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ABSTRACT

Data centers, as rapidly growing contributors to
global electricity demand, play a critical role in deep
decarbonization. Meanwhile, regions rich in renewable
energy, exemplified by Qinghai province, China, face high
curtailment rates, with wind and solar curtailment
exceeding 7.3% and 8.9% respectively in 2022. This paper
proposes a strategic solution: integrating data centers
into industrial parks rich in renewable energy to form a
localized green energy consumption ecosystem. This
approach will not only increase the utilization rate of
renewable energy, but also open up new ways for
attracting high-quality industrial investment to
underdeveloped regions with abundant renewable
energy, like Qinghai. The core difficulty lies in designing
mechanisms to incentivize data center investments,
while capturing the nonlinear feedback between policy
choices and market adoption. To investigate the strategic
interactions among key stakeholders, including the
government, state grid corporation, and data center
investors, this study develops a three-dimensional
evolutionary game model that includes carbon penalties,
renewable energy subsidies, and consumer incentives.
This study sets up a case of building data centers in
Qinghai province for calculation and analysis. The results
show that subsidies for investors significantly accelerate
the adoption of renewable energy by state grid
corporation, while modest upfront support for data
center investment can effectively stimulate enterprise
participation and accelerate green uptake on the
demand side. This study offers policy framework and
institutional design path for regions with high power
curtailment rates, such as Qinghai province, emphasizing
the important role of these regions in China's national
energy transformation and highlighting their potential to
attract green digital infrastructure investment.

Keywords: green data centers, renewable energy,
evolutionary game theory, policy incentives, replicator
dynamics

NONMENCLATURE
Abbreviations

ESS evolutionarily stable strategy
RPS renewable portfolio standard
PPA power purchase agreement
PUE power usage effectiveness
LCOE levelised cost of electricity
CAPEX capital expenditure

1. INTRODUCTION

With the rapid expansion of digital infrastructure,
global data centers are emerging as major electricity
consumers. According to recent projections, data centers
could account for up to 8% of global electricity demand
by 2030, nearly doubling from current levels[1, 2]. Unless
the electricity supplying these facilities is decarbonized,
this surge poses a serious threat to climate targets.
Consequently, integrating data centers with renewable
energy sources has become an urgent policy and
engineering priority[3].

Meanwhile, regions rich in renewable energy, such
as Qinghai province in China, continue to experience
significant curtailment of wind and solar energy. In 2022,
Qinghai's curtailment rates reached 7.3% for wind and
8.9% for solar[4]. In addition to being waste of clean
energy, this causes economic losses on generators and
grid operators. Researchers have noted that spatial
mismatches between generation and demand, along
with transmission constraints, are key contributors to
these inefficiencies[5, 6].

# This is a paper for the 11th Applied Energy Symposium: Low Carbon Cities & Urban Energy Systems (CUE2025), July 18-22, 2025, Kitakyushu, Japan.



To date, the large scale integration of data center
workloads with renewable energy generation still faces
several significant challenges. From a technical point of
view, if the computational load is still inflexible, the
highly variable and geographically concentrated output
of wind and solar energy may lead to "stranded power"
in the data center far away from the generator, and even
increase the dependence on fossil fuel backup[7]. From
a market standpoint, corporate buyers striving for 24/7
carbon free electricity must depend on sophisticated,
risk managed power purchase agreements (PPAs). These
next generation “granular” PPAs often come with a
substantial green premium and require trading
capabilities that many operators currently lack, thereby
hindering broader adoption[8].

To address these challenges, one promising strategy
is to set up data centers in areas with plenty of
renewable energy but experiencing curtailment. This
approach not only enhances clean energy utilization but
also promotes industrial development in
underdeveloped areas. Recent work has modelled
similar ecological symbiosis for hydrogen plants and
aluminum smelters[9, 10]. However, a fundamental
policy and market challenge remains: how to design a
strong and profitable incentive mechanism to ensure
that all stakeholders, including government, state grid
corporation, and data center investors, adopt green
energy. Without proper incentive design, such
renewable energy consumption programs would not be
achievable or economically viable.

