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Abstract

Domestic water heaters traditionally use natural gas or electric resistance to heat stored
water. A gas water heater relies on a non-renewable resource, while an electric water heater
might rely on electricity generated by a non-renewable resource. This study analyzes the
performance of an electric water heater featuring a novel heating element design based on
a positive temperature coefficient (PTC) material powered directly by solar photovoltaic
(PV) modules in a northern latitude installation. The project analyzes the operation of
two different design temperatures of the PTC heating elements (50 °C, and 70 °C) when
fed by three solar PV panels during the spring in the high-latitude location of Anchorage,
Alaska (61.2° N). Our results show that both design temperatures of the PTC heating
elements are able to achieve self-regulation at a sufficient and safe operating temperature
for a domestic use case. Analysis of water heater performance directly connected to PV
power showed that the PTC-equipped water heater had a limited period of heating when
sufficient solar irradiance is available. Because of this, restrictive use of the water heater
might be necessary during periods of non-daylight hours to preserve hot water in an
insulated tank. However, this PV-to-PTC setup could be effectively used in industrial,
commercial, and research settings.

Keywords: photovoltaic module; positive temperature coefficient (PTC); domestic hot
water (DHW)

1. Introduction

The storage water heater, the type most familiar to the populace, was patented by
Rudd in the 1930s using a gas fuel source [1], with an operating principal that remains
relevant: cyclic heating to maintain a specified water temperature. Today’s domestic wa-
ter heaters traditionally use either natural gas or electric resistance to heat stored water
employing the same principle. According to Roden, gas-powered water heater installa-
tions have reliably outpaced electric units since the 1960s [1], although the recent interest
in instantaneous (on-demand) water heaters may shift this balance. While gas water
heaters consume a nonrenewable resource, electric water heaters can use renewable and
zero/low-emission resources depending on local power generation methods and may be
less expensive to operate. However, the electricity used to operate an electric water heater
itself might be generated by a nonrenewable resource, such as liquefied natural gas or coal.
A truly renewable-powered storage water heater would couple electric heating directly to
a renewable resource such as solar photovoltaic (PV) modules.
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The advent of wide-scale electrical resistance heating in a domestic setting can be
traced back to approximately 1888, when heating devices primarily relied on platinum
resistance wires [2,3]. Early electric water heating efforts are traced to Ougrimoff who,
prior to 1905, developed a water heater employing an electric arc [2]. However, electrical
resistance heating first saw widespread use in the manufacturing industry of the early 1900s
after the invention of ohmically stable and oxidation-resistant nickel-chromium alloys,
often termed nichrome, by Marsh in 1906 [4]. Nichrome wire resistance remains nearly
constant through high temperatures [3]. This stable resistance requires frequent cycling of
electrical power to maintain temperature control, just as gas-fueled devices cycle a burner,
creating complex and less reliable systems. Fortunately, an alternative heating technology
exists that requires no power inversion or control devices, hence no cyclic operation, where
thermal self-regulation is intrinsic in the material system employed.

In 1955, researchers at Philips discovered that polycrystalline N-type doped barium
titanate (BaTiO3) exhibited a marked increase in resistivity as the temperature increased
past the Curie temperature (T¢) [5], described as a positive temperature effect, later to be
generally known as having a positive temperature coefficient (PTC). PTC heaters made from
ceramics like doped barium titanate act as thermally sensitive semiconducting resistors
whose properties depend significantly on the ceramic’s morphology [6], dopant ratios [7,8],
and cooling rate during manufacture [5]. These heaters maintain a relatively stable low
resistance below the distinct transition temperature, Tc, due to conductive grain boundaries;
above T¢, resistance increases exponentially. This unique property arises due to a structural
phase transition from ferroelectric (tetragonal) to paraelectric (cubic) crystal structure as
the temperatures rises through Tc [9]. A detailed description of these effects is beyond the
scope of this article but may be found in the listed references.

