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Abstract: In Canada, more than 80% of energy in the residential sector is used for space heating and
domestic hot water (DHW) production. This study aimed to model and compare the performance of
four different systems, using solar energy as a renewable energy source for DHW production. A novel
microchannel (MC) solar thermal collector and a microchannel-based hybrid photovoltaic/thermal
collector (PVT) were fabricated (utilizing a microchannel heat exchanger in both cases), mathematical
models were created, and performance was simulated in TRNSYS software. A water-to-water heat
pump (HP) was integrated with these two collector-based solar systems, namely MCPVT-HP and
MCST-HP, to improve the total solar fraction. System performance was then compared with that of a
conventional solar-thermal-collector-based system and that of a PV-resistance (PV-R) system, using
a monocrystalline PV collector. The heat pump was added to the systems to improve the systems’
efficiency and provide the required DHW temperatures when solar irradiance was insufficient.
Comparisons were performed based on the temperature of the preheated water storage tank, the
PV panel efficiency, overall system efficiency, and the achieved solar fraction. The microchannel
PVT-heat pump (MCPVT-HP) system has the highest annual solar fraction among all the compared
systems, at 76.7%. It was observed that this system had 10% to 35% higher solar fraction than the
conventional single-tank solar-thermal-collector-based system during the wintertime in a cold climate.
The performance of the two proposed MC-based systems is less sensitive than the two conventional
systems to collector tilt angle in the range of 45 degrees to 90 degrees. If roof space is limited, the
MCPVT-HP system is the best choice, as the MCPVT collector can perform effectively when mounted
vertically on the facades of high-rise residential and commercial buildings. A comparison among
five Canadian cities was also performed, and we found that direct beam radiation has a great effect
on overall system solar faction.

Keywords: microchannel solar thermal collector; photovoltaic/thermal (PVT) collector; solar domestic
hot water (DHW); solar-assisted heat pump; microchannel heat exchanger; cold-climate solar DHW

1. Introduction

Renewable and sustainable energy generation technologies have been a concern for
scientists due to climate change, increasing greenhouse gas emissions, and limited fossil
fuel resources. More than 32% of the energy used in Canada is in the building sector; more
than 80% of this fraction is used for space heating and to generate domestic hot water
(DHW) [1]. Solar thermal collectors are a common way to generate DHW directly from
solar irradiation. However, they are currently being overtaken by photovoltaic panels as
the dominant method of solar energy production due to the decreasing manufacturing
cost of photovoltaic panels. There is excellent potential for coupling PV arrays to heat
DHW by using electricity. To improve photovoltaics’ efficiency by reducing the tempera-
ture of photovoltaic cells while simultaneously generating electricity and thermal energy,
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hybrid Photovoltaic/Thermal systems (PVT) have been studied by many researchers [2].
Additionally, PVT collectors can be used as a source of energy for DHW production. A
variety of sustainable choices for solar hot-water heating are currently available, including
traditional solar thermal systems (ST-DHW), PV powered electric resistance-based water
heaters (PV-R), and systems combining both technologies (PVT-DHW). Currently, there are
no clear winners, and to date, few direct comparisons of energy performance have been
made. In the current study, all these systems are compared to measure their performance
as DHW heaters in cold-climate applications.

Providing enough thermal energy for DHW during the wintertime is crucial because
solar collectors cannot generate enough high-temperature water. For that reason, solar
thermal collectors and PVT collectors are integrated with a water-to-water heat pump to
use low-temperature water as a heat source to produce the desired DHW temperature. To
enhance the efficiency of solar thermal collectors, a novel microchannel (MC) flat-plate heat
exchanger was designed that consisted of very thin channels inside the heat exchanger
covering most of its active surface. The microchannel flat-plate heat exchanger offers
significant improvements in thermal efficiency by using a continuous fluid jacket adjacent
to the surface of the active plate of the exchanger, thus providing a large active area of
heat exchange and maintaining a uniform temperature across the whole active surface
without the temperature peaks that occur in between the tubes of current “plate and
tubes” solutions.

Based on the MC heat exchanger, a novel solar thermal collector was fabricated
and will be laboratory bench and field tested as a part of ongoing research. The MC
heat exchanger was also upgraded to a PVT collector by adding PV panels on top of the
exchanger. Due to the microchannel heat exchanger design, coolant circulating through the
MC heat exchanger evenly cools all the photovoltaic cells. This leads to enhanced cooling
efficiency across the entire area of PV cells and to increased efficiency of the photovoltaic
process. This type of collector is suitable for integration with HPs to supply DHW.

The most efficient tilt angle for a fixed solar thermal and PVT collectors is around
the local latitude [3]. The main gap in the literature is how to combine a PVT collector
to a vertical façade without significant efficiency drop of the system. A high tilt angle
makes the system more compatible for the summertime by preventing overheating the
collector and water tank. On the other hand, in the wintertime the collector can absorb
more irradiance than a non-vertical tilt angle. The main objective of this study was to
design a solar-based system with a high solar fraction, to provide DHW for a cold climate,
such as Canada’s. In this study, a novel microchannel heat exchanger is used to make better
heat exchange through the collector. Adding a heat pump to the system makes it possible
to harvest solar energy with higher efficiency but at a lower water tank temperature. The
heat pump produces domestic hot water from low-temperature water. Thus, the whole
combination of MCPVT-HP and MCST-HP makes it possible to have a high solar fraction
for a 60–90-degree tilt angle which is invaluable insight and finding. This paper aimed
to assess four different solar systems for DHW generation in cold climates (Canada) and
evaluated the efficiency of the microchannel based solar thermal and PVT collectors. Five
systems were modeled in TRNSYS software: a conventional solar thermal collector (ST-
DHW), a PV resistance (PV-R) system, a microchannel solar thermal collector integrated
with a water-to-water heat pump (MCST-HP), a microchannel PVT collector integrated
with a water-to-water heat pump (MCPVT-HP), and a simple electrical water heater tank
as the base case system. All solar systems had the same 4 m2 collector area to allow for
more consistent comparisons. The systems were evaluated and compared to investigate
which system was most suitable for single-family DHW provision in cold climates such
as Canada’s. The role of critical system parameters, such as preheat tank size, circulation
pump flow rate, and collector tilt angle on overall system performance, was studied.

In Section 2, a review of solar DHW systems and previous work is presented. In
Section 3, the modeling methodology is discussed, and system descriptions are provided.
The novelty of the proposed collectors is also explained. Section 4 contains results, system
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comparisons, and discussions. The main conclusion and recommended future works are
presented in Section 5.

2. Background

Many studies have been completed for DHW provision by solar systems such as
solar thermal collectors, PVT collectors, and PV-resistance. Each method has unique
advantages and disadvantages. Solar-assisted heat pump (SAHP) systems with different
applications are investigated in many research studies as a reliable source of residential
heating demand [4]. A comprehensive review of different solar-assisted heat pump types,
especially for DHW provision, is presented by References [5,6]. Direct and indirect solar-
assisted heat pumps with a single DHW tank are studied in most research. By summarizing
the available published works, Rodriguez et al. [7] found a strong relationship between
theoretical and experimental prototypes of a single-tank direct solar-thermal heat pump.
According to their findings, a 5.6 m2 solar thermal collector could maintain DHW for
150 L/day of consumption in Spain’s climate. The coefficient of performance (COP) varied
between 1.7 and 2.9, and a maximum condensation temperature of 57 ◦C was reported.
Many factors affected the efficiency of the overall system. Seara et al. [8] showed that
the COP of a direct solar-assisted heat pump is highly dependent on the solar irradiance
availability and ambient temperature.

Photovoltaic (PV) panels can only convert between 16% and 28% [9] of the incident
solar radiation to electricity under controlled conditions (Standard Test Conditions (STC),
i.e., for the one Sun (AM1.5) illumination and a cell at a temperature of 25 ◦C). STC
conditions are rarely met in the field and most solar photovoltaic installations are operating
at temperatures greater than 25 ◦C. What is important is that the efficiency of contemporary
photovoltaic cells drops when temperature increases above 2 ◦C, with a decline of between
0.1% and 0.5% per every 1 ◦C temperature increase [10]. Under ordinary conditions, more
than 80% of the incident solar radiation is converted to heat or reflected. These losses are the
main result of increasing the temperature of PV panels [7]. A hybrid Photovoltaic/Thermal
(PVT) system harvests solar energy to generate both electricity and heat simultaneously.
This technology is used to improve the PV panel’s efficiency by cooling down its PV cells
while generating thermal energy for heating. This technology uses less surface area in
comparison to using solar thermal collectors and solar PV panels separately.