Previous game theory studies show that carefully
calibrated mixes of subsidies and penalties accelerate
the diffusion of clean energy in power systems[11, 12].
In this paper, we develop an evolutionary game model
involving three players to design the incentive
mechanism, including government, state grid
corporation, and data center investors. We incorporate
subsidies, penalties, and behavioural dynamics to
investigate under what conditions full adoption of
renewable energy can becomes an evolutionarily stable
strategy (ESS). Using empirical parameters from Qinghai,
we demonstrate how balanced incentive structures can
effectively stimulate the establishment of data centers in
the region, thereby facilitating the consumption of green
electricity.

2. MODEL FORMULATION

The game involves three players: government (G ),
data center investors (Y ) and state grid corporation ( £ ).
Each population has two strategies: government chooses
strong incentive (G,) or weak incentive (G, ), investors

choose green electricity (Y, ) or conventional electricity
(Y. ), state grid corporation chooses cooperation strategy
(Eg ) or conservative strategy (E, ).

Let x, y and z denote the proportions of the three
populations that select the first strategy in each pair, i.e.
x=Pr(G,) , y=Pr(Y,) , z=Pr(E,) The following
subsections define payoff functions and the replicator
dynamics.

2.1 Payoffs of the governments

Government utility includes social benefits
generated by investment ( B ), environmental losses
caused by conventional electricity (B'), regulatory cost
(C,), carbon penalty revenue (F) and subsidies to data

centers(S, ). The payoffs generated by the two incentives
are listed as follows:
U =yzB—C, - S, (1)
Ug =—~(1-y2z)B'+(1-y)F —C, (2)
2.2 Payoffs of data center investors
Data center investors use renewable energy receive
subsidies (S, ), extra product value (P) and renewable

electricity price (P, ), but bear annualized CAPEX (C, ).
Conventional energy users pay conventional electricity
price (P. ) and carbon penalty (F):
Uy =2(P—C, P, +S,)+(1-2)(-P. = F) (3)
Ui =—P.—F (4)
2.3 Payoffs of state grid corporations

For state grid corporations, local renewable output
reduces long distance loss cost (7L ), but incurs extra cost

(C,); fossil output earns the conventional profit ([ ], ):
Ui =y —C; +mL) (5)
Ui =TI1, (6)
2.4 Replicator dynamics

Let x, y and Z denote the population shares of the

green strategies. The standard replicator equations are
as follows:

x=x(1-x)(U; -Ug) (7)
y=y(1-y)U; -Uy) (8)
z=2z(1-2)(U¢ -U;) (9)

2.5 Evolutionary stable conditions

From Eqgs. (1)-(6) the three selection gradients are



A, =U; -U] =yz(B-B')-yS,+B'-(1-y)F (10)
AY=U$—U§=z(P—CV—PG+Sy+PC+F) (11)

AEZUS_U;:y(HG_CE+77L)_Hc (12)

When government chooses to adopt strong
incentive policies, state grid corporation and data center
investors choose to transmit and consume renewable
energy at the same time, all green electricity is achieved.
At this time, the ESS of the eplicator system is
(x,y,2)=(1,1,1) ,(7)-(9) provided that each gradient is
positive at that point:

As(L,1)=B-5,>0 (13)
A(1,1)=P-C, —P,+S,+P.+F>0 (14)
A (1,1)=II,-C.,+nL-I1.>0 (15)

Equally, the following sufficient inequalities ensure
evolutionarily stable full utilization of renewable energy:

B>S, (16)
P-C,—P,+S,>—P.—F (17)
[, +nL>C, +11, (18)

When conditions (16)-(18) hold, any small deviation
from(x,y,z)=(1,1,1) lowers the deviator’s payoff, so the
trajectory returns to using only green electricity,
rendering it an ESS.

3. CASE STUDY
3.1 Background and parameters

Qinghai province is currently advancing the
integration of abundant solar energy resources with
intensive computing demands through a representative
microgrid-based computing infrastructure located in the
Qaidam Basin. The site supports approximately one
thousand high-power server racks. The projected annual
delivery of green electricity is approximately 126 GWh,
which is estimated to displace around 42,000 metric tons
of standard coal and to reduce carbon dioxide emissions
by approximately 116,000 metric tons per year. These
data form the basis of input parameters in our model,
and highlight the technical feasibility and environmental
advantages of building data center infrastructure and
using green electricity in Qinghai[13].