In a heating application, the increase in resistance limits current flow, thus preventing
overheating. This self-regulation eliminates the need for additional control or switching
electronics, ensuring safe operation. Modern uses of PTC elements include thermistors,
over current protection devices, and point-of-use heaters, amongst others [10,11]. One
manufacturer attributes freeze protection in standard-alone outdoor equipment such as
ATMs and fuel pumps as a significant portion of their PTC heater sales [12]. The typical
behavior of a PTC device is shown in Figure 1, adapted from [5].
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Figure 1. PTC devices such as N-type doped barium titanate exhibit a typical behavior charted as
the logarithm of resistance versus linear temperature. Ry represents the device’s rated resistance at
25 °C. With rising temperature, the resistance initially drops slightly, then increases near the Curie
temperature (T¢). Beyond T, resistance follows a predictable rate () until reaching maximum
resistance (Rypax) at Tyiax. Above Tyax, resistance decreases. The proposed system operates near or
below the Curie temperature.
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For a single PV module, maximum energy is produced at the maximum power point
of its current-voltage (I-V) curve. By matching the nominal resistance of the PTC heater to
the calculated maximum power resistance of the connected PV module, electrical-to-heat
energy conversion should be optimized. Historical data from over 850 module specification
sheets indicate that the optimal standard test condition (STC; 1000 W/ m?, 25 °C) resistance
of silicon modules has remained stable over 26 years, between 2 (3 and 5 () for the most
common cell architectures (Al-BSF, PERC, TOPCon) [13], shown in Figure 2, providing
support that a single PTC heater design could be applicable to a wide range of existing
silicon module power levels and cell architectures because of the similarity in module
electrical characteristics.
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Figure 2. The nominal STC resistance for commercially available silicon modules of various cell
architectures has remained stable, by architecture, over time. Al-BSF, PERC, and TOPCon modules
generally fall between 2 () and 5 Q) (dashed lines to guide the eye) while HJT and IBC architectures
show larger spread at increased nominal resistance. Data from [13].

Increased load resistance shifts module operating point toward a higher voltage and
lower current, thus decreasing power output. Figure 3 shows power dissipation as a
function of effective resistance, demonstrating how the calculated PTC heater resistance
lies in a narrow range for our application.
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Figure 3. Current-voltage (I-V) curves for a typical silicon module are shown (left) with constant
resistance lines between 1 (2 and 20 () at three irradiances. Analysis of power dissipation along lines
of constant resistance yields power-resistance (P-R) curves such as shown (right) which suggest that
an ideal PTC heater resistance lies in a narrow range.
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This study analyzes the performance of an electric water heater, fitted with a PTC
heater, when powered by photovoltaic modules in a northern latitude installation, which is
a novel application of the technology. Performance analysis suggests modifications to the
design and characteristics which may improve performance in future studies.

2. Materials and Methods

Application of a PTC heating solution to a commercially available water heater re-
quired that the designed heater assembly fit into the pre-existing heating element port; this
dictated the maximum design dimensions of the developed device. Further, a replicable ex-
perimental setup was necessary to limit the number of uncontrolled variables between the
two collaboration partners in this study. Therefore, two identical experimental apparatuses
were fabricated, one managed by Pordis (Austin, TX, USA) for bench test of the fabricated
heater assemblies and baseline testing and the other by University of Alaska Fairbanks
(UAF) researchers at the University of Alaska Anchorage (UAA) campus to duplicate
the baseline performance tests on the same heater cores and to perform field testing in
Anchorage, AK using a photovoltaic energy source. The following sections describe the
experimental setup, heater design, bench testing, and on-sun field test measurements.

2.1. Experimental Setup

A closed-loop system was selected and designed around a commercially-available
12-gallon (45.4 L) water heater. When activated, cold water is pumped from a 5-gallon
(18.9 L) uninsulated holding tank into the water heater whose hot water is in turn pushed
into the holding tank during each pump cycle.

The original heating element and control thermostat were removed from the water
heater and replacing with a fabricated PTC heater, details of which are described in the
next section. Data recording and water pump controls were implemented using a Camp-
bell Scientific (Logan, UT, USA) CR1000X datalogger. The datalogger recorded various
temperature readings, including water heater tank temperatures at different depths (x5,
Type-T special limits of error (SLE)), holding tank temperature (ProSense (AutomationDi-
rect, Cumming, GA, USA) THMT-T18L06-01, Type-T), heating element core temperatures
(x6, Type-T SLE), water temperatures at the input and output fittings of the water heat
tank (lea, ProSense (AutomationDirect, Cumming, GA, USA) THMT-T06L06-01, Type T),
and the ambient temperature (Type-T, SLE). Water temperature was measured using a
temperature stratification probe in which multiple Type-T SLE thermocouples in thin-wall
thermowells were set to measure water temperature at various depths, ranging from 50 mm
to 450 mm. Voltage, current, calculated resistance, and calculated power of the heating
element were recorded. The datalogger controlled the water pump operation frequency and
duration in an effort to simulate anticipated household hand-washing water use. Figure 4
describes the experimental setup.

