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Abstract. The Poynting vector provides a rigorous framework for understanding electromagnetic
energy flow, revealing that power is transported by fields in space rather than conductors. Although
central to Maxwell’s equations, its physical interpretation in everyday circuits is often overlooked.
This paper revisits the Poynting vector’s theoretical basis—energy density, Poynting’s theorem, and
applicability in static and dynamic regimes—and applies it to three representative systems: a
battery—resistor circuit, a coaxial cable, and a circular loop. Using a field-based analytical approach
supported by peer-reviewed studies, each case demonstrates how electric and magnetic field
configurations govern the paths of energy transfer. Calculations and visualizations confirm that the
total Poynting flux matches conventional circuit-theoretic power, while exposing the spatial structure
of energy distribution that circuit models cannot capture. The findings highlight the Poynting vector’s
value as both a conceptual and practical tool. Clarifying fundamental misconceptions, informing high-
frequency circuit design, and improving electromagnetic system analysis.
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1. Introduction

The Poynting vector is defined as the electromagnetic energy flux, quantifying energy transfer per
unit area in classical field theory. It serves as a fundamental concept of how electric and magnetic
fields convey energy through space. While its use is intuitively clear in EM wave propagation, its role
in static or quasistatic circuits such as DC loops is surprisingly subtle and has motivated renewed
research interest in recent years.

Although conventional circuit theory largely attributes energy delivery to currents and voltages within
conductive wires, recent studies have revealed the importance of the surrounding field in this transfer.
For example, Zou et al. examined the Poynting vector in capacitive power systems, demonstrating
that energy can be traced flowing through stray fields, which is not solely within conductors,
especially in cases of wireless power transfer, where capacitive coupling dominates. Their analysis
shows how, in traditional lumped element models, the field regions that are often overlooked still
exhibit significant energy flow pathways [1].

On the other side, Moree and Leijon compared the traditional Poynting vector to engineering-centric
ideas of power flow, such as P = VI, and energy density formulations based on potentials. They
showed that while these alternate formulations may match practical engineering expectations, only
the Poynting vector preserves information about electromagnetic momentum and field interactions.
Their analysis emphasizes the tension between field-based physical theory and the simplifications
often adopted in power engineering [2]. Similarly, Wang explored environments in which the classic
interpretation of the Poynting vector could be limited or even break down, particularly in anisotropic
or dispersive media where S does not necessarily align with intuitive directions of power flow. He
argued that caution must be exercised when applying Poynting’s theorem in complex materials,
making clear that its universal validity depends on the nature of the medium and field configuration

[3].
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Furthermore, Calamaro et al. analyzed the role of the Poynting vector in high-frequency systems.
They showed that even when instantaneous fields fluctuate, the time-averaged Poynting vector
accurately captures the net energy flow which is something traditional power formulas often miss.
Their study demonstrates that Poynting’s vector remains a reliable tool for tracking energy transfer
in dynamic, real-world systems where field behavior is complex but critical to performance [4]. Kang
et al. reinforced this idea with both simulation and experiment, illustrating instantaneous energy flow
via the Poynting vector in wireless power transfer systems. They found that power transfer occurs
selectively within each cycle, showing that even in dynamic, wireless, near-field setups, field
representations offer critical insights into energy transport [5].

Collectively, these modern studies stress that the Poynting vector still physically meaningful across
diverse electromagnetic regimes including DC, low-frequency, and reactive systems despite its
counterintuitive implications in standard circuit contexts. This reconceptualization motivates
reexamining how to understand energy transfer in circuits.

This paper revisits the theoretical foundations of the Poynting vector and applies them to three circuit
configurations: battery—resistor, coaxial cable, and circular loop. The basic circuits would illustrate
how energy flows through electromagnetic fields rather than within conductors. Drawing on recent
studies, it argues that the Poynting vector is a physically meaningful framework for understanding
and designing electromagnetic systems.

2. Theoretical basis

The Poynting vector,

S=EXB (1)
Ho

Where, E is Electric field; B is Magnetic field; p, is the permeability of free space represents the
rate and direction of electromagnetic energy flow. Together with Maxwell’s equations, it provides a
complete picture of how energy is transmitted through space by electric and magnetic fields. In many
cases, especially involving wave propagation, the interpretation is intuitive. However, in static and

quasistatic systems, the idea that energy flows in space around wires remains non-intuitive and often
underappreciated.