These facilities in data centers typically operate with
a power usage effectiveness (PUE) of 1.2--1.35 and an IT
equipment capacity factor of 0.8. The capital investment
intensity for hyperscale data centers in the region is
approximately 13,000 yuan/kW, with a typical asset
lifetime of 15 years. On the demand side, government
may provide capital subsidies of 1,000 yuan/kW to
encourage green adoption.

The empirical parameters of the case are shown in
Table 1. The parameters are critical to calibrating the
replicator dynamic model, ensuring that the cost and
incentive inputs accurately reflect the actual operating
and policy environment faced by data centers in Qinghai
province. Realistic parameters enable the model to truly
reflect the performance of government, state grid
corporation, and data center investors in the
evolutionary game.

Table 1 Calibrated parameters

Parameter Value  Parameter Value

I, 0.09 TI, 0.07
C. 001 S, 0.15
C. 005 7 0.25
L 016 C, 0.12
F 030 P 0.03
B 058 B 0.12
P. 032 P 0.23

Note: All units are in yuan/kWh, except 7 which is

unitless. Electricity price data comes from the National
Development and Reform Commission of the People's
Republic of China[14].

3.2 Baseline evolutionary dynamics

Evolution with real-case parameters including CAPEX & subsidy
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Fig. 1 Baseline trajectories of x , y and z

With the parameters reflecting high baseline profits
for both conventional and renewable power (. =0.09,

[1; =0.07), a strengthened investor subsidy (S, =0.15),

and a moderate carbon penalty (F=0.30), the system
demonstrates a faster and more decisive convergence to
green strategies. The government's commitment share
x and the investor's green adoption share y both

accelerate rapidly to exceed 0.95 within approximately
17 evolutionary rounds, while state grid corporation's
renewable adoption share z, although initially lagging, is
approximately fully transformed when it reaches 0.95
after about 75 rounds. In this case, all participants will
receive significant net benefits from the deployment of
renewable energy. Direct subsidies, penalties and loss



reduction work together to significantly shorten the
transition time, accelerating the deployment of data
centers. This rapid coordination among all participants
highlights the system's high sensitivity to policy changes
when potential profits are high.

3.3 Subsidy penalty synergy

User cooperation sensitivity
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Fig. 2 Equilibrium investor sharey” versus subsidy
S, and carbon penalty F
The sensitivity analysis spanning a grid of subsidy S,
and penalty F values indicate a sharp and dominant
influence of subsidies on the investor's renewable
cooperation equilibriumy”. The heat map delineates a

nearly vertical boundary: S, +0.072F >0.14 yuan/kWh

guarantees that the investor's green adoption reaches at
least 95% in the long-term equilibrium. Notably, even a
maximal carbon penalty of 0.20 yuan/kWh can only
slightly reduce the necessary subsidy from
approximately 0.14 to 0.12 yuan/kWh. The marginal rate
of substitution is low: a 0.01 yuan/kWh increase in F
substitutes for just 0.0007 yuan/kWh of subsidy,
underscoring the limited practical leverage of carbon
pricing relative to direct subsidies in this scenario.
Compared to punitive measures, direct financial
subsidies exert a substantially greater influence on
promoting the green transition on the demand side.

3.4 Three dimensional trajectory

The three dimensional evolutionary trajectory
reveals the development process of the entire game
model. Initially, the model evolves at government and
investor levels, and the adoption rate of renewable
energy by government and investors rises rapidly to near
100%. This initial change changes the profit structure of
state grid corporation, and once the investor preference
exceeds about 80%, state grid corporation will shift to
renewable energy. Subsequently, as z rapidly climbs to

1, the system eventually converges to (1,1,1), achieving
a fully green strategy. This path underscores the critical
role of investor commitment in unleashing state grid
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corporation transition: without an early and strong shift
in investor behaviour, the supply side will struggle to
obtain sufficient returns, ultimately failing to achieve full
cooperation.

3.5 PUE and economic performance

Payback period vs. PUE
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Fig. 4 Impact of PUE on Investment Payback Period,
accounting for CAPEX and annual energy savings

Power usage effectiveness (PUE) is the key metric for
data center energy efficiency, defined as the ratio of total
facility power to IT equipment power. The figure plots
the relationship between PUE and the investment
payback period. As PUE declines from 1.35 to 1.20, the
payback period falls almost linearly from roughly 13.1
years to 10.4 vyears, implying that every 0.05
improvement in PUE shortens the payback horizon by
about one year. This relationship underscores how
efficiency gains reduce auxiliary power consumption,
enlarge annual electricity savings, and, when combined
with an upfront CAPEX subsidy, markedly compress the
payback period.