The water pump was set to run for 30 s at a rate of approximately 2.1 L per minute
(LPM) to simulate the hot-water load during a hand washing event, 5 times per day, at times
between 7:30 a.m. (0730) and 10:00 p.m. (2200). Although the hot water pumped into
the holding tank initially increases the overall tank temperature slightly, the temperature
generally returns to near-ambient conditions before the start of the next pump cycle.
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Figure 4. Diagram of the experimental setup. The bench-test experimental setup used a constant
voltage power supply; the second experiment utilized three series-connected PV modules.

2.2. PTC Heater Design

Design of the PTC heating assemblies required understanding how to best electrically
configure the individual PTC ceramic elements into a circuit that forces the string of PV
modules to operate near its maximum power point while achieving the desired maximum
water temperature (discussed below). Figure 5 illustrates I-V curves for a string of three
270 W PV modules at 0 °C under various irradiances, with superimposed constant re-
sistance curves. Modeling the 3-module string behavior over the anticipated maximum
module temperature range for Anchorage, Alaska of —40 °C to +45 °C and an irradiance of
700 W/m? yields the ideal resistance curves shown in Figure 6; the maximum power point
is expected to occur at resistances between 15.1 () and 21.2 () under these conditions. This
provided the target resistance range to which the heater assembly was designed.

Water heaters for use in residential installation are generally preset to a safe operating
temperature of 49 °C (120 °F) according to several United States federal agencies [14,15]. Tap
water scald prevention in young children is a primary driver for this temperature [16,17]
although most water heaters allow the end user to adjust the temperature in excess of 60 °C
(140 °F), a temperature at which clinically relevant scalds may be received in as little as
10 s [16]. Our aim was to achieve a maximum stablized water temperature between 50 °C
and 60 °C to show relevance for a domestic water heating application.

Commercially available PTC heating elements, often called “stones”, are limited in
availability and configuration. The selected manufacturer listed elements with Curie
temperatures between 40 °C and 200 °C, although many listed products were unavailable
for purchase at the time of fabrication; the literature suggests that devices have been
historically available with Curie temperatures as low as 35 °C [10]. Single and dual-
stone heaters of various voltage and Curie temperature configurations were purchased for
evaluation in an attempt to select a product whose characteristics most closely matched
the target condition described previously. In each evaluation, the stones were removed
from their as-received aluminum housing and resistances were measured using a 4-wire
probe connected to two parallel plates, between which each stone was compressed. This
provided consistency in the measurement method. It was noted that this method sources
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only a few milliamperes through the stone and does not lead to self-heating; this method
may be improved as discussed later.
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Figure 5. Current-voltage (top) and power-voltage (bottom) curves at 700 and 400 W/ m? and 0 °C for
a series-connected string of three 270 W modules. Constant resistance lines of 20 (), 25 (3, and 30 ()
are superimposed over the I-V and P-V curves showing where potential PTC heating elements
would operate.
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Figure 6. The ideal loading resistance for a series-connected string of three 270 W modules is shown
for temperatures in Anchorage, Alaska, —40 °C to +45 °C and irradiances of 200 to 1200 W/ m2.
A nominal irradiance of 700 W/m? was chosen for PTC element selection, yielding an ideal resistance
range between 15.1 () and 21.2 Q).