In many cases, PVT systems are designed to enhance the electrical output of the PV
panels by lowering the surface temperature of PV cells (with the goal of approaching
Standard Test Conditions). Thus, for a water-based PVT system to have a higher electrical
efficiency it is important to keep the fluid temperature low. On the other hand, by allowing
temperature increase of the coolant leaving the PVT collector, the system becomes suitable
for heating applications that need a relatively high-temperature water supply. However,
in this case the electrical output of the PV cells declines. It is essential to understand
the system’s purpose and find a trade-off for optimum electrical and thermal output.
Brottier et al. [11] performed thermal analysis of 28 different PVT solar DHW collectors
in different European cities. Each PVT was installed with a different collector area and a
preheat tank to collect solar thermal energy. This study shows that a PVT collector can
be used as a preheater of DHW even when summertime daily maximum temperatures
of above 45 ◦C are reached. The study shows that, in certain conditions, a PVT collector
could provide twice as much electricity as a “PV only” panel with the same absorber area.
Herrando et al. [12] investigated a PVT collector for the provision of DHW and electricity
to a UK house. It was shown that, with a flow rate of 20 L/h and 100% PVT fill factor, 36%
of the total hot water and 51% of the home’s total electricity could be covered by the PVT
system. Higher flow rate had a small impact on the PV efficiency improvement; on the other
hand, by decreasing the flow rate, the collector’s thermal efficiency increased significantly.
The increase in efficiency was a result of the system having a bypass circuit which only
allowed water from the collector to enter the tank when the collector temperature was
higher than the tank temperature. For higher mass flow rates, the outlet temperature of
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the PVT collector decreased. Because of the single-tank system design, a higher flow rate
reduced the total collector efficiency and increased collector heat loss. The study observed
that, due to the cooling effect, the PVT system could produce 2% more electricity than a
PV-only system. Kalogirou and Tripanagnostopoulos [13] performed a TRNSYS simulation
based on a fabricated PVT collector. Despite a small electrical reduction output of PV
panels, the total harvested energy was noticeably higher than the PV-only system. Their
economic analysis shows that weather conditions have a noticeable impact on the return
on investment (ROI), which can vary between 15 and 30 years.

Adding a heat pump to improve the overall efficiency of the PVT–DHW system and
provide desired DHW temperature is beneficial. A prototype of an indirect PVT solar-
assisted heat pump/heat pipe was made by Fu et al. [14] in Hong Kong. This system has
a single DHW tank charged directly by a solar thermal collector or a heat pump cycle. A
4.668 m2 PVT collector showed that, under the heat-pipe mode, the system could hardly
maintain viable DHW temperature. In the heat pipe mode, the daily average efficiency of
the system was 36.5–38.4%. However, switching to solar-assisted heat pump mode could
increase the daily average efficiency to 61.1–82.2%, with a COP of 4.01 on sunny days.
Many other kinds of research focused on PVT collectors for residential low-temperature
thermal demand can be found in References [2,15]. Annual system performance will also
depend on climate and load, further complicating the comparison. Banister et al. [16] made
an apparatus to evaluate the accuracy of the TRNSYS model for a dual-tank solar-assisted
water-to-water heat pump. The experimental results showed high accuracy and reliability
of TRNSYS simulations, which led the current study to use this software as the modeling
and simulation platform.

The surface temperature of a PV panel has a noticeable effect on the PV efficiency.
When surface temperature increases, PV efficiency decreases [17,18]. Many different
systems were investigated to reduce the PV panel temperature and increase the PV panel
efficiency [17,19]. One of the most reliable equations to show the temperature–power
relationship was derived by Evans [20] and is applicable for most PV panels. It was shown
that, for each PV array, the total output power of the panel is restricted by the lowest
efficient PV cell [18]. In common PVT collectors, the heat absorber pipes of the thermal
collectors are attached to the PV panels’ back with a relatively high distance between each
pipe. Since coolant is circulating inside the pipes, the PV cell temperature drops for those
cells in contact with the pipes. However, PV cells that are not in contact with the pipes
are cooled down at a lower rate, and their temperature remains higher than other PV cells.
Higher temperature reduces PV cell power; hence, the panel’s total power is reduced due
to this restriction. The creation of high- and low-temperature spots on the surface of PV
cells is one reason for PV panel power reduction in many PVT collectors.

Designing an efficient heat exchanger to remove heat flux and increase the thermal
efficiency of the system is one of the most important system design factors [21]. There
are different methods of enhancing the thermal efficiency of heat exchangers, such as
using nanoparticles to the based fluid, vibration, and adding roughness to the surface of
heat exchangers. However, in many cases, enlarging the surface area (such as using fins
or microchannel) is considered to enhance heat exchanger thermal efficiency [22]. The
microchannel heat exchanger can remove thermal energy in a more compact size than
regular heat exchangers. They are relatively easy to be manufactured and can be more cost
effective than other types of heat exchangers. Much research has been conducted to study
the effect of different fluid and nanofluid on the thermal conductivity of the microchannel
heat exchanger [23–25]. Arani et al. [26] studied the effect of nanofluid particle volume
fraction on heat transfer inside a microchannel heat sink. It was shown that, by increasing
the nanoparticle volume fraction, the microchannel thermal resistance decreased. It could
lead to accelerating the heat transfer rate and decreasing the temperature gradient ratio of
the microchannel’s bottom wall. Behnampour et al. [27] studied the effect of different rib
shapes of microchannel heat exchanger wall on the heat transfer of water–Ag nanofluid. It
was shown that the triangular rib has the best thermal performance among other shapes
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of ribs and the rectangular rib form has the highest change in the streamlines. There is
not enough study on utilizing different types of microchannel heat exchangers in PVT
collectors. Motamedi et al. [28] developed a prototype and utilized a microchannel heat
exchanger and nanofluids in a PVT collector to reduce pumping power requirement. It
was shown that, by using Ag/SiO2 as nanofluid, the pressure drop along the microchannel
heat exchanger reduced on average 17% in comparison with a smooth channel.

In this paper, to minimize the PV panel hot and cold spots to improve PV efficiency, a
novel type of microchannel (MC) heat exchanger was designed and fabricated. The MC
heat exchanger consists of many narrow channels covering all surface areas of the heat
exchanger. The coolant flows through the channels and makes a uniform temperature
gradient all over the heat exchanger’s surface. Due to the very high surface area in the
MC heat exchanger and uniform temperature gradient, it can be assumed that all PV
cells have the same temperature gradient as the heat exchanger. As a result, high and
low-temperature spots no longer exist on the surface of PV cells due to a more uniform
cooling process. All PV cells in contact with the MC heat exchanger can have the same
output power due to uniform temperature gradient over the PV panel surface. In addition,
the higher active surface area of the MC heat exchanger results in more thermal energy
being collected. In this paper, the impact of using a microchannel heat exchanger for solar
thermal and PVT collectors was investigated.

3. Methodology and Simulation

A microchannel heat exchanger (MCHX) was fabricated in collaboration with a Cana-
dian company that works on microchannel-based solar thermal systems. Based on that
microchannel heat exchanger, a microchannel solar thermal collector and a microchannel-
based PVT collector were designed and fabricated to study the impact of the MCHX
on the proposed solar systems. Both MC-based solar collectors were integrated with a
water-to-water heat pump (HP) for DHW provision in a Canadian single-family dwelling.
Since HPs are able to work with low-temperature heat sources, they can use solar ther-
mal energy generated by the collectors efficiently even at low temperatures. This pa-
per is a preliminary modeling and simulation study to investigate the potential of such
microchannel-based ST and PVT in DHW systems for cold-climate applications. The
scope of this study was to model, simulate, and then compare the following solar-based
DHW heating systems: (1) microchannel-based solar thermal collector and heat pump
(MCST-HP), (2) microchannel-based PVT collector and heat pump (MCPVT-HP), (3) PV
collector and resistance element (PV-R) system, and (4) conventional single-tank solar
thermal collector (ST)-based DHW heaters. In addition, a commonly used electric DHW
heater tank is also modeled as the base case for the comparison. To compare different
aspects of all five systems, the systems were simulated in TRNSYS software. The TRNSYS
Metronome library provides the Toronto weather data for the simulation. In a simulation
involving hot-water loads, it is essential to correctly model the water-draw profile. A typi-
cal residential water-draw profile varies from region to region and is strongly dependent
on resident behavior [29]. An average 2-day hot-water-draw (205 and 196 L/day) profile
(Figure 1) was chosen for this study based on Canada DHW usage reported by IEA Annex
42 [30]. In this report, a model with 0.21 L/min resolution was programmed based on
IEA SHC Task 26 DHW model [31] to drive the DHW profile. The program produced sets
of DHW profiles at different time steps (from 1 min to 60 min) and different daily DHW
consumption. The model was validated by comparing it to the available Canada DHW
profiles. In contrast with Europe, most dishwashers and washing machines in Canada use
DHW instead of cold water. The water-draw profile in Canada has one morning and one
evening peak driven by showers and washing machines. The morning peak is from 6:00
to 9:00 a.m. with an average of 18 L per hour. The evening peak is from 8:00 to 10:00 p.m.
with an average of 18 L per hour. There is almost no water draw from midnight to 5:00 a.m.
The rest of the hours have an average of 8 L per hour of hot-water draw. The cold-water
supply temperature delivered to the tank is chosen from the climate data library in TRNSYS.
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The cold-water supply temperature in Toronto varies from 6 ◦C in the wintertime to a
maximum of 16 ◦C in the summertime.

