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Obijective: In cold regions, freezing conditions and snowfall are among the most significant factors
disrupting the operation of urban infrastructure and transportation systems, and they can seriously
affect traffic safety and the sustainable operation of road networks. In Iran, countermeasures against
these phenomena are mainly based on conventional methods such as sand spreading and chemical de-
icing, which, in addition to high operational and maintenance costs, have adverse environmental
impacts. Accordingly, the present study was conducted to numerically analyze the thermal
performance of a hydronic heating system for snow melting on the B9 Bridge, located on Artesh
Expressway in Tehran. The bridge is currently equipped with a chemical de-icing spray system, and
the primary objective of this study is to investigate the feasibility of replacing the existing system with
hydronic surface heating technology, with an emphasis on improving energy efficiency, enhancing
infrastructure sustainability, and reducing environmental impacts under cold climatic conditions.
Method: In this study, transient thermal simulation was performed using COMSOL Multiphysics to
model the heat transfer process in a hypothetical hydronic heating system. The system consists of
pipes embedded beneath the bridge pavement surface, through which water flows with an inlet-to-
outlet temperature range of 43 to 40 °C. The numerical model considers heat transfer through the
different pavement layers, including asphalt and insulating layers, along with the dynamic behavior of
fluid flow within the pipes. Simulations were conducted for two weather scenarios with ambient
temperatures of —5 and —10 °C. In the second scenario, snowfall with an intensity of 30 mm/h was also
incorporated to evaluate the system’s performance under critical conditions.

Results: The simulation results indicated that the hydronic heating system is capable of raising the
asphalt surface temperature above the freezing point in less than 20 minutes at an ambient temperature
of —10 °C. This capability enables effective melting of snowfall at an intensity of 30 mm/h and
prevents freezing of the bridge surface. The energy required for one hour of full-system operation was
estimated at approximately 851 kWh. Furthermore, the analysis showed that the installation of 200
fixed solar panels, each with a capacity of 700 W, could provide approximately 340 hours of annual
system operation, demonstrating the high potential of using solar energy as a sustainable source to
support this technology.

Conclusions: Based on the findings of this study, the implementation of hydronic heating systems on
bridges and urban infrastructure in cold regions can provide an effective and sustainable solution for
preventing surface freezing. Compared with conventional de-icing methods, this system offers greater
operational stability, reduced dependence on chemical agents, and enhanced public safety. In addition,
its potential integration with renewable energy sources can play an important role in reducing
environmental impacts and contributing to the sustainable development of urban infrastructure.
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Introduction

Ice formation on bridges and road surfaces poses significant challenges in cold-climate urban areas,
affecting transportation safety, infrastructure durability, and traffic continuity. Conventional anti-icing
methods, such as salt and chloride-based chemicals, are widely used but have well-documented
environmental and structural drawbacks, including corrosion of reinforced concrete, soil and water
contamination, and increased maintenance costs (Fay & Shi, 2012; Szklarek et al., 2021). Hydronic surface
heating systems have emerged as a sustainable alternative, transferring thermal energy directly to the
pavement to prevent snow accumulation and ice formation. These systems offer high operational efficiency,
reduced chemical usage, and potential integration with renewable energy sources (Zhao et al., 2020;
Helsingin Energia, 2013).

Although hydronic heating systems have been successfully implemented in Europe, North America, and
Japan, their application in Iran is limited. The present study investigates the thermal performance and
feasibility of a subsurface hydronic heating system installed on the B9 Bridge along Tehran’s Artesh
Expressway. The objective is to assess whether this technology can replace conventional chemical-based
anti-icing systems, improving energy efficiency, sustainability, and public safety.

Method

A numerical model was developed using COMSOL Multiphysics to simulate a hypothetical subsurface
hydronic heating system embedded beneath the B9 Bridge pavement. The pavement structure included 5 cm
of concrete and 3 cm of asphalt, with PEX-AL-PEX pipes placed at 10-15 cm spacing and 3 cm diameter.
Two winter scenarios were analyzed: (1) ambient temperature of —10 °C without snowfall and (2) —5 °C with
30 mm/h snowfall. Boundary conditions incorporated inlet and outlet water temperatures of 43 °C and 40 °C,
wind speed of 2.5 m/s, and convective heat transfer at the pavement surface (Robin boundary condition). The
initial pavement surface temperature was assumed to be —10 °C. Material properties were taken from
standard references (Incropera & DeWitt, 2006; IES Ltd., 2021).

