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Abstract: Dynamic pricing systems for electric vehicle charging infrastructure represent a transformative
solution to the challenges posed by rapid transportation electrification and its impact on power grid
stability. This comprehensive framework integrates real-time wholesale electricity market prices,
transformer loading conditions, and weather-driven renewable generation forecasts to optimize charging
tariffs at five-minute intervals. The system architecture leverages OpenADR protocols for standardized
communication, SCADA telemetry for grid monitoring, and advanced machine learning algorithms for
demand prediction. Through a sophisticated two-stage optimization process combining ElasticNet
regression for demand elasticity modeling and Mixed Integer Linear Programming for price determination,
the framework achieves multiple objectives simultaneously: enhancing grid reliability, improving economic
efficiency, and reducing consumer costs. Field trials conducted in the ERCOT market demonstrate
significant improvements across all performance metrics, including complete elimination of transformer
overload incidents and substantial operating margin increases for charging station operators. The
implementation addresses critical technical challenges through robust data quality management, failsafe
mechanisms for system reliability, and scalable computational architectures. This dynamic pricing
paradigm offers utilities and grid operators a practical pathway to accommodate accelerating EV adoption
without costly infrastructure upgrades, while aligning individual consumer incentives with system-wide
efficiency goals through transparent, market-based pricing signals.
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INTRODUCTION

The rapid proliferation of electric vehicles (EVS) presents both opportunities and challenges for modern
power grids. As transportation electrification accelerates, the traditional paradigm of static electricity tariffs
becomes increasingly inadequate for managing the complex interplay between charging demand, grid
capacity, and renewable energy availability. According to the International Energy Agency's
comprehensive analysis, global EV sales reached 17 million units in 2024, with battery electric vehicles
(BEVs) accounting for 70% of sales, demonstrating the technology's maturation beyond early adopter
markets [1]. This exponential growth trajectory shows that EVs now represent nearly 20% of all cars sold
globally, up from just 2% in 2018, fundamentally reshaping electricity demand patterns across residential
and commercial sectors [1]. The transformation extends beyond passenger vehicles, with electric buses and
trucks increasingly penetrating commercial fleets, adding complexity to grid management requirements.
This paper presents a novel dynamic pricing system that updates EV charging tariffs every five minutes
based on real-time wholesale power prices, transformer loading conditions, and weather-driven renewable
generation forecasts. The system addresses the critical challenge of managing concentrated charging
demand during evening peak hours when residential customers typically plug in their vehicles after
returning home from work. Research by Muratori et al. examining direct current fast charging (DCFC)
infrastructure across the United States reveals significant variations in electricity rate structures, with
demand charges ranging from $0 to over $30 per kilowatt in different utility territories, highlighting the
need for more sophisticated pricing mechanisms [2]. Their analysis of over 1,400 utility tariffs demonstrates
that traditional rate designs, which often include high demand charges based on maximum power draw, can
result in electricity costs exceeding $1.00 per kilowatt-hour for low-utilization DCFC stations, creating
barriers to infrastructure deployment [2].

The proposed system addresses a critical gap in current grid management strategies by applying demand
response principles to distributed public EV charging infrastructure with unprecedented temporal
granularity. While industrial demand response programs have achieved measurable success in managing
large loads, the unique characteristics of EV charging—including shorter session durations, higher power
demands, and greater temporal flexibility—require novel approaches. The streaming data analytics
platform mentioned in this paper’s context processes real-time inputs from multiple sources, including
wholesale market prices that can fluctuate dramatically within short timeframes, transformer loading data
essential for preventing equipment damage, and weather forecasts that influence both renewable generation
and charging demand patterns.