It was determined that the target resistance should be achieved using 16 paralleled PTC
stones in a two-sided sandwich configuration where aluminum electrodes provided the
electrical connections; this is shown schematically in Figure 7; Figure 8 details components
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of the assembly. A thermowell was fabricated from aluminum and threaded to mate with a
standard U.S. domestic water heater; a gasket provided a positive water seal to the water
heater. The remainder of the components were assembled into a stack which was then
inserted into the thermowell for testing. The center electrode was the positive conductor
while the two outer electrodes were the paralleled negative conductors. When stacked, this
resulted in a core with an essentially rectangular cross-section which had to be adapted
to tightly slide into the circular cross-section of the thermowell. Two aluminum circular
segment bars with reduced height lie on each side of the PTC core stack to form a nominally
circular overall cross-section; these components are termed “heat spreaders” due to their
functional transfer of heat from the core to the thermowell wall. Polyimide tape (0.051 mm
polyimide with 0.038 mm silicone adhesive) was applied to the flat side of the heat spreaders
to electrically isolate the core from the body of the thermowell. To evaluate heat uniformity
while under test, each heat spreader was slotted along the outer edge and fitted with
30-AWG, PTFE-insulated Type-T thermocouples (Omega (DwyerOmega, Michigan City,
IN, USA) TT-T-30), shown in Figure 9. Each probe tip was electrically isolated from the
aluminum component and held in place with Omegabond thermally conductive epoxy
(Omega (DwyerOmega, Michigan City, IN, USA) OB-101). In addition, 6 mm? stranded
copper wire (Type DLO) was crimped to each aluminum electrode and terminated into a
polarity-specific genuine MC4 (Staubli, Allschwil, Switzerland) PV connector. A visual
comparison between the original and experimental heater assemblies is shown in Figure 10.
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========= = 1.00mm 1100-0 ALUMINUM ALLOY
i e TERMINATED WITH 12AWG 24V PV WIRE, BLACK

ri.ooﬂ

(1) CABLE STRAIN RELIEF BODY
SLS NYLON, WHITE

\ . (2) OUTER ELECTRODES (PV POSITIVE)
() THERMOWELL WITH INTEGRATED 1INCH NPSC STRAIGHT THREAD T T Ve
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Figure 7. Design schematic of the heater assembly showing eight ceramic PTC elements per side in a
dual sandwich configuration. All measurements are in millimeters unless otherwise noted.

Figure 8. Component breakout of the designed heater assembly. Not shown are the PTC stones,

polyimide electrical insulating film, electrical conductors, and diagnostic thermocouples.



Solar 2025, 5, 42

8of 17

MATERIAL: ALUMINUM 6061-T6

245.00 200
154.0 CHAMFER 45° 2mm
CRITICAL ~~ / (17.068)
DIMENSION | \
R8.98 ! E
NN // — == ‘
B i 8.534
CRITICAL '
DIMENSION DO NOT EASE STRAIGHT EDGES
+—10.00

Figure 9. Design schematic of the heat spreader showing the thermocouple locations on each side

for monitoring the heater assembly thermal performance. Positions 1, 2, and 3 indicate the extent of
thermocouple depth as measured from the outer end of the component. Detail C is the cross-section
of the heat spreader. All measurements are in millimeters unless otherwise noted.

Figure 10. Images of the original heating element removed from the as-received water heater (bottom)
and the experimental PTC heating assembly (top) showing power leads to each electrode of the heater
core and the six heater core thermocouples. Each experimental heating assembly is visually identical.

Although the target resistance range between 15.1 () and 21.2 () was based on an
analysis of I-V curves, limited available PTC stones prevented fabrication of heaters with
both expected ideal electrical and thermal parameters. In the end, two iterations of the
PTC heater were tested at both sites: one built from 70 °C T¢ stones achieving a nominal
ambient circuit resistance of 30.3 () (heater “A”) and one built from 50 °C T¢ stones and a
nominal ambient circuit resistance of 19.8 Q) (heater “C”).

2.3. Bench Validation

Throughout this section, some methods are written as if applied to a single heater.
Note that each of these steps was applied to heater “A” and repeated for heater “C.”

After assembly, the heater was checked for proper operation by testing at three volt-
ages in free air—30 V, 60 V, and 90 V—under an essentially no-load condition since the heat
transfer rate due to normal convection is far lower than the rate due to conduction under
normal operation (loaded state) in a water heater. Infrared recordings (FLIR (Teledyne FLIR,
Wilsonville, OR, USA) E40sc, 7.5-13 um [18]) captured the rise from ambient through the
stabilized temperature at each voltage level to confirm that there were no thermally lagging
regions along the assembly which would indicate a PTC stone was not electrically conduct-
ing; these observations were then compared to the six recorded heater core thermocouple
measurements. Polyimide tape (0.025 mm polyimide with 0.041 mm silicone adhesive) was
attached to the aluminum thermowell assembly to improve emissivity (e ~ 0.75) [19,20].
An example for heater “A” is shown in Figure 11, which shows the stabilized temperature
is consistent along the length of the assembly and that the temperature is a positive function
of applied voltage. Both heaters showed expected no-load operation.
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Figure 11. Infrared images of heater “A” at various voltages in free air. Polyimide tape was attached
to the thermowell assembly to improve emissivity. Stabilized temperature is consistent along the
length of the assembly and is a function of applied voltage.

