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Abstract 13 

A domestic water heating system that combines photovoltaic thermal (PVT) solar 14 

collectors with two heat pumps, in a novel cascade arrangement, is presented and analyzed in 15 

this paper. The goal of this analysis is to determine and compare the annual thermal energy 16 

output of the PVT cascade heat pump system with an evacuated tube and simultaneous 17 

consumption PVT single heat pump water heating system. The computational technique that was 18 

developed to analyze the PVT cascade heat pump system, which determines solar panel energy 19 

outputs, and heat pump operating characteristics, is described in detail. Case study simulation 20 

results are also presented, which include transient power output profiles, temperature profiles, 21 

and yearly energy output results. Hourly weather data, including air dry-bulb temperatures and 22 

solar flux values, from locations with a range of climates was used in these simulations. The 23 

results of this study show that the PVT cascade heat pump system has an annual thermal energy 24 

output improvement over the evacuated tube heating system ranging from 37% to 68%, 25 

depending on the selected simulation location. 26 

 27 

Keywords: PVT; Solar; Domestic hot water; Heat Pump; Hybrid; Renewable 28 

 29 

1 Introduction 30 

The use of solar energy for water heating is becoming more popular as the cost of solar 31 

collectors fall and concerns over GHG emissions increase around the world. However, most 32 

solar water heating systems still require an auxiliary heat source since the temperature of the 33 

fluid emerging from the solar collector may not meet the required hot water supply temperature 34 
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[1, 2, 3]. Alternatively, if a system is set up such that the outlet temperature of the fluid from the 35 

collector is constrained to be sufficient for hot water production, the system will operate with 36 

lower thermal efficiency.  37 

Along with investigations into using solar energy for domestic hot water production, 38 

there are also several ongoing studies investigating the use of heat pump systems for domestic 39 

water heating. However, in cold climates, the coefficient of performance of these heat pump 40 

systems are diminished because of the large temperature differences between the evaporating and 41 

condensing heat exchangers in these systems [4, 5]. Therefore, a novel solution to low system 42 

efficiencies is discussed in this paper.  43 

This novel solution implements a hybrid photovoltaic thermal (PVT) collector, coupled 44 

with two heat pump loops, which are in a cascade arrangement. The electrical energy generated 45 

by the solar collector is used to power the compressors in both of the heat pumps, and the heat 46 

pumps upgrade the temperature of the thermal energy generated by the solar collector, along 47 

with a secondary low quality heat source 48 

First, a review of existing studies into solar collector heat pump systems will be presented 49 

in Section 2. In Sections 3 and 4, the PVT cascade heat pump system, and the analysis technique 50 

developed to analyze this system, will be presented. Finally, the results of a comparative case 51 

study between a conventional solar water heating system and the PVT heat pump system will be 52 

presented in Section 5.  53 

 54 

2 Heat Pump Solar Collecting System Review 55 

An investigation into existing methods for coupling heat pumps with solar collectors was 56 

carried out at the beginning of this study. Four different methods were identified during this 57 
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literature review, which are photovoltaic powered heat pumps, solar assisted heat pumps, 58 

separate consumption PVT heat pumps, and simultaneous consumption PVT heat pumps. These 59 

methods will be discussed below. 60 

2.1 Photovoltaic Powered Heat Pumps 61 

The first method involves powering the compressor in a heat pump cycle with a PV panel 62 

[6, 7]. These systems do not utilize the waste heat generated on the solar collector, and only use 63 

the solar collector as an electrical energy source. A study carried out by Izquierdo et al. [6] used 64 

a PV panel to charge a battery, which then powered a compressor in a heat pump cycle. One 65 

drawback to this system is that there is wasted thermal energy generated by the PV panel, which 66 

not only could be harnessed, but also causes the temperature of the PV panel to rise, resulting in 67 

lower PV electrical energy outputs [8]. Another drawback of this system is the inefficiency 68 

associated with charging and discharging the system’s battery [9]. Overall, a heat output equal to 69 

18% of the incident solar irradiation was realized at the condenser in this system [6]. 70 

 71 

2.2 Solar Assisted Heat Pump 72 

The second method involves the use of a solar thermal collector as a thermal energy 73 

source for a heat pump cycle [7, 10, 11]. These systems can use the solar thermal collector as the 74 

primary thermal energy source, or as a secondary thermal energy source. This system type does 75 

not include PV cells, and therefore the electrical power supplied to the compressor must be 76 

provided by an external source. A reduction in external electrical energy consumption of 12% 77 

can be realized when using this system type for domestic hot water production [10].  78 