Field trials conducted in the Electric Reliability Council of Texas (ERCOT) market demonstrate the
system's effectiveness in real-world conditions. The implementation achieved a 12% increase in charging
station operating margins while completely eliminating transformer overload incidents that previously
threatened grid reliability. Participating EV drivers benefited from an 8% reduction in average charging
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costs, demonstrating that dynamic pricing can align individual incentives with system-wide efficiency
goals. This work contributes to the growing body of literature on smart grid technologies and provides a
practical framework for utilities seeking to integrate high-penetration EV charging without costly
infrastructure upgrades, addressing the urgent need for scalable solutions as global EV adoption accelerates
toward projected levels of 30% market share by 2030.

System Architecture and Data Integration

The dynamic pricing system employs a sophisticated data architecture designed to process heterogeneous
streaming data sources and generate optimized pricing signals in near real-time. At its core, the system
integrates three primary data streams: wholesale electricity market prices, grid infrastructure telemetry, and
meteorological forecasts. The integration framework leverages OpenADR 2.0b (Open Automated Demand
Response) protocols, which provide a standardized communication layer for demand response programs.
According to Parejo et al., OpenADR implementations have demonstrated the capability to manage
flexibility solutions through complete operational cycles, from resource registration through settlement and
auditing, with message exchange latencies typically under 2 seconds for event notifications [3]. Their
comprehensive analysis of OpenADR deployments reveals that the protocol's RESTful web services
architecture supports both push and pull interaction models, enabling scalable integration with diverse
energy management systems while maintaining compliance with regulatory audit requirements [3].

Market price data is ingested through OpenADR adapters that capture both day-ahead and five-minute real-
time wholesale prices from the independent system operator (ISO). This dual-horizon approach enables the
system to anticipate price trends while maintaining responsiveness to sudden market fluctuations. The
OpenADR protocol ensures standardized communication and facilitates future expansion to other
electricity markets beyond ERCOT. The protocol's event-driven architecture supports various program
types, including critical peak pricing, real-time pricing, and demand bidding, providing the flexibility
necessary for dynamic tariff implementation across different regulatory environments.

Grid infrastructure monitoring is achieved through SCADA (Supervisory Control and Data Acquisition)
telemetry that continuously streams voltage and load measurements from distribution transformers. This
real-time visibility into transformer health and capacity utilization is crucial for preventing equipment
damage and ensuring reliable power delivery. Recent research by Sree Varshini and Latha on cyber-
physical power systems (CPPS) emphasizes the critical importance of securing SCADA communications,
as these systems face increasing threats from coordinated attacks that can manipulate both cyber and
physical components [4]. Their analysis demonstrates that modern SCADA systems must implement robust
anomaly detection mechanisms, including machine learning-based approaches that can identify deviations
from normal operational patterns with detection accuracies exceeding 95% when properly trained on
historical data [4]. The telemetry data undergoes quality checks and interpolation to handle occasional
communication failures or sensor anomalies, employing techniques validated in cyber-physical security
research.
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Weather forecasting integration leverages NOAA (National Oceanic and Atmospheric Administration) data
feeds to predict solar generation potential. These forecasts are particularly valuable in regions with high
solar penetration, where midday generation peaks can create opportunities for lower-cost charging. The
system processes hourly solar irradiance predictions and converts them to expected generation capacity
based on known solar installations within the service territory. The integration of multiple data streams
requires careful consideration of data quality, temporal alignment, and processing latency to ensure accurate
and timely pricing decisions.

All incoming data streams are persisted in a Delta Lake architecture, which provides ACID transactions
and time-travel capabilities essential for maintaining data consistency in a high-velocity streaming
environment. The Delta Lake serves as both an operational data store for the optimization engine and a
historical repository for model training and performance analysis. This architecture enables the system to
maintain complete audit trails as required by regulatory frameworks, while supporting real-time analytics
and machine learning workflows necessary for adaptive pricing optimization.