Figure 1. Average Canadian 2-day water-draw profile.

Hailu and Fung [3] indicated that the optimum seasonal tilt angle for PVT for the
Toronto climate should be 66◦–69◦, 40◦, 27◦, and 50◦–53◦ for winter, spring, summer, and
fall, respectively. At these angles, a solar collector can collect the highest amount of solar
irradiation. Based on an anisotropic model, the authors indicate that the optimum annual
tilt angle for the Greater Toronto Area (GTA) may be around 46◦. For this work, a fixed tilt
angle is used for the collector for all seasons. As all collectors do not have solar tracking
systems to improve their efficiency, they all have 0◦ azimuth angle and are faced due south.
A sensitivity analysis on the effect of tilt angle on overall system solar fraction is performed
to investigate whether different systems would have different optimal tilt angles. In this
study, all collectors (in all cities) have a 45◦ tilt angle.

While each proposed DHW system presented in this paper has a different configura-
tion and parameters, some components are the same in all systems. For all the systems,
circulation pump energy consumption and pipe heat loss were ignored due to their minimal
impact on the results.

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Electric-Resistance Water Heater (Base Case)

A base-case electric-resistance water-heater system is chosen to compare to the four
different proposed solar-based DHW systems with regard to energy consumption, effi-
ciency, etc. It consists of a conventional hot-water tank that has two 1500 W immersed
electric resistance element heaters that function as a master–slave pair. The bottom element
can be enabled only when the top element is off. Thus, it is not possible to allow both
elements to be on at the same time. This setting helps to improve overall efficiency of the
system by controlling water temperature at each node and reducing tank heat loss. If there
is no water draw, only the top part of the tank should be set to 55 ◦C. The top element has
a 55 ◦C set point with 5 ◦C deadband to ensure load temperature is always around 55 ◦C.
The bottom heater has a 35 ◦C set point with 5 ◦C deadband to preheat water in the lower
portion of the tank. Table 1 shows the base case DHW heating energy consumption and av-
erage temperature for five Canadian cities. It shows that Edmonton has the lowest average
ambient temperature and the highest base case DHW energy demand. All parameters of
the electric water heater are shown in Table 2. The tank is refilled by city water and the
TRNSYS Metronome library provides the city water-supply temperature.
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Table 1. Monthly base case DHW energy vs. temperature.

Edmonton Vancouver Halifax Montreal Toronto

Month

Base
Case
DHW

Energy
(kWh)

Min
Ambient

T (◦C)

Max
Ambient

T (◦C)

Base
Case
DHW

Energy
(kWh)

Min
Ambient

T (◦C)

Max
Ambient

T (◦C)

Base
Case
DHW

Energy
(kWh)

Min
Ambient

T (◦C)

Max
Ambient

T (◦C)

Base
Case
DHW

Energy
(kWh)

Min
Ambient

T (◦C)

Max
Ambient

T (◦C)

Base
Case
DHW

Energy
(kWh)

Min
Ambient

T (◦C)

Max
Ambient

T (◦C)

January 357.2 −30.6 9.3 304.2 −5.8 9.8 331.1 −20.6 10.2 341.9 −29.3 8.9 331.8 −22.0 7.2
February 336.3 −26.8 6.5 283.7 −3.1 11.9 310.1 −19.6 9.0 321.8 −27.7 8.6 311.6 −19.9 5.0

March 371.1 −22.6 11.7 311.1 −0.8 14.8 341.0 −13.5 11.4 353.1 −19.8 12.4 341.4 −13.2 13.7
April 350.0 −10.9 19.2 293.3 1.0 17.6 321.7 −6.9 14.2 329.8 −6.9 19.4 319.2 −4.2 17.2
May 346.2 −4.1 25.8 292.1 4.5 20.9 319.3 −1.0 21.4 322.1 −0.1 26.9 312.6 2.4 23.7
June 317.8 3.2 26.9 271.7 8.6 22.9 295.4 3.0 25.6 292.2 4.9 28.9 284.9 7.5 28.0
July 313.5 4.8 29.5 272.6 9.4 26.3 294.2 8.8 28.1 285.8 10.3 32.2 280.2 11.7 31.1

August 305.7 3.7 28.6 269.8 10.2 25.1 289.3 8.8 26.2 278.8 6.9 30.1 274.4 11.4 27.4
September 296.9 −3.1 25.6 263.8 7.3 22.7 282.1 3.6 25.4 272.7 1.2 27.6 268.8 3.6 26.4
October 316.5 −7.9 19.9 280.9 3.6 17.1 300.3 −1.1 20.8 294.4 −3.8 23.3 289.7 0.3 19.3

November 321.7 −19.4 9.9 282.6 −0.4 13.3 303.5 −6.8 15.4 303.4 −12.1 16.4 297.3 −6.9 14.7
December 350.2 −30.6 9.3 303.3 −5.8 9.8 327.6 −20.6 10.2 333.6 −29.3 8.9 325.3 −22.0 7.2

Total 3983.1 3429.1 3715.7 3729.6 3637.3
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Table 2. Preheat and DHW tank characteristics.

Parameter Preheat Tank DHW Tank

Tank volume 0.42 m3 0.35 m3

Tank height 1 m 1 m
Tank Loss coefficient 0.428 kJ/hr.m2K 0.428 kJ/hr.m2K

Number of nodes 20 20
ST collector inlet node number 20 NA

Outlet to HP node number 1 20
Set point temperature for the top element NA 55 ◦C

Number of port (inlet/outlet) 2 2
Room temperature 20 ◦C 20 ◦C

Node containing the top thermostat NA 1
Deadband for heating the top element NA 5 ◦C

Maximum heating rate of the top element NA 1000 W
Set point temperature for the bottom element NA 35 ◦C

Node containing the bottom thermostat NA 15
Deadband for the bottom heating element NA 5 ◦C

Maximum heating rate of the bottom element NA 1000 W

3.2. Microchannel Solar Thermal Collector and Heat Pump System (MCST-HP)

A novel microchannel solar thermal collector that consists of a microchannel heat
exchanger was fabricated (Figure 2a,b) for experimental research. Based on the fabricated
collector’s thermal properties, the TRNSYS model of MCST type was made. TRNSYS
simulations are made of individual components. These individual components represent a
piece of equipment that is made of a system of equations to calculate its performance. A
complete model is made of different component (known as “types”) that are connected in
a logical sequences and similarly to how they would be connected in real life [32].

Figure 2. Cont.
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Figure 2. (a) Fabricated microchannel (MC) heat exchanger; (b) Cross-section of the MC heat
exchanger element.

Table 3 presents the specifications of the MC heat exchanger and the fabricated MC
solar thermal collector. Very thin microscale channels allow liquid to flow inside the MC
heat exchanger. Because the absorber has many channels, it has a higher active absorber
surface area which leads to a better heat exchange rate. Total absorber area of 4 m2 was
chosen for modeling in all four solar-based DHW systems. As each collector has a 2 m2

(1 m × 2 m) absorber area, two MCST collectors are connected in parallel to have an overall
4 m2 collector area.

Table 3. Microchannel Heat Exchanger Specifications and Microchannel Solar Thermal Collector Spec-
ification.

Microchannel Heat Exchanger Specifications
Heat Exchanger Material Aluminum Alloy 3660 T6

Total length of heat exchanger 1465 mm
Manifolds connecting pipes 3⁄4 ′′ NPT, internal diameter 20 mm

Total number of channels 62
Number of planks 8

Width of each plank 120 mm
Microchannel Solar Thermal Collector Specification

Gross Area 1.964 m2

Absorber Area 1.956 m2

Dry Weight 63 kg
Fluid Capacity 4.3 L

Y intercept 0.795
Slope −5.719 W/m2 ◦C

ISO efficiency equation η = 0.782 − 4.22300(P/G) − 0.02450(P2/G)
Incident modifier for θ = 40◦ 0.93

Cover transmissivity 90%
Fin thickness 4 mm

Number of risers 64
Pressure drop (flow = 80 mL/s) 455.98 Pa

An indirect dual-storage solar-assisted heat pump is presented in Figure 3. The
configuration of a microchannel-based solar thermal with heat pump (MCST-HP) domestic
hot-water system consists of the following: a microchannel solar thermal collector, two
stratified tanks (one of them with electric resistance elements), a water-to-water heat pump,
pumps for circulating water/anti-freeze, controllers, and aquastats.
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Figure 3. Schematic of MCST-HP DHW system.

