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Abstract

TRNSYS simulation software was used to evaluate the performance of a variable capacity air-
to-air air source heat pump (VC-ASHP) coupled with a building integrated photovoltaic/thermal
(BIPV/T) system. A known heat pump performance curve of an ASHP at a characterized test
house was used in the simulation. The TRNSYS model was validated with the data collected
from monitoring the VC-ASHP. From the results of the data collection, a curve was developed
illustrating the daily heating output of the VC-ASHP with respect to the daily average outdoor
temperature. This curve was used to validate the TRNSYS house model by matching the
TRNSYS daily heating demand of the house at various daily average outdoor temperatures with
the developed curve from the data. The BIPV/T system was integrated into the roof and the wall.
Air was circulated behind the photovoltaic arrays to recover the thermal energy. The recovered
warm air was supplied to the VC-ASHP. The thermal performance of the VC-ASHP was
evaluated for three scenarios when the heat pump is running in heating mode. The three
scenarios are: (A) by directly feeding ambient air to the ASHP; (B) by coupling the ASHP to a
wall integrated BIPV/T only; and (C) by coupling the ASHP to a roof integrated BIPV/T only.
The coefficient of performance (COP) of the VC-ASHP was evaluated for these three separate
scenarios and compared. The COP was evaluated for three typical winter days: January 12,
February 5 and March 5. Results suggest that the COP of the ASHP can be improved by
coupling the VC-ASHP to either of the BIPV/T systems, i.e., either to the roof integrated
BIPV/T system or to the wall integrated BIPV/T system.

Key words: Air source heat pump, TRNSYS, coefficient of performance (COP), solar energy,
Building Integrated Photovoltaic/Thermal
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Introduction

In Canada, buildings account for about 53% of electricity consumption, 30% energy
consumption, and 33% of greenhouse gas emission (GHG) when primary energy generation is
included in these estimates [1]. The GHG emission is even higher (55%) in large metropolitan
areas such as Toronto and Vancouver [2, 3]. In Canada, 81% of the total household energy
demand is for space and domestic water heating [4], which is usually achieved by combustion of
natural gas in a hot air furnace or a water boiler. Some of the techniques of gas production, such
as hydraulic fracturing, may contaminate nearby ground water resources [5] because during
hydraulic fracturing, fluids containing chemicals are injected deep underground, where their
migration is not entirely predictable [6]. The process of gas combustion generates GHG emission
into the atmosphere. Large scale, fossil fuel-based energy generation systems can be replaced
with distributed energy generation systems from renewable resources that have the potential to
significantly lower environmental impacts. High efficiency technology supported by renewable
resources has the potential to significantly lower electricity and thermal energy consumption
produced from non-renewable resources.

Since the 1960s Photovoltaic (PV) modules have been used to generate electricity. The
efficiency of the modules is greatly affected by heat, resulting in poor solar-to-electricity
conversion [7, 8]. The efficiency can be improved by circulating fluid (air or water) behind the
PV modules which removes the heat. Such hybrid Photovoltaic/Thermal (PV/T) systems not
only improve the solar-to-electricity conversion but also provide thermal energy for heating the
building. For these reasons PV/T systems have been a subject of interest since the mid-1970s [9,
10]. Early works [11-13] were aimed at validating the concept of PV/T through theoretical and
experimental works. In the last 35 years the design and performance of PV/T systems has been
significantly studied by many researchers [11-22]. In the 1990s, research focused on the collector
design with the aim of improving the cost-performance ratio and energy and mass transfer
phenomena analyses with experimental validation [23]. Chow [23] conducted a review of
existing literature on PV/T and concluded that effective use of PV/T systems depended on
geographical location. At locations with low levels of solar radiation and ambient temperatures,
space heating is required much of the year and PV/T with air circulation can be useful and cost
effective [23]. This finding is pertinent to the climatic conditions of Canada. In summary, a
ventilated PV/T system was found to improve solar-to-electricity conversion with a possibility of
extracting thermal energy, leading to a shorter payback time than the PV system alone.

Although PV/T systems that produce electricity and heat have been applied effectively on
building roofs and facades to offset or eliminate fossil fuel demand in buildings, they were
treated as separate and distinct systems from each other and from the building envelope with no
significant reduction in payback time. The payback time can further be reduced by integrating a
PV/T system to a building structure like fagade or roof.