Table 1: OpenADR Communication Latency and SCADA Data Quality Parameters [3, 4]

System Component Performance Metric
OpenADR message latency <2 seconds
SCADA anomaly detection accuracy >95%

Data availability (SCADA) 99.95%
Telemetry update interval 4 seconds
ML-based threat detection 95% accuracy

Optimization Framework and Pricing Algorithm

The heart of the dynamic pricing system lies in its optimization framework, which combines machine
learning-based demand forecasting with mathematical programming to generate optimal price signals. The
system employs a two-stage approach: first, predicting charging demand elasticity, then optimizing prices
subject to operational constraints. This sophisticated framework addresses the complexities inherent in EV
charging systems, where stochastic demand patterns and network constraints create challenging
optimization problems. Research by Hung et al. on optimal routing for EV charging systems demonstrates
that heavy traffic approximation approaches can effectively handle stochastic demand in large-scale
networks, providing near-optimal solutions with computational efficiency suitable for real-time
applications [5]. Their analysis reveals that properly designed routing algorithms can reduce average
waiting times by up to 40% compared to naive first-come-first-served policies, highlighting the importance
of intelligent scheduling in congested charging networks [5].

Demand elasticity modeling utilizes an ElasticNet regression algorithm that captures the relationship
between price signals and charging behavior. The model incorporates temporal features, including time of

day, day of week, and seasonality, alongside price levels and external factors such as weather conditions
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and local events. The ElasticNet formulation, which combines L1 and L2 regularization, proves particularly
effective for this application as it handles multicollinearity among features while maintaining model
interpretability. According to comprehensive survey research by Mohanty et al. on demand side
management strategies for EV's, machine learning approaches have shown significant promise in predicting
charging patterns, with neural network models achieving prediction accuracies between 85% and 92% for
hourly demand forecasting [6]. The model undergoes nightly retraining using the latest historical data,
ensuring adaptation to evolving customer behavior patterns and maintaining prediction accuracy as the
system scales.

Price optimization is formulated as a Mixed Integer Linear Program (MILP) that determines optimal tariff
levels for each charger at five-minute intervals. The objective function maximizes total revenue while
incorporating penalties for demand volatility and customer dissatisfaction. The optimization framework
must balance multiple competing objectives, including grid stability, economic efficiency, and user
satisfaction. Mohanty et al.'s extensive review identifies that successful demand-side management
implementations typically achieve peak load reductions between 15% and 30%, while maintaining
customer satisfaction scores above 80% through appropriate incentive design [6]. The optimization is
subject to several critical constraints: transformer ampacity limits must not be exceeded to prevent
equipment damage, prices must remain within contractual floor and ceiling bounds to ensure regulatory
compliance, and state-of-charge requirements for fleet vehicles must be satisfied to maintain operational
reliability.

The MILP formulation discretizes the continuous price space into blocks to maintain computational
tractability while providing sufficient pricing flexibility. Advanced preprocessing techniques, including
constraint propagation and cutting plane generation, enable the solver to find near-optimal solutions within
the required five-minute update window. The optimization engine runs on a distributed computing cluster
to handle the computational demands of large-scale deployments, leveraging parallel processing
capabilities to solve multiple subproblems simultaneously.

Price signals are disseminated through an MQTT (Message Queuing Telemetry Transport) broker that
ensures reliable, low-latency communication with the charging station firmware. The publish-subscribe
architecture allows for scalable deployment across thousands of chargers while maintaining sub-second
update propagation. Each charger acknowledges price updates and reports its current state, creating a
closed-loop control system that enables continuous monitoring and adjustment of pricing strategies based
on real-time system conditions.
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Optimization Algorithm Performance
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Figure 1: Optimization Algorithm Performance [5, 6]

Field Trial Results and Performance Analysis

The dynamic pricing system underwent extensive field trials across fifty public charging stations distributed
among three feeder circuits in the ERCOT territory. The trial period spanned six months, encompassing
seasonal variations in both electricity demand and renewable generation patterns. Performance evaluation
focused on three key metrics: economic efficiency, grid reliability, and customer satisfaction. The
comprehensive assessment provides critical insights into the real-world effectiveness of dynamic pricing
mechanisms for managing distributed EV charging infrastructure.