The energy density u of the electromagnetic field is given by:
1 1
u=;eoE2+£Bz ()
Here, ¢, the permittivity of free space and its conservation is described by Poynting’s theorem:

-E (3)

f is Current density. This states that the time rate of change of energy stored in the fields, plus the net
outward energy flux (divergence of §), equals the work done on charges.

In conventional circuit analysis, energy is assumed to flow along wires via charges moving inside the
conductor. But the field-based formulation shows a different picture: energy enters resistors or loads
from the surrounding space, directed by the Poynting vector. The fields established by currents and
surface charges enable this spatial transfer of energy [6]. Even in a DC circuit, the magnetic field
around a wire and the electric field set by surface charges generate a continuous energy flow toward
resistive elements.
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This reinterpretation is supported by modern simulations and theoretical comparisons. Moree and
Leijon showed that while the Poynting vector and engineering power flow equations (e.g., P = VI)
often yield consistent total power values, only § retains information about electromagnetic
momentum and spatial directionality [2]. Similarly, Zou et al. applied Poynting analysis to capacitive
power systems, highlighting energy transport through fringe fields where no current flows—key to
understanding wireless energy transfer [1].

3. Case study

3.1. Case 1 (Battery—Wire—Resistor Circuit)

In a basic DC circuit consisting of a battery, wires, and a resistor, the traditional circuit view suggests
that energy flows through the wires via moving charges. While electromagnetic theory tells a more
complete story, energy is transported through the space surrounding the circuit, not within the
conductors themselves. This flow is governed by the Poynting vector, which points from the battery,
through the surrounding space, into the resistor where energy is dissipated.

This counterintuitive picture depends on the presence of surface charges distributed along the wires.
These charges, though invisible and often neglected in circuit theory, are essential in establishing the
electric field (E) along the wires’ length. The steady current produces a surrounding magnetic field
(B), and together, these fields generate a nonzero S vector directed toward the resistor. Harbola
emphasized that energy enters the resistor through its surface, not along the current path inside it [6].

Simulations by Morris and Styer provide visual evidence for this model. Their results show energy
streaming from the battery through the space outside the wires, converging on the resistor. The total
Poynting flux entering the resistor matches the expected power dissipation P = IR?, confirming the
model’s physical accuracy [7].

This case reveals a key insight: wires guide fields, not energy. While charges enable the current, the
energy flows in the field system shaped by those charges—demonstrating how field theory expands
and corrects intuitive circuit thinking.

3.2. Case 2 (Coaxial Cable)

The coaxial cable provides a textbook example of how electromagnetic energy is transmitted within
the dielectric space between conductors, rather than through the conductors themselves [8]. This
symmetric system allows for an exact calculation of the Poynting vector using Maxwell’s equations
and clarifies many misconceptions about energy flow in circuits.

Consider a coaxial geometry with an inner conductor of radius R;, an outer conductor of inner radius
R, and an ideal dielectric filling the region R; < r < R,. The inner conductor carries current /, and
the outer conductor returns —I. By symmetry, the electric field E,.(r) is purely radial and derived
from the applied voltage V, while the magnetic field B,.(8) circulates around the axis:

1
2nr

E,(r) = ﬁ 4), B(6) = o @)

Between these radii, the Poynting vector in the axial (z) direction is

VI

$.0) = B (B (0) = Sy (5)

Integrating S,(r) over the cross-sectional area:
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Thus, the total sideways energy flux through the field between conductors equals the electrical power
delivered to the load, consistent with P = V1.

This result is significant for two main reasons: 1. Field-governed energy transmission: Energy flows
exclusively in the dielectric region between conductors, not inside the copper. The conductors serve
to shape fields, not carry energy. 2. Validation of energy conservation: The integral of the Poynting
vector over space exactly reproduces the circuit-based power, reinforcing that the field-based view is
not just conceptually elegant, but physically accurate.

Importantly, because the fields outside the conductors are zero (no leakage), this geometry eliminates
ambiguity about where energy flows. It demonstrates the broader conclusion: materials conduct
current but do not transport the power.