Building integrated photovoltaic (BIPV/T) systems are arrays of photovoltaic panels
integrated into the building structures as facades and roofs that can produce electricity and useful
thermal energy [24-28]. The recovery of the useful thermal energy is achieved by circulating air
behind the PV arrays. This heat energy can be used for space and/or domestic water heating and
even air conditioning. In this work, the warm air coming out of the BIPV/T system was fed to the
ASHP and the COP was evaluated.
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BIPV/T systems have the potential to meet all the building envelope requirements such as
mechanical resistance and thermal insulation [25]. In addition to producing heat and electricity,
the multiple functionality of BIPV/T system is expected to improve the cost effectiveness of
residential construction as compared to add-on PV/T systems. PV/T systems are usually attached
to the outer layer of the construction, requiring additional mounting systems [25]. The
combination of BIPV/T system with a heat pump can further improve the thermal efficiency. It
has been reported that the energy consumption of the EcoTerra house was only 26.8% of a
typical Canadian home when a BIPV/T system was coupled with a geothermal heat pump [29].
The capital cost of a house with a BIPV/T system can further be reduced by coupling the system
with an air source heat pump (ASHP) instead of ground source heat pump. Recent advances in
two-stage variable capacity air source heat pump (TS VC ASHP) have demonstrated that such
systems can successfully be used with comparable overall performance to ground source heat
pump (GSHP). This is accomplished with less investment cost (only 40% of the cost of GSHP)
even in the harsh Canadian climatic condition, cold in winter and hot in summer, without
requiring any supplementary heat source even during the coldest period encountered at -22°C
[30]. Due to the nature of the design, such ASHPs can be operated at extreme cold temperature
utilizing the two-stage compression process at a lower coefficient of performance (COP) of
approximately 1.5 while running first stage compression process at part-load most of the time
with much higher COP of between 2 and 5 at outdoor temperature between -15 to 10 °C,
resulting in an overall COP of approximately 3.0.

The objective of this work is to evaluate the performance of a VC-ASHP when it is coupled to
a roof or wall integrated BIPV/T system. In order to facilitate this, a known performance curve
of an ASHP at a characterized test house was used in the TRNSYS simulation. The coefficient of
performance (COP) of the VC-ASHP will be evaluated for three separate scenarios and
compared, for three typical winter days. The three scenarios are: (A) by supplying the ambient
air directly to the ASHP (base case scenario); (B) by coupling the ASHP to the wall integrated
BIPV/T only; and (C) by coupling the ASHP to the roof integrated BIPV/T only.

House Description

Archetype Sustainable Twin-Houses that were designed to demonstrate sustainable housing
technologies were built at the Toronto and Region Conservation Authority’s (TRCA) Kortright
Centre for Conservation. The houses are one of the first Canadian projects to achieve a LEED for
Homes Platinum Certification [28]. The left-hand side of the house, known as House A (Fig. 1),
was analyzed in the current work. The house was designed to demonstrate current best practice
sustainable technologies. It was designed to have an air-tight building envelope according to the
standards of ASHRAE 90.1. The house has double glazed windows with fibreglass frames. Table
1 lists the structural features of the house and Table 2 lists its floor areas and zone volumes [30].
A two stage variable capacity air-to-air air source heat pump with 11.06 kW heating capacity,
manufactured by Mitsubishi Electric (model PUZ-HA36NHA), with a direct expansion coil air
handling unit for delivery of conditioned air, is used for space heating and cooling.
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Fig. 1 South-west side of the twin house. In the current work, the left-hand side house
(House A), indicated by the arrows, was analyzed.