Once installed in the water heater, the tank was filled with water and the system
purged of air; the pump was disabled. A potential was then applied to the heater from
a bench power supply to establish a baseline maximum achievable temperature over the
course of several days; heater “A” was tested at both 60 V and 90 V while heater “C” was
tested at 90 V. This provided a comparison between the maximum free air temperature
and that in a filled water heater with a much larger thermal mass. The free-air operation
stabilized well above immersed operation.

Heater “A” achieved a stabilized tank temperature of 70.2 °C after 96 h of continuous
operation at 90 V although it was noted that most of the temperature rise was achieved
within the first 24 h. This is a significantly lower temperature than the free air 90 V
temperature of 94.4 °C reached during infrared testing but consistent with the no-load
versus loaded observations of Ting [10]. A stabilized water temperature of 70.2 °C presents
a realistic and significant scald hazard. Heater “C” was built using lower T¢ stones and
achieved a lower stabilized tank temperature of 62.5 °C which, although quite hot, presents
a lower scald risk and is closer to the intended design temperature range of 50 °C to 60 °C.

2.4. On-Sun Measurements

At the UAA site, each heater was powered directly by three vertically mounted, series-
connected, south-facing Canadian Solar (Kitchener, ON, Canada) CS6K-260 PV modules
over a period of two months, allowing the system to experience various weather patterns.
The system was located on the roof of one of the buildings at the University of Alaska
Anchorage in Anchorage, Alaska (latitude 61.2° N). The authors note that the water pump
stopped functioning during testing of the 50 °C heating element, so this element was
consequently analyzed in a static setup with no cycling through the water heater instead
of closed loop.

3. Results and Discussion
3.1. Heater Performance

Commercially sourced PTC stones were removed from their as-received aluminum
housings as part of the preparation process in fabricating the heater assemblies. During this
process, many of the PTC stones (nominally 27.8 mm x 10.65 mm x 1.38 mm) were found
to be cracked through the thickness along the long axis: 69% of the stones in heater “A”
and 31% of the stones in heater “C”. The larger percentage of cracked stones in heater “A”
was attributed to the sourced device being of a single stone configuration while those for
heater “C” came from a dual-stone package where the aluminum housing was compressed
over a larger area. However, the overall resistance of the assembly was not impacted by the
cracked stones as resistance is dictated by the total area through which current flows. This
is consistent with the findings of Rowlands et al. [7] who state that the roughness of the
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edge of a PTC stone is less important than the flatness of the bottom and top surfaces in
PTC heater applications.

Initial performance of each heater was evaluated by powering each device from a
power supply while installed in the water heater filled with ambient-temperature water.
This simulated a maximum load condition for the heater; heater “A” was tested at 60 V,
90 V, and 110 V while heater “C” was tested at 90 V. It is known that the resistance of
N-type doped barium titanate PTC material is sensitive to the voltage applied across the
device, with resistance decreasing as voltage increases, although this effect is more evident
at temperatures above the Curie temperature [10]. However, Ting suggests that 800 V/cm
is a safe gradient and our operating point during bench testing did not exceed this gradient
limit (60 V: 435 V/cm; 90 V: 652 V/cm; 110 V: 797 V/cm). Since operation of the developed
device is below or near T¢ and the voltage gradient is within published safe regime, we
did not consider voltage sensitivity in this proof-of-concept experiment.