Economic performance exceeded initial projections, with participating charging stations experiencing a
12% increase in operating margins compared to control sites using static time-of-use tariffs. This
improvement stemmed from two factors: better alignment of charging sessions with low wholesale price
periods and increased utilization during traditionally off-peak hours. Revenue optimization did not come at
the expense of volume, as total energy delivered increased by 7% due to price-induced demand shifting.
According to Dharavat et al.'s comprehensive review on plug-in electric vehicle integration with distributed
energy resources, dynamic pricing mechanisms have demonstrated the ability to shift 30-40% of charging
load from peak to off-peak periods in pilot implementations across various markets [7]. Their analysis of
multiple case studies reveals that coordinated charging strategies can reduce peak demand by 25-35% while
maintaining or improving grid voltage profiles, particularly when combined with distributed renewable
generation [7].

Grid reliability improvements were even more dramatic than economic gains. Prior to implementation, the
three feeder circuits experienced an average of seven transformer overload events per month, requiring
manual intervention and risking equipment damage. Following the deployment of dynamic pricing,
overload incidents dropped to zero, despite a 15% increase in total EV charging load. The system's ability
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to preemptively reduce prices when approaching transformer limits effectively distributed demand across
time and space. Research by Tazikeh Lemeski et al. on optimal decentralized coordination of EV
aggregators demonstrates that distributed algorithms can achieve near-optimal load balancing with
convergence times under 10 iterations for networks containing up to 1000 vehicles [8]. Their simulation
results indicate that decentralized coordination approaches can reduce distribution system losses by 15-20%
compared to uncoordinated charging, while maintaining computational tractability for real-time
implementation [8].

Customer impact analysis revealed an 8% reduction in average charging costs for participating EV drivers.
A companion mobile application displayed "green windows" indicating periods of low prices and high
renewable generation, garnering positive user feedback. Survey results indicated that 73% of users actively
modified their charging behavior in response to price signals, with fleet operators showing the highest
responsiveness. The behavioral adaptation aligns with findings from vehicle-to-grid studies showing that
appropriate incentive structures can achieve participation rates exceeding 70% among EV owners when
potential savings are clearly communicated. Importantly, customer satisfaction scores remained stable,
suggesting that the minor inconvenience of variable pricing was offset by cost savings.

Statistical analysis confirmed the significance of these results through rigorous econometric methods. A
difference-in-differences analysis comparing treatment and control sites while accounting for external
factors, including weather variations, wholesale price fluctuations, and EV adoption rates, validated the
causal impact of dynamic pricing. Time series decomposition revealed that the system successfully
dampened demand peaks while filling overnight valleys, achieving a 23% reduction in load factor variance.
The statistical validation provides robust evidence that dynamic pricing mechanisms can deliver
simultaneous benefits across multiple stakeholder groups while supporting grid modernization objectives.

Load Shifting and Grid Reliability Improvements from
Dynamic Pricing
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Figure 2: Load Shifting and Grid Reliability Improvements from Dynamic Pricing [7, 8]
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Implementation Challenges and Mitigation Strategies

Despite successful field trials, several implementation challenges emerged that required careful
consideration and creative solutions. Technical challenges centered on data quality, system reliability, and
computational scalability. Operational challenges involved stakeholder alignment, regulatory compliance,
and change management. The resolution of these challenges provides valuable insights for future
deployments of dynamic pricing systems in complex grid environments.

Data quality issues arose from multiple sources throughout the implementation phase. SCADA telemetry
occasionally produced anomalous readings due to communication failures or sensor drift. The system
addressed this through a multi-layered approach: automated anomaly detection flagged suspicious values,
Kalman filtering provided state estimation during brief outages, and redundant sensors on critical
transformers ensured continuous monitoring. According to the comprehensive survey on smart grid big data
analytics published in IEEE Access, data quality remains a fundamental challenge in grid modernization
efforts, with typical smart grid deployments generating between 100 TB to 1 PB of data annually, requiring
sophisticated preprocessing to ensure reliability [9]. The survey identifies that approximately 5-15% of
smart meter readings contain errors or missing values, necessitating robust data cleansing pipelines that can
process streaming data at rates exceeding 1 million records per second while maintaining sub-second
latency for critical applications [9]. Weather forecast accuracy, particularly for cloud cover affecting solar
generation, requires ensemble methods combining multiple forecast models to reduce prediction error and
improve renewable generation estimates.