Table 1: Structural features of the analyzed house (House A)

House part Features

Basement walls RSI 3.54 (R20)

Basement Slab RSI 1.76 (R10)

Windows 2.19W/m2K (0.39 Btu/hr-ft2-°F
Roof RSI 7 (R40)

Overall UA value 160 W/K

Table 2: Floor areas and zone volumes of the house

House part Floor Area m” (ft”) Volume m’ (ft”)
Basement walls 86.95 (936) 234.03 (8264)
Basement Slab 86.95 (936) 291.54 (10296)
Windows 86.95 (936) 238.53 (8424)
Roof 83.6 (900) 222 (7840)
Total 344.45 (3708) 986.1 (34824)

House Internal Gains

The house was assumed to have four occupants (2 adults and 2 children). Load profiles of the
house were created using incandescent light bulbs with schedules to represent the occupant
internal gains [30]. Other gains within the house were measured depending on the type of
equipment used [30]. Table 3 gives the internal heat gains for major appliances and lighting.
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Table 3: Internal heat gains from equipment/appliance/lighting

kWh/day Annual kWh kJ/hr
Interior lighting 3 1095 450
Major appliances 6 2190 900
Other 3 1095 450

TRNSYS Simulation

A transient system energy modeling software (TRNSYS) was used to evaluate the
performance of the VC-ASHP coupled with the BIPV/T system. TRNSYS includes a graphical
interface, a simulation engine, and a library of components that range from various building
models to standard HVAC equipment to renewable energy. TRNSYS uses components known as
Types connected to each other that form a system. Dynamic simulation is performed by
TRNSYS to obtain the behavior of the system. TRNSYS is reasonably powerful in terms of
HVAC system modeling [31].

The BIPV/T system was modeled using TRNSYS Type 568 component, which can operate
with Type 56 multi-zone building with detailed zone models. Type 568 component (Fig. 2) is
intended to model an un-glazed solar collector which has the dual purpose of creating power
from embedded photovoltaic (PV) cells and providing heat to an air stream passing beneath the
absorbing PV surface [32].

Incident solar radiation

PV back surface N Vs Absorbing surface

Warm air out

Cold air in sl

/ N Roof material
Air channel

Fig. 2 Schematic of the collector.

Type 568 assumes the PV cells to be operating at their maximum power point condition. The
thermal model of this collector is based on algorithms described by the Solar Engineering of
Thermal Processes textbook by Duffie and Beckman [33]. In this model, set of energy balance
equations are solved by iterative approach, initially by guessing the values for the mean fluid
temperature, mean PV cell temperature, and mean air channel surface temperatures, until the
solution converges.

The roof BIPV/T was placed on the southern part of the roof and mounted at 45°. The roof
BIPV/T consisted of 25 panels (Im x 1.663m) placed 5x5 with air flowing from the base of the
roof to the top. For thermal energy recovery, air was circulated through the steel roof channels
under the PV by a 750 W fan. The corrugated roof channel depth was three inches. The channel
width was twelve inches. For the wall BIPV/T, the southern wall consisted of a glass facade, an
air gap (3 inches) and PV panel structure. The PV area on the wall was the same as the roof area,

5
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air flowing from the base of the house towards the roof. TRNSYS Type 687, a window model
that uses the window’s area, light transmittance, Solar Heat Gain Coefficient (SHGC), and U
factor, and zone temperatures to predict the net gain through the window was used to model the
glass facade.

In TRNSYS, for each component there are inputs, parameters, and outputs that can be linked
to other components. The building model was created using information from House A. The
HVAC systems were modeled based on the actual collected data. The house model was created
using TRNBuild with known building envelope characteristics. The model was validated with
the data collected from monitoring the VC-ASHP. From the results of the data collection, a curve
was developed illustrating the daily cooling and heating output of the VC-ASHP with respect to
the daily average outdoor temperature [30]. This curve was used to validate the TRNSY'S house
model by matching the TRNSYS daily heating demand of House A at various daily average
outdoor temperatures with the developed curve from the data [30]. Fig. 3 shows the house
heating validation where TRNSYS daily heating demand of the house at different daily average
outdoor temperatures are matched with the daily ASHP heating at different daily average outdoor
temperatures.

# TRNSYS House A I ASHP Experimental

180

1 &0
O

140

1325
LI

ASHP Experimental
y =-3.9959x + 83
R*=0.6219

TRNSYS House 4 a
y=-3.9696% + 80.781
R® = 0.9934

Daily Heating Demand/ ASHP Qutput
(kWh)

T 'D T T
-20 -15 -10 -3 0 3 10 15 20
Average Daily Outdoor Temperature ("C)

Fig. 3 TRNSYS House A heating validation.