The constant potential tests show a marked decrease in power dissipation after a very
short period of time (seconds to minutes), Figure 12, which is similar to the loaded opera-
tion observations of Ting (see [10] Figure 8) wherein the steady-state (t = 15 min) power
dissipation was approximately 54% of the initial power dissipation. Under 90 V conditions,
heater “A” initially dissipated 299 W (t = 0) which decayed to 109.1 W (36.5%) at 2 min and
to 46.3 W (15.5%) at steady state. One possibility is that the actual resistance of the heater as-
sembly was underestimated by the low current 4-wire DC measurement employed. In their
study of additive manufacture of barium titanate PTC devices, Rowlands et al. utilized an
impedance spectrometer swept between 100 mHz and 6 MHz followed by extrapolation to
a DC condition [7]. Use of such an instrument may have resulted in a different measured
ambient resistance. However, the more plausible explanation, and that supported in the
literature [10], is that an unloaded resistance is simply not the correct method of PTC
stone selection, and that the loaded resistance at the steady-state temperature at a target
potential is a better metric for heater design for this application. Shown in Figure 13 and
summarized in Table 1, loaded resistances are higher than the unloaded resistance and are
a non-linear function of applied voltage; further testing is necessary to adequately model
this relationship. In either case, a different effective DC resistance would have necessitated
a different circuit design to achieve the target performance during steady-state operation.

200

150

100

soﬁ

0
—— Heater A - 60V Pordis
300 —— Heater A - 90V UAF
250 —— Heater A - 110V UAF

200 —— Heater C - 90V Pordis
150

100
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Power, W

0 1 2 3 4 0 1 2 3 4 5
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Figure 12. Heater power and resistance comparison through the first 300 s (5 m) of operation under
constant potential from a bench power supply. The left side shows the only test of the 50 °C T¢

heater at 90 V. The right side shows tests of the 70 °C T¢ heaters at 60 V, 90 V, and 110 V. Loaded
resistances significantly differ from the initial measured unloaded resistances.
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Figure 13. Heater power and resistance comparison through the first 4500 m (75 h) of operation
under constant potential from a bench power supply. The left side shows the only test of the 50 °C
Tc heater at 90 V. The right side shows tests of the 70 °C T¢ heaters at 60 V, 90 V, and 110 V. Loaded
resistances significantly differ from the initial measured unloaded resistances.

Table 1. Summary table showing loaded power dissipation and resistance after 75 h of continuous
operation heating 45.4 L of water. Unloaded resistances were described previously.

Te Potential Loaded Loaded Unloaded Loading
Device Power Resistance  Resistance = Multiplier
°C v w (9) O
Heater “A” 70 60 459 78.5 30.3 2.59
Heater “A” 70 90 67.6 120.1 30.3 3.96
Heater “A” 70 110 71.6 169.4 30.3 5.59
Heater “C” 50 90 47.7 169.6 19.8 8.57

Further, since the current flowing through the circuit is a function of the temperature
of the PTC stones, performance is improved by maximizing the heat dissipation of the
assembly into the water. A higher heat transfer rate allows for a higher electrical power
dissipation [10]. The implemented design used a smooth cylindrical thermowell which
provided 191.6 cm? of effective surface area through which to dissipate the generated heat.
The electrically insulating polyimide film negatively affects the heat transfer rate out of the
heater core and into the heat spreaders and thermowell wall; Ting suggested a 5 to 10 °C
loss may be experienced by an insulating film [10]. The relatively large heat spreaders
with a total volume of 41.34 cm® dampen the responsiveness of the system. A refined
design would have likely improved the heat transfer rate to the water, resulting in a more
rapid increase in water temperature than was observed. For reference, solving a simple
heat transfer formula, Equation (1), during steady-state operation results in a effective
overall heat transfer coefficient of 0.0379 W/cm? °C for heater “A” and 0.0478 W/cm? °C
for heater “C”.

Q = AH(Tcore — TwATER) 1)
where
Q Electrical power dissipation, W;
A Surface area, cm?;
H Overall heat transfer coefficient, W/cm? °C;

Tcore Average temperature of the heater core, °C;
TwaTer  Average water temperature, °C.
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3.2. Analysis of Installed Heaters

To establish a baseline of the behavior of the PTC heating element, it was connected to
a power supply set to 90 V, details of which were previously described. The baseline can
be seen in Figure 14 for one test at UAA. The lines labeled “Rightl” through “Right3” and
“Leftl” through “Left3” represent the core temperature of the heating element measured
at specific locations inside the device (see Figure 9). The lines labeled “temp50” through
“temp450” represent the tank water temperature at 100 mm depth intervals; the number
indicates the depth of measurement from 50 mm to 450 mm from the tank upper fittings.
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Timestamp TS [yyyy-mm-dd]

Figure 14. Time series graph of the 70 °C T¢ heating elements contained within heater “A” powered
via a power supply set to 90 V. Lines labeled left1-3/right1-3 represent temperature readings of
heating element cores. Lines labeled temp50-450 represent temperature in water heater tank at depths
of 50 mm to 450 mm, see text for details. Note that temp50 through temp350 overlay with very
little difference.

