accelerating the transition toward a synergistic equilib-
rium.

5.2. Lever Interactions and Dynamic Synergistic Evolution

More critically, this research reveals that these levers do not operate in isolation.
Deep interactive effects exist among them, and the healthy development of the system
demands that policy combinations dynamically adapt to the renewal stage.

Levers exhibit both strategic substitution relationships—for instance, robust spatial
synergy (high w, v) can effectively reduce dependence on high fiscal subsidies (high p),
offering a pathway for renewal under fiscal constraints. They also demonstrate reinforcing
complementarity relationships—for example, effective behavioral regulation (high m, n)
can significantly enhance the credibility and enforcement efficiency of market-based con-
tracts (q). Governance failure often stems from a mismatch of levers; for instance, promot-
ing benefit-sharing (q) alone may fail due to rampant free-riding in the absence of rules
(low n).

The three-phase evolutionary path from stalemate (Es) to activation (E2) and then to
synergy (Ei1), as revealed by the simulations, corresponds exactly to the inherent require-
ment for adaptive sequential shifts in policy focus. During the initiation/breakthrough
phase, the core is behavioral priming and economic backstopping (elevating m, providing
p) to build trust, share risks, and motivate the IHD to take the lead. In the growth/activa-
tion phase, the focus must shift to spatial empowerment and rule-building (elevating k,
w, v, and setting n) to solidify the overall regional value foundation, prevent disorder in
surrounding areas, and break the project-island dilemma. In the maturation/steady-state
phase, success hinges on completing the benefit loop and governance institutionalization
(establishing g, solidifying m, n). This ensures the system’s endogenous sustainability
through market-based value-recycling linkages and long-term cognitive-behavioral
norms. The premature or delayed application of any lever may lock the system into a non-
ideal equilibrium state.

Intuitively, the simulation reveals that these critical thresholds act as “tipping points”
for governance transition. They imply that policy efficacy is non-linear: only when specific
levers (e.g., the value recycling rate q) cross these thresholds can the system transition
from a subsidized project to a self-sustaining ecosystem.

Based on this mechanistic understanding, this study advocates for a shift in policy
design from a static, isolated tool mentality to a dynamic, integrated toolbox thinking.
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This implies that policymakers need to select and dynamically combine tools from an in-
tegrative toolbox based on the initial endowments of a specific project, such as its location
and property rights structure. Concretely, abstract lever parameters can be translated into
operational policy packages: a planning bundled package to ensure the synchronized pro-
vision of spatial elements (k, w, v); a subsidy conversion fund to facilitate a smooth tran-
sition of incentive methods from p to q; and community credit and landscape covenants
to integrate value recognition (m) with behavioral norms (n). This provides a quantifiable
and adjustable implementation framework for constructing the sustainable urban renewal
model —featuring government guidance, market operation, and public participation—ad-
vocated in the Guiding Opinions. Excellent governance lies in accurately diagnosing the
system’s current stage and core constraints, and then flexibly deploying multi-dimen-
sional policy tools for coordinated intervention. This approach aims to maximize govern-
ance efficacy and achieve the ultimate goal of sustainable system development.

6. Conclusions

Confronting the prevalent challenge of multi-stakeholder collaboration dilemmas in
industrial heritage renewal, this study constructs a tripartite evolutionary game model
integrating the LG, IHD, and NCMs. It innovatively proposes and validates a space—econ-
omy-behavior multi-dimensional policy lever system as the core analytical framework.
The research confirms that successfully transforming industrial heritage from an idle asset
into a cultural-commercial ecosystem cannot rely on the forceful intervention of any sin-
gle policy. It fundamentally depends on the systematic coordination and dynamic adap-
tation of the three categories of policy levers.

The main findings can be summarized as follows. First, spatial synergy forms the
physical foundation for value leapfrogging. The nonlinear coupling of Infrastructure Car-
rying Capacity (k), Heritage Spatial Activation Rate (w), and Degree of Functional Mix (v)
can trigger significant network and multiplier effects, serving as the prerequisite for at-
tracting market participation and creating sustainable value-added benefits. Second, eco-
nomic incentives must undergo a critical transition in driving forces. Policy effectiveness
relies on a smooth shift from initial government fiscal subsidies (p) to a later-stage market-
based Value Capture and Recycling mechanism (q). The latter is the core institutional ar-
rangement for resolving the free-riding dilemma and building a long-term community of
shared interests. Third, behavioral regulation provides deep-level governance safeguards.
The Place Perception Coefficient (m) and Spatial Negative Externality control (n) jointly
shape the cognitive expectations and social norms for cooperation, establishing the indis-
pensable psychological and institutional foundation for the effective execution of eco-
nomic contracts. Simulations reveal that the healthy evolution of the system follows a
phased pattern of initiation-growth—-maturation, necessitating policy interventions that
follow a temporally precise, adaptive and sequential combination.

The theoretical contribution of this study lies in integrating the three often separately
discussed dimensions of spatial synergy, economic incentive, and behavioral regulation
into a unified, quantifiable evolutionary game framework of a policy lever system for the
first time, offering a new theoretical lens for analyzing complex urban renewal govern-
ance. At the practical level, its core implication is the need for a shift in policymaking
mentality — from enacting single policies to designing a dynamic policy toolbox. The key
to decision-making is accurately diagnosing the development stage and core constraints
of the renewal system, and then synergistically applying the three lever categories for
combined intervention. This guides multiple stakeholders from gaming confrontation to-
wards synergistic symbiosis, ultimately achieving sustainable development encompass-
ing economic vitality, cultural continuity, and community well-being.
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This study employs necessary simplifications regarding agent heterogeneity and
macro-environmental fluctuations in its model. Future research could employ methods
such as multi-agent simulation and case comparative analysis incorporating geographic
information to validate and extend this framework at a finer granularity, further enhanc-
ing its explanatory power and generalizability.
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