Solar irradiation for the Greater Toronto Area (GTA) was used for the simulation (TMY2).
For GTA, the heating season is from October 1™ to April 30™. The simulation was run for the
heating season only. The heating set point temperature was 21°C with a deadband temperature of
1.5 °C; and the thermostat was on the second floor of the house. The simulation was run with
one minute time steps. The PV’s electrical efficiency was assumed to be 15 % at a temperature
of 25°C and the power output was assumed to decrease by 0.5% per 1°C increase in PV’s
temperature [34]. Absorptance of PV’s surface and its emissivity were assumed to be 0.78 [35]
and 0.95, respectively [36]. The steel roof properties were: thermal conductivity, 50 W/mK,
specific heat capacity, 0.49kJ/kgK and density, 7850 kg/rn3 .
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Results and Discussion

The COP of the heat pump was calculated as the ratio of the output thermal energy to the
input electrical consumption including the consumption of the 750W fan when the BIPV/T was
coupled to the ASHP Three cases were investigated: Case A, base case scenario: when the
ambient air is supplied directly to the heat pump; Case B: when the warm air coming out of the
wall integrated BIPV/T is supplied into the heat pump and; Case C: when the warm air coming
out of the roof integrated BIPV/T is supplied to the heat pump. The COP of the heat pump was
evaluated for three winter days: January 12, February 05 and March 5.

Figure 4 shows the solar irradiation for January 12 from 7AM - 4PM. Figure 5 shows the
temperature at the outlet of the roof integrated BIPV/T system, the wall integrated BIPV/T and
the ambient temperature. From Fig. 5 it is seen that, around 11AM, the temperature at the out let
of the BIPV/T reaches a maximum of 3 °C (around 20°C increase). This corresponds to the peak
solar irradiation of the day. Around 11AM, by coupling the heat pump to the roof integrated
BIPV/T system, the COP is increased from 1.8 to 4 corresponding to the maximum solar
irradiation (or outlet temperature from the BIPV/T). The increase in COP is more than double.
The wall integrated BIPV/T system coupled with the ASHP yields lower COP, 2.7.
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Fig. 4 Solar irradiation for January 12.
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Fig. S Temperature profiles at the outlet of the BIPV/T systems for different cases.
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Fig. 6 COP of the ASHP for the three different cases.

Figure 7 shows the solar irradiation for February 05 from 9AM - 6PM. Figure 8 shows the
temperature at the outlet of the roof integrated BIPV/T system, the wall integrated BIPV/T and
the ambient temperature. From Fig 8 it is seen that the temperature at the out let of the BIPV/T
can be increased by a maximum of 13 °C corresponding to the peak solar irradiation of the day
around 11:30AM. Around this time both the roof and wall integrated BIPV/T systems yield the
same outlet temperature. After this time the wall integrated BIPV/T system does not yield
warmer air temperatures as compared to the ambient air. Around 11:30AM, by coupling the heat
pump to the roof integrated BIPV/T system, the COP is increased from 3 to 4.5 (Fig. 9)
corresponding to the maximum solar irradiation (or outlet temperature from the BIPV/T).
Around 11:30AM the wall integrated BIPV/T system yields very little increase in COP, from 3.0
(base case scenario) to 3.2.
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Fig. 7 Solar irradiation for February 5.
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Fig. 8 Temperature profiles at the outlet of the BIPV/T systems for different cases.
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Fig. 9 COP of ASHP for the three different cases.

Figure 10 shows the solar irradiation for March 5 from 7AM - 4PM. Figure 11 shows the
temperature at the outlet of the roof integrated BIPV/T system, the wall integrated BIPV/T and
the ambient temperature. From Fig 11 it is seen that the temperature at the outlet of the roof
integrated BIPV/T can be increased by a maximum of 15 °C corresponding to the peak solar
irradiation of the day around 9:30AM. Around 9:30 AM, by coupling the heat pump to the roof
integrated BIPV/T system, the COP is increased from 3.2 to 4.6 (Fig. 12) corresponding to the
maximum solar irradiation (or outlet temperature from the BIPV/T).