 79 
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2.3 Separate Consumption PVT Heat Pump 80 

The third method involves the use of a PVT panel, but the heat pump cycle only utilizes 81 

the thermal energy from the panel, while the electrical energy generated by the panel is 82 

consumed by an external system, and the electricity that powers the compressor is provided from 83 

another external system [8, 12, 13, 14]. These systems attempt to optimize both the thermal and 84 

electrical energy outputs of the PVT panel, but these energy streams are consumed by separate 85 

systems. These systems can operate with refrigerant flowing through the PVT panel, which 86 

results in the PVT panel acting as the evaporator in the heat pump cycle. Alternatively, a non-87 

evaporating working fluid can be passed through the PVT panel, and the refrigerant in the heat 88 

pump can be evaporated in a second heat exchanger. The research being carried out on these 89 

systems is concerned with optimization of the detailed mechanical design of the PVT panel, such 90 

that optimal thermal and electrical energy extraction can occur [8, 12, 13, 14]. Finally, studies 91 

show that 40-60% of the total solar energy incident on the solar collector can be used with this 92 

system arrangement [13].  93 

 94 

2.4 Simultaneous Consumption PVT Heat Pump 95 

The fourth method involves using a PVT panel to provide both thermal energy and 96 

electrical energy to a heat pump cycle [15,16,17]. The system being investigated by Zhang et al. 97 

[15] couples a heat pump with an array of PVT panels, and the compressor in the heat pump is 98 

powered directly from the array’s generated electricity. The electrical energy consumption of the 99 

heat pump compressor is entirely dependent on the useful thermal energy produced by the PVT 100 

panel, along with the selected working fluid states in the heat pump loop. In cases where all 101 

available thermal energy from the panel is extracted, and excess electrical energy remains, Zhang 102 
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et al. anticipate that the excess electricity will be sold to the grid, or stored in a battery [15]. The 103 

main drawback of this system, compared to the three previously mentioned methods, is its 104 

complexity. Another drawback is that in systems where the excess electricity cannot be used 105 

externally, it would be wasted. However, Zhang et al. have shown that this system has 106 

environmental and economic benefits, and can produce a heat output equal to 50% of the 107 

incident solar irradiation at its condenser [16, 17].  108 

The design discussed in this paper builds on the simultaneous consumption PVT heat 109 

pump system proposed by Zhang et al. by adding a secondary heat pump loop. The use of two 110 

heat pump loops is a novel system arrangement, and allows for system parameter optimization to 111 

maximize thermal energy output [18]. The feasibility of this system is supported by the common 112 

and successful implementation of cascade heat pumps in industry [4], along with the successful 113 

implementation of the simultaneous consumption PVT heat pump system by Zhang et al. [15]. 114 

 115 

3 PVT Cascade Heat Pump System Design 116 

The PVT cascade heat pump system in this study uses both the heat and electrical energy 117 

generated by the PVT panel in the heat pump. However, unlike the PVT heat pump system 118 

mentioned in Section 2.4, the system in this paper contains a secondary heat pump loop. The 119 

addition of a secondary heat pump loop allows for all of the electrical energy generated by the 120 

PVT panel to be usefully consumed within the system, instead of wasting energy, relying on a 121 

battery for electrical energy storage, or relying on a grid connection for energy sale [18]. A 122 

schematic of the PVT cascade heat pump system is shown in Figure 1. 123 

 124 
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 125 

Figure 1: PVT Heat Pump System with Component Labels 126 
 127 

A coolant fluid is circulated through the PVT array, which extracts thermal energy and 128 

adds it to the thermal storage tank. The coolant is assumed to circulate only when the thermal 129 

efficiency of the array is greater than zero, and it operates using an on/off control scheme. 130 