The first tank (preheat tank) on the left-hand side of Figure 3 is connected to the
MCST collector. It collects solar thermal energy and provides a stable source of heat for the
water-to-water heat pump. Having the first tank connected to the HP makes it possible
to collect as much solar thermal energy as possible into the preheat tank. The HP can
work in a wide temperature range from −3.5 to 60 ◦C. For this reason, the HP can be
integrated with the preheat tank and collect all the heat collected by the MCST collector
and minimize heat loss from the collector to surroundings due to temperature differences.
To study and control water temperature more accurately based on the height of the tank,
the preheat tank was divided vertically into 20 nodes, having node 1 at the top and node
20 at the bottom. An aquastat controller controls the variable speed pump to circulate
the fluid/anti-freeze inside the MCST collector. The pump starts circulating the working
fluid/anti-freeze when there is a 5 ◦C temperature difference between the outlet of the
collector and the bottom part of the preheat tank. In order to prevent freezing during
wintertime, a mixture of 50–50% water–glycol solution is used as the circulating fluid. The
preheat tank has two pairs inlets/outlets. For the first inlet/outlet pair, the cold anti-freeze
leaves the tank from node 20 and goes to the MCST collector. Preheated fluid/anti-freeze
from the MCST collector enters the tank from node 1. The second inlet/outlet pair is
connected to the water-to-water heat pump. Preheated anti-freeze leaves from node 1 and
goes to the evaporator of the heat pump while the cooled anti-freeze returns back to the
preheat tank at node 20. A water-to-water heat pump is connected between the preheat
tank and the DHW tank on the right-hand side of Figure 3. The preheat tank acts as a
heat source for the HP’s evaporator. The second tank (DHW tank) is designed to receive
the heat output from the heat pump’s condenser which provides DHW. To consistently
maintain the outlet temperature of the DHW close to the set-point temperature, a backup
electrical resistance element is positioned at node 1 of the DHW tank. Finally, at the DHW
tank outlet, an anti-scald safety valve is integrated to prevent excessive high-temperature
water supply to household services.

There is a critical relationship between the solar thermal collector area and the preheat
tank volume. Comakli et al. [33] showed that, when the preheat tank size increased, the
system’s overall efficiency increased. However, the stored water temperature fell, and may
not have been high enough for DHW usage, particularly during wintertime in cold-climate
regions. An optimized preheat tank size should be considered to prevent overheating of the
system while maintaining optimum collector efficiency. Rodríguez et al. [34] showed that
the correlation between collector absorber area (A) and tank volume (V) follows Equation
(1) when the preheat tank is optimally sized. It was shown that, by considering V/A = 0.08
to 0.1, there was a balance between the system’s total cost (ST collector + preheat tank) and
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the system energy efficiency. For a 4 m2 solar collector, a 0.42 m3 (110 USG) preheat tank
was selected as a standard water tank size.

0.05 ≤ V
A
≤ 0.18 (1)

In order to reduce tank heat loss, 2-inch eco-friendly blanket foam with thermal
insulation of R13 (or RSI of 2.29) was used as a thermal insulator around and on top of the
preheat tank. Table 2 shows the specifications of the preheat and DHW tanks.

Table 4 shows specifications of a water-to-water heat pump with a nominal output of
2.93 kW. In order to ensure that the HP does not extract too much heat from the preheat
tank, a scale factor of 0.5 was applied to the HP simulation, reducing output to 1.46 kW. The
HP component (Type) in the TRNSYS model is a single-stage water-to-water heat pump.
The heat pump rejects heat from one liquid stream to a second. The HP model (Type)
relies upon catalog data readily available from HP manufacturers. At the heart of the HP
model, there is a heating performance data file that provides normalized capacity and
power draw of the HP as functions of entering load fluid temperature and entering source
fluid temperature. This component can interpolate data within the range of input values
(cannot extrapolate) specified in the data files. If the HP heating signal is considered to be
ON, the HP component, based on the entering load and source fluid temperature, calls the
TRNSYS data file. In the next step based on the data file specified by the manufacturer,
the TRNSYS component returns HP’s heating capacity and power draw. HP manufacturer
catalog is provided in Appendix A Table A1.

Table 4. Water-to-water HP specifications [35].

Model 018-SC2506WK6-YAWS

Load flow rate 839.6 kg/h
Source flow rate 839.6 kg/h

Reference source temperature 15 ◦C
Reference load temperature 40 ◦C

Heating capacity 4.3 kW
COP 3.1

Capacity modulation Single

A controller is used to run the HP whenever node 4 temperature (bellow the backup
electric resistance element) of the DHW tank is below 55 ◦C with a 5 ◦C deadband. This
ensures that as much heat comes from the solar loop to the system as possible, and if there
is not enough energy, the master-and-slave electrical heating elements provide the rest of
the needed energy. An aquastat controls the minimum and maximum allowed temperature
of −3.5 and 90 ◦C for the preheat tank.

To circulate the water–glycol and water in different parts of the system, variable speed
pumps are used, and their specifications are given in Table 5 [36]. Six flow rates of 50,
100, 150, 200, 250, and 350 kg/h were applied on the left-hand side of the preheat tank
to study the influence of flow rate on the PVT and ST systems’ efficiencies. However, for
the main simulation a 350 kg/h flow rate was chosen for the solar loop. On the preheat
tank’s right side (HP side) all pumps have a maximum of 900 kg/h flow rate, based on the
HP specifications. Table 6 shows all TRNSYS simulation components and types used for
the model.

Table 5. Water pump specification [36].

Q Nominal Flow Rate 0–11.3 kg/h

P Operating power range 10–170 W
H Maximum head 10.5 m
η Pump efficiency 0.85 -
T Maximum/minimum water temperature 110/−10 ◦C
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Table 6. TRNSYS components for MCST-HP and MCPVT-HP systems.

TRNSYS Components Type

Variable pump 110
Stratified tank 534

Water-to-water HP 927
Water-draw profile 14

Diverter 11
Element 2270

Controller 2b
Energy balance check 46

Heat exchanger 91

3.3. Microchannel Photovoltaic/Thermal Collector and Heat Pump System (MCPVT-HP)

Based on the heat exchanger used in the MCST collector, a microchannel PVT col-
lector was designed and fabricated. It consists of a PV panel attached on top of the
microchannel-based heat exchanger (MCHX). The MCST collector in TRNSYS has systems
of the equation to calculate solar gain and thermal loss. The overall loss coefficient due to
convection (STF1) and radiation (STF2) from the top of the collector can be calculated from
Equations (1) and (2) [32].

STF1 =

 Ncover(
C

Tm[K]

(
Tm[K]−Ta[K]

Ncover+F

)1/3
) +

1
hwind


−1

(2)

STF2 =

 σ
(

Tm[K]2 + Ta[K]2
)
(Tm[K] + Ta[K])

1
(εp+0.05Ncover(1−εp))

+ (2Ncover+F−1)
εg

−Ncover

 (3)

where Ncover is the number of covers over the absorber, Ta is the ambient temperature, Tm
is the mean collector temperature, hwind is the heat transfer coefficient due to wind, εp is
the emittance of absorber plate, and εg is the emittance of cover glass. The overall loss
coefficient is the sum of these contributions in kJ/h plus the loss coefficient from the back
and edges of the collector (Ube):

UL,ref = (STF1 + STF2)× 3.6 + Ube (4)

Moreover, for flat-plate collectors, the reference overall loss coefficient (UL) is adjusted
for both the transmittance, and the cell temperature can be calculated from Equation (5).
UL,ref is the overall loss coefficient before adjusting for transmittance and cell temperature,
τ is the cover transmittance, and ηref is the PV cell efficiency at the reference conditions.

UL = UL,ref − τHr(ηrefPF)
(

1−Ccelltemp(Ta − Tref)
) 1

Tc − Ta
(5)

where Tc = Tref +
1

Ccelltemp
.

In the PVT model, the PV efficiency was calculated based on the cell efficiency at
reference conditions. Reference cell efficiency indicated the rate at which the PV section
of the collector converts solar irradiance to electrical energy at reference and known cell
temperature. Then the cell efficiency (η(T)) can be calculated by Equation (6), wherein C is
the temperature coefficient of the PV panel.