As can be seen, the heating element core heated nearly instantly and reached the maxi-
mum temperature of ~70 °C in 24 h. Core temperature was dampened by the simultaneous
heating of the water in the heater tank due to the resistance dependence on temperature,
with the water temperature of the tank having reached 40 °C in roughly 6 h. However, it
took roughly one and half days for the water to reach its maximum stabilization tempera-
ture of around 60 °C. Once heating commenced, the “temp450” probe always measured
temperatures lower than the other probes even though the range at ty was 0.33 °C across
the five probes. This is likely due to this specific probe being at the lowest depth, below the
depth of the heater assembly itself, where the denser cold water is expected to rest at the
bottom of the tank.

With a baseline established, the heating element was connected to the three series-
connected PV panels. Figure 15 presents the heating element core and water temperatures
over a period of multiple sunny days along with a brief period of partially cloudy weather
during 17 to 24 March 2025.

When connected to the PV panels, the heating element’s internal temperature follows
a cycle similar to a PV module’s voltage (stable voltage with simultaneous heat generation
during the day before production ceases at night). The average daytime voltage throughout
the experiment was 110 V, which corresponds well to the modeled behavior expected
from I-V curves. When voltage is present, the heater assembly produces heat until the
sun goes down, where it then cools down and remains inactive until voltage is reapplied.
The tank’s water temperature subsequently follows this same daily cycle; this creates rising
and falling water temperatures in the tank not seen in a traditional electric water heater.
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When the panels experience a period of consecutive sunny days, the daily peak temperature
of the water slowly increases; however, this growth can be reset during periods of reduced
incident irradiance, such as during cloudy weather.
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Figure 15. Time series graph of the 70 °C heating element powered via PV panels during a period
of sunny weather in March 2025. Graph (A) represents the temperature readings of the cores of the
heating element. Lines labeled left1-3/right1-3 represent temperature readings of heating element
cores, see text for details. Graph (B) represents the temperature readings of the water in the tank.
Lines labeled temp50-450 represent temperature in water heater tank at depths of 50 mm to 450 mm,
see text for details.

During periods of low irradiance, when the power output of the PV panels is consider-
ably reduced, the heating element struggles to generate heat. This can be seen in Figure 16
where the stored water temperatures stayed near room temperature.

Cloudy

601 A H, PV Voltage
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Figure 16. Time series graph of the 70 °C T¢ heating element powered via PV panels during a period
of cloudy weather in February 2025. Graph (A) represents the temperature readings of the cores of
the heating element. Lines labeled left1-3/right1-3 represent temperature readings of heating element
cores, see text for details. Graph (B) represents the temperature readings of the water in the tank.
Lines labeled temp50-450 represent temperature in water heater tank at depths of 50 mm to 450 mm,
see text for details.

Following the 70 °C T heating element test, the 50 °C T¢ heating element was installed.
Time series analysis of this element during a sunny period can be seen in Figure 17.
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Figure 17. Time series graph of the 50 °C T heating element powered via PV panels during a period of
sunny weather in April 2025. Graph (A) represents the temperature readings of the cores of the heating
element. Lines labeled left1-3/right1-3 represent temperature readings of heating element cores, see text for
details. Graph (B) represents the temperature readings of the water in the tank. Lines labeled temp50-450
represent temperature in water heater tank at depths of 50 mm to 450 mm, see text for details.

The 50 °C T¢ heating element expectedly follows the same cycle of rising and falling
core and water temperatures seen in the 70 °C T¢ element analysis. The heating ele-
ment also exhibits the same behavior of rising daily peaks in the water temperature,
though to a greater magnitude than the 70 °C T¢ element. During the sunny period,
from 17 to 26 April 2025, the heating element was able to produce elevated water tempera-
ture and maintained a tighter range of elevated temperatures. However, once the weather
became less sunny, 27 to 30 April 2025, the water temperature began to fall.