Heat transfer was modeled using Fourier’s transient conduction equation with convective boundary
conditions, and a two-dimensional finite element mesh ensured solution accuracy. Two hydraulic layouts
were compared: a series configuration with high head loss and a parallel layout with multiple short loops.
The parallel configuration was selected due to better thermal performance and lower pressure drop. The
model also accounted for energy consumption and potential solar photovoltaic integration to support
renewable operation.

Results
- Thermal performance:

For 10 cm pipe spacing, the surface temperature rose above 0 °C within approximately 15 minutes at
—10°C, demonstrating effective snow melting and ice prevention. Under —5 °C with 30 mm/h snowfall,
surface temperature reached 0.5 °C within 1 hour, confirming adequate operational performance during
moderate winter conditions. Wider pipe spacing (15 cm) delayed surface warming, indicating that early
system activation and optimal spacing are crucial for effectiveness.

- Energy demand:

Average heat flux was ~451 W/m?, and energy consumption for 1 hour of operation over the 1503 m?

bridge surface was ~851 kWh. Integration of 200 fixed photovoltaic panels (700 W each) could provide
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approximately 340 hours of system operation annually, highlighting the feasibility of combining hydronic
heating with renewable energy.
- Hydraulic analysis:

The series pipe configuration was impractical due to excessive head loss (~166 m), while the parallel
layout reduced head loss and improved operational stability. Calculations of volumetric flow rate, Reynolds
number, and pressure drop confirmed turbulent but controllable flow in the parallel system, suitable for
bridge-scale deployment.

Conclusions

The study demonstrates that hydronic surface heating is a technically and thermally feasible solution for

frost mitigation in Tehran’s cold-climate conditions. Compared to European applications, Tehran’s relatively
milder winter climate reduces energy demand, improving economic feasibility. Key design factors include
pipe spacing and hydraulic layout, with closer spacing (10 cm) and parallel loop design enhancing thermal
uniformity and reducing operational strain. Environmentally, the system offers substantial advantages over
chemical de-icing methods. It avoids chloride-induced corrosion, soil contamination, and negative impacts
on vegetation. When combined with renewable energy sources such as solar PV, it can further reduce carbon
emissions and support low-carbon urban infrastructure goals.
Operationally, pre-heating prior to snowfall significantly lowers energy consumption, and system
responsiveness ensures rapid pavement warming, critical for traffic safety. Despite higher initial investment
compared to traditional methods, long-term savings in maintenance costs, reduction in chemical usage, and
environmental benefits justify its adoption.

The study also highlights the practical challenges of system installation. The parallel configuration
mitigates excessive head loss and simplifies maintenance, while optimal spacing ensures effective snow
melting without unnecessary energy expenditure. Sensitivity analysis indicates that late activation or wider
pipe spacing may reduce efficiency but does not entirely compromise system functionality.

Hydronic surface heating systems can reliably prevent ice formation on bridge decks in Tehran, ensuring
safety and reducing reliance on chemical de-icers. Optimal pipe spacing of 10 cm and parallel loop
configuration provide the best thermal performance and hydraulic stability. Pre-heating before snowfall is
recommended to minimize energy consumption and maximize system responsiveness. Integration with
renewable energy, particularly solar PV, enhances sustainability and reduces carbon footprint.

Additionally, the use of this system significantly reduces the environmental impacts compared to
conventional salt-based methods, including protection of concrete structures, soil, and water resources.

The study provides a scalable roadmap for implementing sustainable bridge de-icing technology in cold-
climate urban infrastructure, balancing energy efficiency, environmental responsibility, and operational
feasibility.

Overall, the results confirm that hydronic heating represents a proactive, reliable, and environmentally
responsible alternative to conventional anti-icing approaches, suitable for cold-climate regions in Iran and
similar urban contexts worldwide.
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