η(T) = ηref × (1−C(T− Tref) (6)

A dual-tank microchannel PVT collector integrated with a water-to-water heat pump
is considered to improve the system’s overall efficiency (Figure 4). The electricity generated
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by the PVT collector is transmitted through a DC/AC inverter with a 95% conversion
efficiency to a resistance heater located at node 10 of the DHW tank. Similar to MCST-HP,
the HP is located between preheat tank and DHW tank. A controller with set points of 55
and 5 ◦C deadband turns on the HP whenever the DHW outlet temperature drops below
the set point. Hot water from the HP enters the DHW tank from node 3. An electrical
resistance element is added to the DHW tank in order to ensure 55 ◦C DHW supply. In
this system, there are three possible ways to heat the water in the DHW tank: (1) hot water
from the HP, (2) PVT electricity, and (3) backup electric resistance heater. All the other parts
of the MCPVT-HP system are the same as what was presented for the MCST-HP system.

Figure 4. Schematic of MCPVT-HP.

In order to model the PVT collector in TRNSYS, an unglazed liquid-based PVT collec-
tor type in TRNSYS is used. Its parameters are modified according to the microchannel
thermal collector’s specifications. PVT parameters that were used for simulation are given
in Table 7. The microchannel heat exchanger is directly attached to the PV panel’s back (the
same PV panels for the PV-R system in Section 3.4) and has its back side insulated with
a 1-inch polyisocyanurate sheet. Figure 5 shows the fabricated prototype of the MCPVT
collector. Two MCPVT collectors are connected in parallel to have an overall 4 m2 collector
area. Furthermore, Figure 5 shows the back side of the collector where the microchannel
heat exchanger is attached to the back of the PV panel. The top part of the PV array is not
covered by the microchannel heat exchanger.

Table 7. PVT parameters for modeling in TRNSYS.

Parameter Value

Collector area 3.9 m2

Collector Fin Efficiency Factor 0.98
Fluid Thermal Capacitance 3.56 kJ/kg.K
Collector plate absorptance 0.92

Collector loss coefficient 5 kJ/hr.m2.K
Cover transmittance 0.89

Temperature coefficient of solar cell efficiency 0.0032
Reference temperature for cell efficiency 25
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Figure 5. Fabricated microchannel PVT collector.

Similar to MCST-HP, this system has an aquastat to monitor the temperature of the hot-
water supply, which reduces the frequency with which the HP switches on/off. Electricity
generated by the PV panels of the PVT collector passes through a DC/AC inverter, after
which it is directly converted to heat by an electrical resistance element and heats the DHW
tank. All the other components of this system have the same function and specifications as
the MCST-HP system from Section 3.2.

3.4. PV-Resistance DHW Heater (PV-R)

Two 335 W solar PV panels with a total collector area of 3.95 m2 are connected in
series to generate electricity. The PV panel characteristics are shown in Table 8. Figure 6
presents the proposed PV-R system. The generated electricity is transmitted through a
DC/AC inverter with a 95% conversion efficiency to a resistance heater located at node 10
of the DHW tank. The electricity inside the resistance heater is converted to useful thermal
energy that can be calculated by using Equation (7):

QFluid = Qelec.ηheat (7)

Table 8. PV panel characteristics [37].

Parameter Value

Maximum power 335 W
Dimension 1.956 m × 0.992 m

Module ISC at reference conditions 9.56 A
Module VOC at reference conditions 46.37 V

Reference temperature 298 K
Reference insolation 1000 W/m2

Module voltage at MPP and reference conditions 37.55 V
Module current at MPP and reference conditions 8.94 A

Temperature coefficient of ISC at reference conditions +0.05%/C
Temperature coefficient of VOC (reference conditions) −0.32%/C
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Figure 6. Schematic of PV-R DHW system.

QFluid is the thermal energy delivered to the water tank, Qelec is the electrical energy
delivered to the electrical resistance, and ηheat is the electricity-to-heat conversion efficiency,
which was assumed to be unity. There is no battery to store the electricity, and all generated
electricity is converted to thermal energy. To maintain DHW around 55 ◦C during low
solar irradiance, a slave–master element is added to the tank with the same configuration
as described in the previous systems.

3.5. Single-Tank Solar Thermal System (ST)

A conventional single-tank flat-plate solar-thermal-collector-based DHW system
(Figure 7) is modeled to provide a meaningful point of comparison for MC systems. Kam-
yar, Fung, and Kumar [38] found that, for Canadian cities in the winter season, flat-plate
solar thermal collectors could produce more thermal energy than evacuated tube collectors.
One primary reason for the evacuated tubes’ lower overall efficiency was snow and ice
cover in the winter months due to the evacuated tubes’ greater insulating properties. A
flat-plate solar collector was chosen for the current study due to its higher efficiency in
cold climates.

Figure 7. Schematic of conventional single-tank ST DHW system.

4. Simulation Results

All systems were modeled and simulated by using TRNSYS for Toronto weather
conditions. Tables 9–13 show the simulation results of each system (four solar-based DHW
heaters) specifically. It is shown that, with the specific water-draw profile (200 L/day on
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average) in the cold climate of Toronto, approximately 3750 kWh/year energy is needed
for DHW provision.

Table 9. Conventional single-tank flat-plate ST-based system simulation results for Toronto with 45-degree tilt angle.

Month Elements
(kWh)

Solar Energy
(kWh)

Total Energy Required
for DHW (kWh) Solar Fraction Collector

Efficiency

January 190.7 145.6 336.4 43.3% 45.9%
February 137.1 186.1 322.8 57.7% 47.5%

March 117.6 237.2 354.3 67.0% 46.8%
April 77.4 261.1 338.0 77.2% 47.2%
May 21.9 294.3 315.7 93.2% 46.6%
June 11.2 299.2 309.9 96.6% 46.7%
July 1.1 299.0 299.6 99.8% 44.4%

August 5.0 294.7 299.3 98.4% 45.3%
September 29.9 241.9 271.3 89.1% 45.6%

October 94.6 203.0 297.2 68.3% 48.5%
November 197.1 104.4 301.1 34.7% 45.5%
December 244.6 86.4 330.6 26.1% 42.0%

Total 1128.2 2653.0 3776.2 70.3% 46.0%

Table 10. PV-R system simulation results for Toronto with 45-degree tilt angle.

TIME
Master

Element
(kWh)

Slave
Element
(kWh)

Average
Load T

(◦C)

Average
Tank T

(◦C)

Average
T of

Main
Water
(◦C)

Mean PV
Surface T
between
6:00 a.m.

and 6:00 p.m.
(◦C)

PV
Energy

Delivered
(kWh)

Total
Element
Energy
(kWh)

Total
Energy

Required
for

DHW
(kWh)

Tank
Loss
(kWh)

Solar
Fraction

January 89.4 216.1 53.4 37.1 6.6 −1.0 35.2 310.5 345.7 3.6 10%
February 70.3 201.2 53.2 37.4 5.8 1.4 43.7 271.5 315.2 3.3 14%

March 67.5 220.1 53.1 38.0 6.3 8.2 57.3 287.6 344.9 3.8 17%
April 57.0 201.6 53.0 38.6 7.9 16.0 63.4 258.6 322.0 3.8 20%
May 48.4 191.1 52.7 39.2 10.3 23.7 73.4 239.5 312.9 4.1 23%
June 44.3 167.2 52.7 39.6 12.8 29.1 75.2 211.5 296.7 4.1 26%
July 42.8 158.2 52.7 39.8 14.8 32.6 79.9 201.0 280.9 4.3 28%

August 47.3 151.8 52.8 39.6 15.6 30.8 76.9 199.1 286.0 4.3 28%
September 57.6 150.7 52.9 39.0 15.1 24.8 62.0 208.3 285.3 4.0 23%
October 77.8 167.5 53.3 38.1 13.4 16.4 48.2 245.3 293.5 4.0 16%
November 96.9 179.3 53.5 36.8 11.0 7.6 25.9 276.2 302.1 3.6 9%
December 104.7 203.6 53.5 36.5 8.5 0.7 22.7 308.3 331.0 3.6 7%

Total 663.8 3012.4 3716.2 46.4 18%

Table 11. MCST-HP system simulation results for Toronto with 45-degree tilt angle.

Month Element
(kWh)

HP Power
(kWh)

Total Non-Solar Energy
Required (kWh)

Total Energy
Required for
DHW (kWh)

Solar
Fraction

Collector
Efficiency

January 49.4 91.6 140.9 345.8 59.2% 57.1%
February 22.1 85.5 107.6 326.0 67.0% 56.4%

March 7.1 86.1 93.2 362.8 74.3% 51.5%
April 2.8 70.2 73.0 335.6 78.2% 48.0%
May 0.6 56.1 56.7 322.1 82.4% 41.2%
June 0.4 52.3 52.7 297.9 82.3% 39.6%
July 0.6 51.9 52.4 293.6 82.1% 34.9%

August 0.4 51.1 51.5 288.1 82.1% 37.2%
September 0.0 51.2 51.2 283.0 81.9% 38.3%

October 6.2 65.1 71.2 302.9 76.5% 50.9%
November 74.2 75.0 149.2 302.3 50.6% 57.7%
December 119.9 71.7 191.6 326.0 41.2% 53.3%

Total 283.5 807.9 1091.3 3786.1 75.7% 47.2%
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Table 12. MCPVT-HP system simulation results for Toronto with 45-degree tilt angle.