Therefore, the flowrate through the panel is either zero, or a constant value that is determined 131 

based on manufacture guidelines. The thermal energy that is injected into the thermal storage 132 

tank then causes the temperature of the tank to increase, while the mass of fluid within the tank is 133 

kept constant.  134 

A heat pump loop (heat pump B) evaporator contained within the thermal storage tank is 135 

used to extract heat from the thermal storage tank. This evaporator is assumed to be maintained 136 

at a constant pressure, and therefore its evaporation temperature can be taken as constant. It 137 

follows that heat can only be removed from the thermal storage tank when the temperature of the 138 

tank is sufficiently above this constant evaporator temperature, which is defined as the minimum 139 

thermal storage tank temperature. When the thermal storage tank is below this minimum 140 

temperature, the heat pump loops are deemed inoperable.   141 
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At times when the thermal storage tank is at or above the minimum temperature, the heat 142 

pump loops become operational. The compressors in each heat pump loop are assumed to be 143 

powered directly from the electrical energy generated by the PVT array. Heat pump loop B is 144 

given priority to consume this electrical energy, which results in scenarios where only loop B is 145 

operating if there is not enough electricity to also power loop A. However, at times when there is 146 

sufficient electrical power for both heat pump loops, then heat is taken from another low 147 

temperature heat source through a low pressure evaporator. This heat source can be the ambient 148 

environment, a geo-exchange loop, or any other freely available low-grade heat source. 149 

The heat from heat pump loop A is passed into heat pump loop B through the 150 

intermediate heat exchanger, which acts as the condenser for loop A and an evaporator for loop 151 

B. This heat, along with the heat from the thermal storage tank, passes though heat pump loop B, 152 

and is then used to heat water for domestic purposes at the condenser in loop B. 153 

Since variable speed compressors are used in both heat pump loops, the mass flow rates 154 

of refrigerant in each heat pump loop are assumed to be variable, and are proportional to the 155 

electrical energy supplied to each heat pump loop’s compressor. The mass flow rate of the cold 156 

supply water through the high pressure condenser in heat pump loop B is assumed to be 157 

sufficient to maintain thermal equilibrium within the system, based on the selected refrigerant 158 

states. Finally, the refrigerant used in the heat pump loops can be the same, or different, and 159 

would be selected based on the conditions in which the system will operate. 160 

 161 

4 Analysis Technique 162 

The analysis of the PVT heat pump system was carried out using a time-stepping method. 163 

System equilibrium and constant system parameters were assumed during each time-step in the 164 
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analysis. The schematic shown in Figure 2 includes labelled state locations, which will be used 165 

in the proceeding analysis description. 166 

 167 

Figure 2: Cascade PVT Heating System Schematic 168 

4.1.1 Setting the System Parameters 169 

To begin the analysis, the geographical location of the simulated site must be selected. 170 

The local latitude (𝐿!"#$!), and longitude (𝑙!"#$!) must be determined. The longitude of the local 171 

standard time meridian (𝑙!") must also be determined. Weather data for the selected simulation 172 

site must be acquired, which must include the hourly total horizontal irradiation (𝐼!), diffuse 173 

horizontal irradiation (𝐼!,!), direct beam irradiation (𝐼!,!), and air dry-bulb temperature (𝑇!).  174 

Next, the total solar collector area (𝐴), collector cooling fluid flow rate (𝑚!), solar 175 

collector array tilt angle (𝛽), and the solar collector array azimuth angle (𝑎!) must be set. The 176 

minimum operating temperature for the thermal storage tank (𝑇!"#!!"#
), the design heat transfer 177 

rate for the evaporator within the thermal storage tank (𝑄!"!!"#$%&), and the thermal storage tank 178 

thermal mass (𝑚𝑐!
!"#$

) are also set at this point.  179 

Since heat pumps are required in the design, the heat pump refrigerant type must be set, 180 

along with the selection of the saturation temperatures for each of the heat exchangers within the 181 

heat pump loops. The desired degree of superheat of the refrigerant at the state before the 182 

compressor in each heat pump loop (i.e. states 1a and 1b in Figure 2), and the degree of sub-183 
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cooling of the refrigerant at the state exiting the condenser (i.e. states 3a and 3b in Figure 2), 184 

must also be set. Finally, the third-order compressor performance coefficients, along with the 185 

state information for the manufacturer test data, must be determined from manufacturer data for 186 

each of the compressors used in the system.  187 

 188 

4.1.2 Defining the “Map” and “Design” Systems 189 

The third-order compressor performance coefficients used in this analysis follow 190 