3.3. Case 3 (Circular Circuit)

The circular wire loop is a simple system that reveals deep insights about electromagnetic energy
transfer. In this geometry, a battery connects across a small gap in a circular loop of conducting wire.
Despite its apparent symmetry and lack of obvious complexity, the fields surrounding the loop
produce a non-uniform but well-defined Poynting vector field, governs energy transfer through space
into the wire. In the study by Davis and Kaplan, the authors calculated the electric and magnetic fields
throughout the space surrounding a thin circular wire. Their setup involves a battery placed across a
small segment of the loop, generating a steady current [. Surface charges along the wire establish a
static electric field E, while the current produces a magnetic field B encircling the wire. These fields
interact to form a Poynting vector, which carries energy from the battery to the rest of the wire through
the surrounding space [9].

Their analysis reveals that the Poynting vector lines do not simply wrap around the wire or flow along
it. Instead, energy emanates outward from the battery and flows in curved paths through the space
near the wire before being absorbed along the loop. This nontrivial flow pattern reflects the full
solution to Maxwell’s equations in the system and is confirmed through numerical visualization.

Importantly, the total energy delivered to the wire by integrating the Poynting vector across the wire’s
surface matches the battery’s power output, consistent with P = V1. However, the spatial complexity
of the energy paths illustrates that even in steady-state DC systems, energy flow cannot be fully
captured by lumped-element models. As Davis and Kaplan note, the electric field direction varies
spatially due to the surface charge distribution, complicating the pattern of §.

This example demonstrates that the Poynting vector can reveal surprising features of simple
electromagnetic systems. It challenges the naive idea that energy “flows with the current” and instead
highlights the critical role of field geometry and global structure in directing energy movement.

4. Discussion

The three case studies—battery—wire—resistor circuit, coaxial cable, and circular loop—demonstrate
a unified principle in electromagnetism: energy is transported through the fields surrounding
conductors, not within them. Each system highlights a different aspect of how the Poynting vector
captures electromagnetic energy flow, even in static or quasistatic conditions where traditional circuit
theory offers limited insight.

In the battery—resistor example, it sees how surface charges establish electric fields along the wires
that, when paired with magnetic fields generated by current, lead to a Poynting vector pointing inward
toward the resistor. This flow is invisible in circuit diagrams but consistent with energy conservation
and confirmed by simulations [6, 7]. In the coaxial cable, the situation becomes cleaner: the fields are
fully confined within the dielectric region between conductors, and the axial Poynting vector
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precisely accounts for the transmitted power. This example affirms that materials carry current, but
the fields carry power.

The circular circuit analyzed by Davis and Kaplan reinforces that even geometrically simple systems
can exhibit complex energy flows. The spatial variation in surface charge creates an electric field that
curves through space, and the resulting Poynting vector lines reveal how energy is distributed across
the loop, not just at the location of the battery. This model fills up the gap between abstract field
theory and real-world circuits [9].

Taken together, these cases reveal that the Poynting vector is not just a mathematical artifact of
Maxwell’s equations but a physically meaningful quantity that describes how energy moves. They
also underscore that ignoring field structure causes incomplete or even misleading interpretations of
energy transport in electrical systems. A full understanding of circuits, especially as they grow more
complex, requires attention to the fields surrounding them.

5. Conclusion

This paper has explored how electromagnetic energy is transmitted through space via the Poynting
vector, challenging the common misunderstanding that energy travels exclusively within conductors.
Through three simple case studies, one has seen that energy flows through the electric and magnetic
fields surrounding conductors, and not necessarily along the paths of current.

Each example reinforces that the configuration of the fields, shaped by the geometry of conductors
and surface charges, determines the direction and distribution of energy flow. While traditional circuit
theory focuses on voltage, current, and resistive elements, a field-based perspective rooted in
Maxwell’s equations reveals a more accurate picture of energy transport.

Understanding the behavior of the Poynting vector is not just theoretically satisfying; it is essential
for accurately modeling and designing advanced electrical systems, including high-frequency circuits,
waveguides, and wireless power transfer. Ultimately, the fields carry energy, and the Poynting vector
tells us exactly where it goes.
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