Month
DHW Tank

Element
(kWh)

HP Power
(kWh) PV Output

Total Energy
Required
for DHW

(kWh)

Total
Non-Solar

Energy
Required

(kWh)

Solar
Fraction

Collector
Efficiency

PV
Efficiency

January 36.1 81.8 42.6 344.0 117.9 65.7% 66.3% 13.5%
February 12.2 70.7 50.7 326.8 82.9 74.6% 65.8% 13.0%

March 1.3 66.2 59.4 358.6 67.5 81.2% 60.3% 11.7%
April 0.0 50.6 55.6 331.1 50.6 84.7% 54.1% 10.1%
May 0.0 45.0 53.9 325.6 45.0 86.2% 45.8% 8.5%
June 0.0 41.4 47.8 294.1 41.4 85.9% 42.6% 7.5%
July 0.0 42.3 39.3 286.7 42.3 85.2% 38.0% 5.8%

August 0.0 41.4 36.2 277.8 41.4 85.1% 38.5% 5.6%
September 0.0 41.0 38.4 274.2 41.0 85.0% 42.9% 7.3%

October 1.1 52.1 47.9 308.3 53.3 82.7% 58.9% 11.5%
November 52.5 74.6 30.9 298.6 127.1 57.4% 69.1% 13.5%
December 105.1 69.5 27.9 323.7 174.6 46.1% 64.5% 13.7%

Total/Annual 208.3 676.7 530.4 3749.6 885.0 76.4% 53.9% 10.1%

Table 13. Monthly solar fraction of four solar-based DHW systems for Toronto with 45-degree
tilt angle.

Month PV-R MCST + HP Flat-Plate ST MCPVT + HP

January 10% 68.2% 43.3% 65.7%
February 14% 72.6% 57.7% 74.6%

March 17% 76.6% 67.0% 81.2%
April 20% 79.5% 77.2% 84.7%
May 23% 82.3% 93.2% 86.2%
June 26% 81.9% 96.6% 85.9%
July 28% 81.9% 99.8% 85.2%

August 28% 81.9% 98.4% 85.1%
September 23% 81.4% 89.1% 85.0%

October 16% 78.3% 68.3% 82.7%
November 9% 64.7% 34.7% 57.4%
December 7% 60.3% 26.1% 46.1%

Average annual 18% 75.7% 70.3% 76.4%

Solar fraction number (SF) shows what percentage of the total required energy for
DHW can be provided by solar energy. For instance, the SF number for the MCPVT-HP
system can be calculated from Equation (3), where QHPEvap is thermal energy received
by the evaporator of the HP, EPV is the electrical energy produced by the PV panel of the
PVT collector, EHP is the HP compressor’s electrical energy consumption, and EER is the
electrical energy consumption of the backup electric elements inside the DHW tank.

SFPVT =
Useful solar energy
Total DHW energy

=
QHPEvap + EPV

QHPEvap + EPV + EHP + EER
(8)

Figure 8 shows the solar fraction (SF) of each of the proposed systems. The MCPVT-
HP system has the highest SF number, at 76.3%. This is 6.1% higher than a conventional
flat-plate solar thermal collector and 58.3% higher than the PV-R system. The second
highest SF is that of the MCST-HP system, which has 5.4% higher SF than a conventional
flat-plate solar thermal collector. There is only a 1.5% difference between the MCPVT-
HP and MCST-HP systems. One reason for this minor difference is that the fabricated
PVT collector has a 90% fill factor, which reduces the collector’s thermal efficiency [14].
Lowering the fill factor can enhance the thermal efficiency. The other reason is a reduction
in PV efficiency due to the high surface temperature. This is discussed in the following
sections of the study.
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Figure 8. Monthly solar fraction of different solar-based DHW heaters for Toronto with 45-degree tilt angle.

Table 13 shows the monthly solar fraction of each system. The PV-R system always
has the lowest SF number among the systems. In the summertime, the MCPVT-HP and
MCST-HP experience lower SF than a conventional solar thermal collector. This is mainly
because the HP consumes energy in order to transfer energy from the preheat tank to the
DHW tank, even though there is high solar availability in the summertime. This, of course,
can be easily improved by designing a HP bypass to be used in the summertime. In the
wintertime, the MCPVT-HP system works better than the other systems and has a 10–35%
higher solar fraction than that of the flat-plate solar-thermal-collector-based system.

The preheat tank of the MCPVT-HP experiences an average 10–30 ◦C lower tempera-
ture than the conventional ST system with the flat-plate solar thermal collector. Circulating
lower temperature fluid through the collector improves the efficiency of the collector and
reduces the radiation and convection losses of the collector to the environment.

To study the potential effect of solar collector tilt angle on the overall system per-
formance, a sensitivity analysis is performed. The effect of solar collector tilt angle on
the overall system solar fraction is presented in Figure 9. The annual solar fraction is the
fraction of the total annual DHW energy that comes from solar energy. It is interesting to
note that the optimal tilt angle for the PV-R system is around 30◦ while the optimal tilt
angle for the conventional ST system is around 45◦. Figure 9 shows that, conversely, both
heat pump-based systems exhibit a higher optimal tilt angle of around 60◦. Furthermore,
the performance of the MCPVT-HP and MCST-HP systems seem to be less sensitive com-
pared to two conventional solar DHW systems, to the collector tilt angle for tilts up to
90◦. Figure 9 shows that the MCPVT-HP system tilt angle sensitivity in a colder city than
Toronto, such as Edmonton, has almost the same pattern. This is a very important finding
because it demonstrates that, unlike other solar-based systems examined, the MCPVT-HP
system can be applied to south-facing vertical facades of high-rise buildings without much
performance degradation. Therefore, MCPVT-HP and MCST-HP will benefit from higher
tilt angles. On the other hand, for the conventional ST DHW system, the highest SF can be
obtained at around 45◦, an angle which corresponds to the Toronto latitude. Due to the
high amount of solar irradiance, the system may be overheated in the summertime, and a
bypass loop is necessary to prevent overheating and system degradation. Using a vertical
south-facing MCPVT-HP collector can reduce the overheating issue significantly during
the summertime. In addition, the MCPVT-HP collector can still produce almost the same
amount of energy as the lower tilt angle collector during winter. Figure 10a,b shows how
45◦ and 90◦ tilt angles affect the preheat tank. They show that, for a 45◦ tilt angle during
the summertime, having a bypass loop is necessary to prevent overheating the system.
However, for the 90◦ tilt angle, during the summertime, the preheat tank’s temperature on
average varies between 15 to 55 ◦C, which is a suitable temperature range for the HP.
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Figure 9. Impact of collector tilt angle on the overall system solar fraction for Toronto and Edmonton.

Figure 10. (a) Average preheat tank temperature for 45◦ tilt angle for Toronto; (b) Average preheat
tank temperature for 90◦ tilt angle for Toronto.
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Different flow rates of water–glycol for the MCPVT and MCST collectors are also
studied to determine their influence on the system’s SF. Figure 11 shows that, when the
flow rate is increased from 150 to 350 kg/h, there is a 2.1% and 2.3% reduction in the annual
SF number of the MCST-HP and MCPVT-HP, respectively. Thus, for the MCST-HP, it is
better to keep the flow rate around 100 kg/h to have the maximum annual SF number.
On the other hand, although the MCPVT-HP has the highest SF number for the 100 kg/h
flow rate, one needs to consider that the PV panel surface temperature is dependent on the
flow rate and solar irradiance. In the summertime, due to high solar radiation, the solar
panels’ temperature rises significantly. The corresponding maximum temperature of the
PV panel during summertime for each flow rate for the MCPVT-HP system is illustrated in
Figure 11. It shows that, for all flow rates, the PV panels experience very high temperatures
during the summertime. To overcome this problem, it is recommended that a higher flow
rate of around 250 kg/h be implemented, and PVT collector tilt angle be increased. These
two modifications let the PV panels operate in the acceptable temperature range even
during the summertime and prevent PV degradation due to high surface temperatures.
Figure 12 shows that, by increasing the tilt angle of the PVT collector, the highest PV
surface temperature during the day in the summertime (September) drops from 170 to
60 ◦C. This temperature drop improves the PV panel efficiency and extends its lifetime. In
other months, the PV panel operates within an acceptable temperature range.

Figure 11. MCPVT-HP and MCST-HP solar collector flow-rate sensitivity analysis.