12
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Fig. 10 Solar irradiation for March 5.

|
1529

1530

-13-

13



Poster P.2.1

20
151 Roof BIPVT -
Wall BIPVT

—~ No PV

O
(=1

Q.

£ |
>

o L[]

¢ s H

2 * LI

2 h . i
w

<

°

[0

S

2 i
@

Q.

g _‘M
(0]

K

_1 O L L L L L L L L
1521 1522 1523 1524 1525 1526 1527 1528 1529 1530

Time of Year (hours)

-14 -

Fig. 11 Temperature profiles at the outlet of the BIPV/T systems for different cases.
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Fig. 12 COP of ASHP for the three different cases.

The COP of the ASHP was also calculated by assuming that thermal energy recovery is
achieved by circulating air using the heat pump fan alone, i.e. no additional fan is required. This
results in less power consumption. Fig. 13 to Fig. 15 show the COP of the ASHP for three
different days assuming this situation. In general, the ASHP’s COP is enhanced by coupling it
with either wall integrated and roof integrated BIPV/T systems, which was not the case when
additional fan was used to circulate the air. When additional fan was used, there was no much
enhancement in the COP of the ASHP when it was coupled with wall integrated BIPV/T systems
for February and March days.

From Fig. 13 it is seen that the COP of the ASHP reaches a maximum of 3.8 from 1.8 for
January 12, by coupling the ASHP to either the wall or roof integrated BIPV/T system. This
corresponds to the maximum solar irradiation (or outlet temperature from the BIPV/T). The
increase in COP is more than double. Figure 14 shows that the COP of the ASHP is increased
from 3 to 5.4, corresponding to the maximum solar irradiation (or outlet temperature from the
BIPV/T), by coupling the ASHP to the roof integrated BIPV/T system. When the ASHP is
coupled to the wall integrated BIPV/T, it yields slightly less COP in comparison to the ASHP
coupled with the roof integrated BIPV/T for this day. From Fig. 15 it is seen that the COP of the
ASHP coupled with the roof integrated BIPV/T system is increased from 3.5 to 5.2

15



Poster P.2.1 -16 -

corresponding to the maximum solar irradiation (or outlet temperature from the BIPV/T) for

March 15. For this day the ASHP coupled with the wall integrated BIPV/T yields less COP
throughout the day.
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Fig. 13 COP of the ASHP for the three different cases for January 12.
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Fig. 15 COP of ASHP for the three different cases for March 15.

Seasonal COP

Figure 16 compares the COP of the heat pump for the base case scenario with the COP of
the heat pump when it is coupled with roof integrated BIPV/T system for three months, January
1 to March 31. It is seen from the Fig. 16 that, generally, the COP of the heat pump is increased
when it is coupled with the roof integrated BIPV/T system.
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Fig. 17 COP of the heat pump when coupled with the roof integrated BIPV/T system for three
months (January 1 to March 31).

Fig. 14 compares the COP of the heat pump for the base case scenario with the COP of
the heat pump when it is coupled with wall integrated BIPV/T system for three months, January
1 to March 31. There is slight increase in the COP of the heat pump when it is coupled to the
wall integrated BIPV/T system. However, it is noted that no preheat was considered for this case.
It has been reported that there is on average 4.4°C difference between the inlets temperature to
the roof integrated BIPV/T and the ambient temperature [37]. Since it is not known if there is
preheating of the wall integrated BIPV/T systems, it was not included in this work.
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Fig. 18 Seasonal COP of the heat pump when coupled with the wall integrated BIPV/T system
for three months (January 1 to March 31).

Conclusion

A validated TRNSYS simulation was used to evaluate performance of a variable capacity air-
to-air air source heat pump (VC-ASHP) under three different conditions: (A) by feeding the
ambient air to the ASHP; (B) by coupling the ASHP to the wall integrated BIPV/T only and (C)
by coupling the ASHP to the roof integrated BIPV/T only. Results of typical winter days were
compared for these three cases and it was found that coupling the ASHP to either the roof or wall
integrated BIPV/T systems improves the COP of the heat pump when the heat pump fan is used
to recover the thermal energy. The seasonal COP is improved when the ASHP is coupled to the
roof integrated BIPV/T system.
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