To observe how much heat energy is retained after the element cannot sufficiently
continue to heat the water, Figure 18 represents a single-day analysis of a sunny day.
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Figure 18. Time series graph of the 50 °C T¢ heating element powered via PV panels during one day of
sunny weather. Graph (A) presents the temperature readings of the cores of the heating element. Lines
labeled left1-3/right1-3 represent temperature readings of heating element cores, see text for details.
Graph (B) presents the temperature readings of the water in the tank. Lines labeled temp50-450 represent
temperature in water heater tank at depths of 50 mm to 450 mm, see text for details.
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During the period of zero overnight heat generation, the insulation of the tank and
residual heat from the element can retain water temperatures sufficiently high enough
for use.

3.3. Discussion

When supplied with a constant voltage, as applied during bench testing, the PTC
heating element performs similarly to a traditional resistive heating element. It can reach
a serviceable temperature within a few hours, however it can take over a day for water
temperature to reach the maximum stabilization temperature.

When supplied with power from the PV panels, both iterations of the PTC heating
element follow a daily cycle of producing heat during daylight hours and becoming inactive
once the sun goes down. During this period, temperatures in the water remain high enough
for typical household use. However, multiple uses of hot water during this period of low
power/inactivity of the element accelerate the cooling of the water in a closed-loop system
during inactive periods. This analysis only simulates 30 s hand washings, so additional
uses, such as hot showers, further reduces tank temperature.

This issue is mitigated during Alaska summers, where longer daylight periods can
result in higher solar energy resource availability. However, during winters, the reverse
is true, especially close to the winter solstice where solar PV energy production is negli-
gible. This is illustrated in Figure 19 below, which was created using the ERAS typical
meteorological year (TMY) data product for Anchorage [21]. It synthesizes multiple years
of historical meteorological data, including solar irradiance, to generate one representative
year for a given location. As is apparent from Figure 19, Anchorage is subject to significant
seasonal and sub-seasonal variation in solar energy availability.

Daily Solar Insolation [kWh/m?]

150 200
Day of Year

Figure 19. Daily global horizontal insolation for the Anchorage, Alaska area sourced from the ERA5
data set.

This can further constrain the period during which the PTC heating element will
experience peak power on any given day throughout the year. This analysis also used
three south-facing PV panels, but connecting the heater to multi-facing panels (south, east,
and west) could possibly extend the peak power period of the heating element.

During cloudy days, when the heating capacity is considerably reduced, water temper-
atures fall quickly with repeated use of hot water. An extended period of cloudy weather
makes the water heater unusable for typical domestic use.

4. Conclusions

Conducted experiments showed that a PTC water heater achieved self-regulation at
temperatures at or above the target safe operating temperature for a domestic use case. This
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demonstrated the potential for direct PV-to-PTC heating, although improvements are nec-
essary. Heater circuit design was based on room-temperature resistance measurements of
the PTC stones; an improved design would use the loaded resistance at the target potential.

In a general domestic use-case, restrictive use of hot water might be a necessity to
retain hot water. However, a PV powered water heater with a PTC heating element might
match certain use cases well, such as summer use facilities. A PV-to-PTC water heater
can be effectively used in commercial, industrial, or research settings, where hot water
demand might occur during peak heating periods. Further research should investigate the
effectiveness of using a PV-to-PTC as pre-heater for a traditional water heater, potentially
reducing grid energy or fuel use. A hybrid PV and utility-powered PTC water heater
should also be investigated. PV-powered PTC heating use for sunny-period heating, such
as for diesel generator block heating for remote communities which rely on combined
PV and diesel generation could reduce fuel consumption by reducing or eliminating idle
operation to maintain block temperature.
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Abbreviations

The following abbreviations are used in this manuscript:

Al-BSF Aluminum Backside Field

HJT Heterojunction

IBC Interdigitated Back Contact

-V Current Voltage

LPM Liters per minute

PERC Passivated Emitter Rear Contact

Pyip Maximum Power, Power at the Maximum Power Point
PV Photovoltaic

pP-v Power Voltage

PTC Positive Temperature Coefficient

SLE Special limits of error

STC Standard Test Conditions (1000 W/m?, 25°C)
Tc Curie Temperature

TOPCon Tunnel Oxide Passivated Contact
Y Watts
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