PV panel efficiency presented in Figure 13a shows an overall 1.5% average efficiency
reduction for the MCPVT-HP system compared with an individual PV panel. In the
summertime, the difference is 5.5%, and the PV efficiency of the PVT collector drops
to 6%. Due to the nature of the PVT collector, the PV panel’s surface temperature is
higher than an individual PV panel. This is a major reason for PV efficiency reduction
in PVT collectors. Increasing the PVT flow rate is one potential way to increase the PV
efficiency. It should be considered that reducing the flow rate increases the PV panel surface
temperature. Therefore, the panel should be kept in its operating temperature range to
avoid PV cell/panel degradation. A trade-off between flow rate and PV temperature
should be considered. The other way to reduce the PV surface temperature is by increasing
the PV tilt angle, a strategy which is discussed in further detail below. By increasing the tilt
angle to 90◦, the PV efficiency of the MCPVT-HP system can be enhanced. In particular,
during the summertime there was a 6% PV efficiency enhancement. Figure 13b shows that
the MCPVT-HP system has better PV efficiency for higher tilt angles.
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Figure 12. Maximum PV panel surface temperature of the MCPVT-HP system with 90◦ tilt angle and
250 kg/h flow rate vs the solar fraction.

Figure 13. (a) PV efficiency comparison between MCPVT and PV-R system with a 45◦ tilt angle;
(b) PV efficiency comparison between MCPVT and PV-R system with a 90◦ tilt angle.



Energies 2021, 14, 4057 22 of 31

Figure 14a shows the monthly average of daily average temperature of the PV panel
of the PV-R system during the 6:00 a.m. to 6:00 p.m. window with different tilt angles. It
can be seen that, during the wintertime, PV-surface temperature is not very sensitive to
the tilt angle. During the summertime, PV-temperature dependency on the tilt angle is
not significant. Figure 14b shows that, for the MCPVT-HP, there is a significant PV-surface
temperature drop when tilt angle is increased to 90◦. It is important to consider that a higher
tilt angle decreases the PV-panel temperature in the MCPVT-HP system and improves the
overall efficiency of the PV panel. However, for the conventional PV-R system, tilt angle
has a minimal impact on PV-surface temprature.

Figure 14. (a) Monthly average for daily average temperature of the PV panel surface temperature as
a function of tilt angle for PV-R system for the 6:00 a.m. to 6:00 p.m. window; (b) Monthly average
for daily average temperature of the PV panel surface temperature as a function of tilt angle for
MCPVT-HP system for the 6:00 a.m. to 6:00 p.m. window.

Fill factor (packing factor) of the PVT collector is the fraction of collector that is covered
by the PV panel. The fill factor can have a large impact on the overall efficiency of the
system. Figure 15 shows that, by increasing the fill factor of the MCPVT, the SF number of
the MCPVT-HP system increases. It can be seen that the fill factor and SF number have
the same pattern in Toronto and Edmonton despite the two locations having different
solar availability.
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Figure 15. MCPVT-HP PV fill factor sensitivity analysis for Toronto and Edmonton.

To study climatic effects on overall system efficiency, all systems are simulated at
45◦ tilt angle in five different Canadian cities with different annual ambient temperatures.
Figure 16a shows that Vancouver and Edmonton are the warmest and coldest cities, re-
spectively. Figure 16b also shows that Edmonton and Vancouver have the highest and
lowest direct solar irradiance availability, respectively. Figure 16c shows a direct rela-
tionship between ambient temperature and monthly DHW base case energy. Edmonton
has the coldest average ambient temperature and has 16% higher DHW energy demand
than Vancouver.

In Figure 17, the water main supply temperature and monthly SF of MCPVT-HP
among the five Canadian cities are presented. Although Vancouver has the highest supply
water temperature and warmest climate, it always has the lowest SF number. On the
other hand, Edmonton has the lowest annual water main supply temperature, but its SF is
greater than that of other warmer cities due to higher solar availability. Thus, no meaningful
relationship between supply water temperature and SF number was found. One reason
for this could be that, in cities such as Vancouver, direct solar irradiance is low due to
cloud and long rainy seasons. The number of sunny days influences the total solar energy
captured by the collectors. Direct irradiance is more beneficial for all types of collectors.
Figure 16b illustrates monthly direct beam radiation on collectors. Although Edmonton
has the lowest average water main supply temperature, it has the highest direct beam
radiation. Overall, Edmonton has 44% higher beam radiation than Toronto and Vancouver,
and this higher beam radiation leads to higher SF in Edmonton. Figure 18 shows annual
SF of all systems in five cities. The MCPVT-HP system, with 82% solar fraction for both
Montreal and Edmonton, is the most efficient system, that is 5.5% higher SF than Toronto.
Overall, the MCPVT-HP system has the highest solar fraction in all cities. All four systems
have better SF in Edmonton compared other cities, which has colder average ambient
and water main supply temperatures, but with higher direct beam radiation. Based on
all comparisons and sensitivity analyses, direct beam radiation has a great impact on the
overall solar fraction of the MCPVT-HP and MCST-HP. Figures 19 and 20 show that the
MCPVT-HP and MCST-HP systems had higher SF in wintertime in cities such as Edmonton
and Montreal, which have higher direct beam radiation.
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Figure 16. (a) Average monthly ambient temperature of five Canadian cities; (b) Monthly direct beam
radiation on surface; (c) Monthly DHW base case energy.
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Figure 17. Monthly SF of MCPVT-HP system in different cities as a function of water main supply temperature.

Figure 18. Annual SF comparison of different solar-based DHW systems for five cities.

Figure 19. Monthly SF of MCST-HP system in different cities.
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Figure 20. Monthly SF of MCPVT-HP system in different cities.

5. Conclusions

In this work, four solar-based DHW systems were modeled, simulated, and then
compared. A microchannel-based solar thermal collector and a microchannel-based PVT
collector were designed and fabricated for future laboratory and field studies. To enhance
the efficiency of the MCST and MCPVT collectors, an integrated dual-tank HP system
was designed and compared with the PV-R and conventional single-tank solar-thermal-
collector-based DHW systems. The hybrid microchannel PVT based system has the best
overall annual performance and solar fraction. During wintertime in Toronto, the hybrid
microchannel PVT system could achieve a 10–35% higher SF than the conventional single-
tank solar-thermal-based system. The following can be summarized from this study:

• All results show that the PVT system has significantly higher overall efficiency than
an individual PV-R system; thus, for limited-space applications, the PVT-based sys-
tem has higher overall energy, as well as higher combined thermal and electrical
generation efficiency.

• PV panels in the MCPVT-HP system have lower electrical PV efficiency than individual
PV panels, particularly in the summer months, due to their higher surface temperatures.

• It was found that integration of the microchannel collector with a HP system led to
a higher SF at high collector tilt angles as compared to conventional systems. This
new finding may imply that the MCPVT-HP and MCST-HP systems could be more
suitable than conventional systems for high-rise building applications, as MCPVT
and MCST can be mounted vertically on south facing facades when rooftop area
is limited. Future work should investigate the potential use of MCPVT-HP and
MCST-HP systems for combined space and hot-water heating applications in high-rise
buildings in a cold climate.

• Since the MCPVT-HP can work with higher tilt angles of 60–90◦ without significant SF
reduction, PV panels will not be overheated during the summertime and will operate
within a suitable working temperature range. Lower PV panel temperature increases
the system lifetime and increases the overall power output of the PV panels.

• Having a higher tilt angle for MCPVT-HP and MCST-HP systems prevents overheating
of the system during the summertime and reduces the preheat tank temperature
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significantly. Hence no bypass loop is needed when such systems are installed on
vertical facades.

• The highest SF number for MCPVT-HP and MCST-HP can be achieved at 100 kg/h
flow rate for a 4 m2 collector. However, it was shown that the flow rate does not
significantly impact the maximum PV panel temperature of the PVT panel during the
summertime when the system is used for DHW applications.

• The best configuration for the MCPVT-HP system is achieved with a collector tilt
angle between 60◦ and 90◦ and a water/glycol flow rate of 250–300 kg/h. This
configuration gives the highest SF number, prevents overheating of the preheat tank,
and maintains the PV panel temperature in the working temperature range (to prevent
PV cell degradation).

• All models were simulated for five different Canadian cities to study the effect of
different regional climates on the systems’ performances. The MCPVT-HP system
achieved 82% solar fraction in Edmonton, the highest SF number achieved in the study.
This was 12% higher than the conventional single-tank ST system. It was shown that
direct beam radiation has a greater impact on SF than do ambient temperature, water
main supply temperature, and/or other climatic parameters.