ANSI/AHRI standard 540 [19], and are used in a polynomial fit to compressor performance data 191 

based on manufacturer mapping tests. These tests are typically conducted using a prescribed 192 

amount of superheating and sub-cooling in the heat pump process, and the predicted compressor 193 

performance that is generated from the provided polynomial fit will effectively assume the same 194 

amounts of superheating and sub-cooling. Therefore, the compressor performance and 195 

corresponding heat pump state information that is found by directly using the manufacturer 196 

provided polynomial fits are referred to as the “map” system parameters because they inherently 197 

assume the same amounts of superheating and sub-cooling that the manufacture mapping tests 198 

assume. 199 

However, the system parameter assumptions that generated the “map” states may differ 200 

from those that are desired. To account for these differences, an adjustment to the “map” 201 

compressor performance parameters can be carried out. This adjustment of the “map” 202 

performance parameters produces results that correspond to the desired system’s design, and are 203 

therefore defined as the “design” system parameters.  204 

 205 
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4.1.3 Determining Heat Pump Cycle Enthalpies 206 

Using the system parameters that were set in Section 4.1.1, the enthalpies of the refrigerant 207 

through the heat pump loops can be found. As shown in Figure 3, State 1 is defined as the state 208 

of the refrigerant before it enters the compressor, State 2 is defined as the state of the refrigerant 209 

as it exits the compressor, State 3 is defined as the state of the refrigerant as it exits the 210 

condenser, and State 4 is defined as the state of the refrigerant as it exits the throttling valve. 211 

Pressure changes through heat exchangers, along with the enthalpy changes through the piping 212 

that connects each component, are neglected in this analysis [20]. 213 

 214 

Figure 3: Heat Pump Schematic with Labelled States 215 
 216 

Using the saturation temperatures that were set in Section 4.1.1, state information is 217 

found for both heat pump loops in the system. This state information must be found for both the 218 

mapped system, using “map” system state specifications, and design system, using “design” 219 

system state specifications. In the discussions that follow, since state parameters must be found 220 

for both the “design” and “map” systems, the subscript “sys” is used as a placeholder for 221 

“design” or “map” in variable subscripts.  222 



12 
 

If there is no superheating for State 1, then the enthalpy at State 1 must be found using 223 

Equation (1.1). However, if there is superheating, then Equation (1.2) must be used. Next, using 224 

the State 1 enthalpy result, Equations (2) and (3) can be used to find the density and specific 225 

entropy at State 1, respectively. 226 

 ℎ!!"!
= ℎ 𝑃!"#$, 𝑥!"!  (1.1)  

 ℎ!!"!
= ℎ(𝑃!"#$,𝑇!!"!) (1.2)  

 𝜌!!"! = 𝜌(𝑃!"#$, ℎ!!"!) (2)  

 𝑠!!"!
= 𝑠(𝑃!"#$, ℎ!!"!) (3)  

where ℎ!!"! is the specific enthalpy at State 1 for the corresponding system (i.e. the “design” or 227 

“map” system), 𝑃!"#$ is the saturation pressure at State 1, 𝑥!"! is the vapour quality at State 1 for 228 

the corresponding system, 𝑇!!"! is the temperature at State 1 for the corresponding system, 𝜌!!"! 229 

is the density at State 1 for the corresponding system, and 𝑠!!"! is the specific entropy at State 1 230 

for the corresponding system. 231 

Next, the isentropic State 2 must be found for both the design system, and the map 232 

system, using Equation (4). 233 

 ℎ!!!"!
= ℎ(𝑃!"#$ , 𝑠!!"!) (4)  

where ℎ!!!"! is the specific enthalpy of the isentropic State 2 for the corresponding system, and 234 

𝑃!"#$ is the saturation pressure of the refrigerant in the condenser. The isentropic State 2 235 

represents the specific enthalpy of the working fluid after being compressed from the evaporator 236 

saturation pressure to the condenser saturation pressure, with constant entropy.   237 
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The mapped compressor power consumption and mass flow rate are calculated at this 238 

point. This calculation is completed using Equation (5), and using the compressor performance 239 

coefficients that were previously acquired from manufacturer data. 240 

 

𝑋!"# = 𝐶! + 𝐶!𝑆 + 𝐶!𝐷 + 𝐶!𝑆
!
+ 𝐶!𝑆𝐷 + 𝐶!𝐷

!
+ 𝐶!𝑆

!