Consequently, lowering PUE not only enhances the
cost of computing electricity but also accelerates capital
recovery. Government is recommended to provide
technical subsidies to reduce the initial investment
pressure, and combine the advantages of local green
electricity prices to shorten the return period. This will
enhance investors' willingness to invest in energy
efficiency transformation and green electricity,
ultimately accelerate the investment in data centers and
the green energy transformation of state grid
corporation.

3.6 Policy implications

Under the empirical parameters, Consumption
subsidies are clearly the most effective tool to promote
the transition to renewable energy, while carbon
emission penalties play a supporting role. The system
achieves full cooperation at a subsidy level of
approximately 0.12--0.14 yuan/kWh. Investor CAPEX
subsidies provide critical acceleration to consumer
adoption trajectories, amplifying the overall transition
momentum. Continued investments in efficiency
improvements such as lower PUE can also be a strong
complement to financial incentives.

In general, government is recommended to maintain
a strong policy, provide green electricity subsidies of
0.12-0.14 yuan/kWh and conventional electricity carbon
penalties of 0.2 yuan/kWh. These subsidies should be
issued in the form of technical subsidies. At the same
time, if possible, the government could ensure that the
incentive framework remains stable long enough to
achieve a comprehensive transition to renewable
energy.

3.7 Summary

The analysis with realistic economic parameters
confirms that a combined policy package meeting the
threshold of S,+0.072F>0.14 yuan/kWh ensures the

renewable cooperation equilibrium. At the same time,
government could provide technical subsidies to help
investors reduce investment costs. Combining direct
financial support with appropriate regulation can attract
more investment and enable large data centers to
quickly settle in areas with abundant renewable energy
such as Qinghai.

4. CONCLUSION

The research is motivated by a pressing practical
need: while setting up data centers in areas with
abundant renewable energy offers a promising path for

clean energy consumption, the lack of an effective
incentive framework often hinders implementation.

In response to this key difficulty, our study develops
a three-dimensional game model to analyze how policy
incentives shape renewable adoption in data centers,
with a focus on regions with high curtailment, such as
Qinghai province. We show analytically and numerically
that the full green equilibrium (x,y,z)=(1,1,1) is
evolutionarily stable when: (i) total social benefits from
carbon abatement exceed the fiscal cost of subsidies; (ii)
the incentives and potential benefits given to data center
investors offset their investment costs; (iii) enabling
higher clean energy utilization on the transmission side.

Simulation results calibrated to representative
126GWh/year data centers reveal that government and
investor behaviour rapidly converge to green strategies
when investor side green electricity subsidies are 0.12-
0.14yuan/kWh and conventional electricity carbon
penalties are 0.2 yuan/kWh. It is also a feasible solution
to only set green electricity subsidies higher than 0.14
yuan/kWh and not set carbon penalties. State grid
corporation's renewable transition lags but follows once
the economic tipping point is crossed. Therefore, the
emphasis should be on subsidizing the electricity
consumption side to increase the demand for green
electricity, which will in turn encourage state grid
corporation to shift to green electricity. Optimizing PUE
and other counting methods can significantly reduce the
investment cost of data centers, so it is recommended
that the subsidy policy focus on supporting data center
technology investment. Disbursing subsidies in the form
of technical subsidies can not only improve energy
efficiency but also shorten the investment payback
period, making data centers more economically efficient
and sustainable.

This work contributes to the literature by (i) a
dynamic evolution framework is proposed to understand
the energy transformation process with the participation
of multiple parties, (ii) quantifying tipping points and cost
thresholds, and (iii) providing policy insights directly
applicable to Qinghai province and similar high power
curtailment regions around the world.

Our research results suggest that government set up
targeted incentive policies and provide appropriate
subsidies to data center investors, thereby stimulating
their investments and enabling the effective absorption
of surplus renewable energy. In this way, government
can improve the efficiency of renewable energy
utilization and create economic value for the local area
through the construction of green digital infrastructure.
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