For future works, it is recommended to increase the fill factor of the MCPVT collector
to 95–100% to harvest more thermal and electrical energy for DHW provision. Making a
better surface contact between the PV panel and microchannel heat exchanger is necessary
to enhance the efficiency of the PVT collector. Furthermore, choosing a more suitable PV
cell technology with a lower temperature derating coefficient on efficiency could minimize
the loss of PV electricity generation, particularly in the summer months. Additionally,
future works should include a proper bypass system directly connecting the preheat tank
and DHW tank. This change may improve the SF of the HP-integrated systems.

This project is an initial work on MC-based PVT systems. The continuing development
and testing of the MCPVT-HP for actual deployment is necessary.
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Appendix A

Table A1. Water-to-water heat pump catalogue data.

Source Load Flow = 0.189 L/s Load Flow = 0.303 L/s Load Flow = 0.379 L/s

EST L/s
Flow

ELT LLT HC Power
COP

LST LLT HC Power
COP

LST LLT HC Power
COP

LST
◦C ◦C ◦C kW kW ◦C ◦C kW kW ◦C ◦C kW kW ◦C

−3.9

0.189

15.6

Operation not recommended. Operation not recommended. Operation not recommended.
26.7

37.8

48.9

0.379

15.6 21.1 4.2485 0.97 4.38 −6.4 19.8 4.3071 0.95 4.52 −6.5 18.9 4.3364 0.93 4.66 −6.6

26.7 32.1 4.1313 1.3 3.19 −6.1 30.8 4.1899 1.28 3.27 −6.2 29.9 4.2192 1.26 3.36 −6.2

37.8 43.1 4.0434 1.62 2.48 −5.8 41.8 4.0727 1.6 2.54 −5.8 41.0 4.102 1.58 2.59 −5.8

48.9 54.0 3.9262 1.95 2.01 −5.4 52.8 3.9555 1.93 2.05 −5.5 52.0 3.9848 1.91 2.09 −5.5

−1.1

0.227

15.6 21.3 4.4536 0.97 4.59 −5.7 20.2 4.5122 0.95 4.74 −5.7 19.1 4.5415 0.93 4.88 −5.8

26.7 32.3 4.3657 1.3 3.35 −5.1 31.2 4.395 1.28 3.43 −5.2 30.1 4.4243 1.26 3.52 −5.2

37.8 43.3 4.2485 1.63 2.61 −4.6 42.2 4.3071 1.61 2.67 −4.6 41.2 4.3364 1.59 2.72 −4.7

48.9 54.3 4.1606 1.96 2.12 −4.0 53.2 4.1899 1.94 2.16 −4.1 52.2 4.2192 1.92 2.2 −4.1

0.3028

15.6 21.5 4.5708 0.97 4.71 −4.8 20.3 4.6294 0.95 4.86 −4.9 19.2 4.6587 0.93 5.01 −4.9

26.7 32.4 4.4536 1.3 3.43 −4.4 31.3 4.4829 1.28 3.51 −4.4 30.2 4.5415 1.26 3.6 −4.5

37.8 43.4 4.3364 1.63 2.66 −3.9 42.3 4.3657 1.61 2.71 −3.9 41.2 4.395 1.59 2.77 −4.0

48.9 54.4 4.2192 1.96 2.15 −3.4 53.3 4.2485 1.94 2.19 −3.5 52.2 4.2778 1.92 2.23 −3.6

0.3785

15.6 21.7 4.688 0.97 4.83 −4.0 20.5 4.7466 0.95 4.98 −4.1 19.3 4.7759 0.93 5.14 −4.1

26.7 32.6 4.5415 1.3 3.5 −3.7 31.4 4.6001 1.28 3.59 −3.7 30.3 4.6294 1.26 3.68 −3.7

37.8 43.6 4.4243 1.63 2.71 −3.3 42.4 4.4536 1.61 2.76 −3.3 41.3 4.4536 1.58 2.82 −3.4

48.9 54.4 4.2778 1.96 2.18 −2.9 53.3 4.3071 1.94 2.22 −2.9 52.3 4.3071 1.91 2.26 −3.0
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Table A1. Cont.

Source Load Flow = 0.189 L/s Load Flow = 0.303 L/s Load Flow = 0.379 L/s
EST L/s

Flow
ELT LLT HC Power

COP
LST LLT HC Power

COP
LST LLT HC Power

COP
LST

◦C ◦C ◦C kW kW ◦C ◦C kW kW ◦C ◦C kW kW ◦C

10.0

0.2271

15.6 23.0 5.7428 0.98 5.87 3.8 21.6 5.8014 0.95 6.01 3.7 20.1 5.86 0.93 6.33 3.6
26.7 33.9 5.5377 1.31 4.23 4.5 32.5 5.5963 1.28 4.37 4.4 31.1 5.6549 1.25 4.51 4.3
37.8 44.7 5.3619 1.64 3.26 5.2 43.4 5.3912 1.61 3.35 5.1 42.0 5.4498 1.58 3.44 5.0
48.9 55.6 5.1568 1.97 2.62 5.8 54.3 5.1861 1.94 2.68 5.8 53.0 5.2447 1.91 2.74 5.7

0.3028

15.6 23.2 5.8893 0.98 6.03 4.9 21.7 5.9479 0.95 6.26 4.8 20.3 6.0065 0.93 6.49 4.7
26.7 34.1 5.6842 1.31 4.34 5.5 32.6 5.7135 1.28 4.47 5.4 31.2 5.7721 1.25 4.61 5.3
37.8 44.9 5.4498 1.64 3.33 6.1 43.5 5.5084 1.61 3.41 6.0 42.1 5.5377 1.58 3.5 5.9
48.9 55.7 5.2447 1.97 2.66 6.6 54.4 5.274 1.94 2.72 6.6 53.1 5.3033 1.91 2.78 6.5

0.3785

15.6 23.4 6.0358 0.98 6.18 6.1 21.9 6.0944 0.95 6.43 5.9 20.4 6.1823 0.93 6.68 5.9
26.7 34.2 5.8014 1.31 4.44 6.5 32.8 5.86 1.28 4.58 6.4 31.3 5.8893 1.25 4.72 6.4
37.8 45.1 5.567 1.64 3.39 6.9 43.6 5.5963 1.61 3.48 6.9 42.2 5.6256 1.58 3.57 6.8
48.9 55.8 5.3326 1.97 2.7 7.4 54.4 5.3619 1.94 2.76 7.3 53.1 5.3619 1.91 2.82 7.3

21.1

0.2271

15.6 24.7 7.0027 0.98 7.15 13.3 22.9 7.0906 0.95 7.46 13.1 21.2 7.1492 0.92 7.77 13.0
26.7 35.4 6.7097 1.31 5.12 14.1 33.7 6.7976 1.28 5.3 13.9 32.0 6.8562 1.25 5.49 13.8
37.8 46.2 6.446 1.65 3.91 14.9 44.6 6.5046 1.61 4.03 14.8 42.9 6.5339 1.57 4.16 14.6
48.9 56.9 6.153 1.98 3.11 15.7 55.3 6.2116 1.94 3.2 15.6 53.8 6.2409 1.9 3.28 15.4

0.303

15.6 24.9 7.2078 0.98 7.34 14.7 23.1 7.2664 0.95 7.66 14.6 21.3 7.3543 0.92 7.99 14.4
26.7 35.7 6.8855 1.31 5.24 15.3 33.9 6.9441 1.28 5.43 15.2 32.2 7.0027 1.25 5.62 15.2
37.8 46.3 6.5925 1.65 3.99 16.0 44.7 6.6218 1.61 4.11 15.9 43.0 6.6804 1.57 4.24 15.8
48.9 57.1 6.2702 1.98 3.17 16.7 55.4 6.2995 1.94 3.25 16.6 53.8 6.3288 1.9 3.33 16.5

0.3785

15.6 25.2 7.3836 0.98 7.53 16.1 23.3 7.4715 0.95 7.88 16.0 21.4 7.5594 0.92 8.22 15.9
26.7 35.8 7.0613 1.31 5.37 16.6 34.1 7.1199 1.28 5.56 16.6 32.3 7.1785 1.25 5.76 16.5
37.8 46.6 6.7097 1.65 4.08 17.2 44.8 6.7683 1.61 4.2 17.1 43.1 6.7976 1.57 4.32 17.0
48.9 57.2 6.3874 1.98 3.23 17.7 55.6 6.4167 1.94 3.3 17.6 53.9 6.4167 1.9 3.38 17.6

32.2 0.2271
15.6 26.2 8.204 0.98 8.37 22.8 26.3 8.2626 0.95 8.69 22.7 26.4 8.2919 0.92 9.01 22.6
26.7 36.8 7.7645 1.31 5.93 23.8 36.9 7.8231 1.27 6.16 23.7 36.9 7.911 1.24 6.39 23.6
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