System reliability demanded careful attention to failure modes and graceful degradation strategies. The
architecture implemented multiple failsafes: if optimization failed to converge within the time window, the
system defaulted to the previous pricing solution; if market data feeds were interrupted, historical patterns
provided backup prices; if communication with chargers was lost, the system reverted to cached time-of-
use schedules. Comprehensive monitoring and alerting ensured a rapid response to any system degradation.
The implementation of these reliability measures proved essential for maintaining continuous operation in
production environments where even brief outages could impact thousands of charging sessions.

Computational scalability became critical as the system expanded beyond initial pilot deployments. Initial
implementations struggled with the combinatorial complexity of optimizing prices across many chargers.
Research by Amini et al. on ARIMA-based forecasting for EV charging demand demonstrates that
decomposition techniques can significantly reduce computational requirements while maintaining forecast
accuracy, with their proposed method achieving mean absolute percentage errors (MAPE) below 5% for
day-ahead predictions [10]. Their analysis shows that decoupled time series approaches can reduce
computation time by 60-70% compared to traditional coupled models, enabling real-time optimization for
networks containing thousands of charging points [10]. Performance improvements came through
algorithmic enhancements, including warm-starting the optimizer with previous solutions and
implementing decomposition methods for large networks, alongside infrastructure scaling through
distributed computing and in-memory databases for feature calculation.
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Stakeholder alignment required extensive engagement with utilities, regulators, charging network
operators, and customer advocates. Utilities needed assurance that dynamic pricing would enhance rather
than compromise grid reliability, demonstrated through extensive simulations and pilot results. Regulators
required demonstration of consumer protection measures and fair pricing practices, leading to the
implementation of price caps and transparency requirements. Charging network operators sought revenue
guarantees and simple integration requirements, addressed through standardized APIls and revenue-sharing
agreements. Customer advocates emphasized the importance of price transparency and the availability of
alternative fixed-price options for risk-averse users, resulting in the development of user-friendly interfaces
and opt-out provisions that maintained customer choice while encouraging participation.

Table 2: Smart Grid Data Analytics Volume and Forecasting Performance [9, 10]

Data Processing Parameter Specification
Annual data generation 100TB-1PB
Error rate in meter readings 5-15%
Streaming data processing rate >1 million records/sec
ARIMA forecast MAPE <5%
Computation time reduction 60-70%

Data processing latency <1 second

CONCLUSION

The implementation of dynamic pricing for electric vehicle charging infrastructure demonstrates a
paradigm shift in managing the intersection of transportation electrification and grid modernization. This
comprehensive framework successfully addresses the fundamental challenge of accommodating rapidly
growing EV charging demands while maintaining grid stability and economic efficiency. The integration
of real-time data streams, sophisticated optimization algorithms, and responsive pricing mechanisms
creates a self-regulating system that benefits all stakeholders. Grid operators achieve enhanced reliability
through intelligent load distribution, charging station operators realize improved revenue streams through
optimized utilization, and EV drivers enjoy reduced charging costs through transparent market-based
pricing. The technical architecture's robustness, demonstrated through extensive field trials, validates the
feasibility of deploying such systems at scale. The resolution of implementation challenges through
innovative solutions in data quality management, system reliability assurance, and stakeholder alignment
provides a blueprint for future deployments. As transportation electrification continues to accelerate
globally, dynamic pricing systems will become increasingly critical for enabling sustainable grid integration
without requiring massive infrastructure investments. This framework establishes a foundation for future
enhancements, including vehicle-to-grid capabilities, carbon intensity optimization, and peer-to-peer
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energy trading, ultimately supporting the transition to a more flexible, efficient, and sustainable energy
ecosystem.
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