+ 𝐶!𝐷𝑆
!
+ 𝐶!𝑆𝐷

!
+ 𝐶!"𝐷

! 

(5)  

where 𝑋!"# is the parameter being calculated (i.e. mapped power consumption (𝑊!"#) or 241 

mapped mass flow rate (𝑀!"#)), 𝑆 is the saturation temperature of the refrigerant on the suction 242 

side of the compressor, 𝐷 is the saturation temperature of the refrigerant on the discharge side of 243 

the compressor and 𝐶!,𝐶!,… ,𝐶!" are the corresponding compressor performance coefficients for 244 

the given parameter 𝑋!"#.  245 

 Since the performance parameter that was calculated using Equation (5) corresponds to 246 

the performance at the mapped state, the previously mentioned adjustment to the performance 247 

parameter must be made. To complete this adjustment a new mass flow rate must first be 248 

calculated using Equation (6) [21]. 249 

 𝑀!"#$%& = 𝑀!"#× 1+ 𝐹

𝜌!!"#$%&

𝜌!!"#
− 1  (6)  

where 𝑀!"#$%& is the adjusted mass flow rate for the design system, and 𝐹 is a chosen percentage 250 

of the theoretical mass flow rate increase. The chosen percentage of the theoretical mass flow 251 

rate increase can be taken as 0.75 based on findings in the literature [21]. 252 

 Using the adjusted mass flow rate, and previously determined enthalpy values, a modified 253 

compressor power consumption can be found using Equation (7) [21]. 254 

 𝑊!"# =𝑊!"#×
𝑀!"#

𝑀!"#

ℎ!!!"#$%&
− ℎ!!"#$%&

ℎ!!,!"# − ℎ!,!"#
  (7)  



14 
 

where 𝑊!"# is the modified compressor power consumption for the design system.  255 

The result of Equation (7) typically over-predicts the change in power consumption from 256 

the mapped system to the design system by about 48%, based on experimental data found in the 257 

literature [21]. According to Dabiri et al. [21], this over-prediction occurs because State 1, which 258 

is equal to the state at the evaporator outlet and compressor shell inlet, is used in Equation (7). 259 

However, more accurate results can be achieved if the state at the compressor suction port is 260 

used instead. The calculation of the state at the compressor suction port requires additional 261 

information about the compressor being analyzed, which is not typically available, and therefore 262 

the less accurate state value was selected for use in Equation (7). Therefore, a generalized 263 

correction to alleviate this over-prediction was used in this analysis, and is shown in Equation 264 

(8). 265 

 𝑊!"# =𝑊!"# + 𝑊!"# −𝑊!"# ×0.52 (8)  

where 𝑊!"# is the corrected compressor power consumption. 266 

At this point, the actual specific enthalpy of the working fluid after the compressor for the 267 

design system can be found using Equation (9). 268 

 ℎ!!"#$%&
=

𝑊!"#

𝑀!"#

+ ℎ!!"#$%&
 (9)  

where ℎ!!"#$%& is the actual specific enthalpy of the working fluid after the compressor for the 269 

design system.  270 

 It is prudent to check that the isentropic efficiency of the compressor does not exceed 271 

unity since this would indicate an error in the preceding analysis. The isentropic efficiency of the 272 

compressor in the corresponding system (𝜂!"!) can be found using Equation (10). 273 
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 𝜂!"! =
ℎ!!!"!

− ℎ!!"!

ℎ!!"!
− ℎ!!"!

=

ℎ!!!"!
− ℎ!!"!

𝑊!"! 𝑀!"!

  (10)  

 Now, the specific enthalpy of the working fluid at State 3 in the design system (ℎ!!"#$%&) 274 

must be found using Equation (11) if there is no sub-cooling, or Equation (11.2) if there is sub-275 

cooling. 276 

 ℎ!!"#$%&
= ℎ(𝑃!"#$ , 𝑥!!"#$%&) (11.1)  

 ℎ!!"#$%&
= ℎ(𝑃!"#$ ,𝑇!!"#$%&) (11.2)  

where 𝑥!!"#$%& is the quality of the working fluid at State 3 in the design system, and 𝑇!!"#$%& is 277 

the temperature of the working fluid at State 3 in the design system. 278 

 The last state in each heat pump loop, State 4, has the same specific enthalpy as State 3 279 

(i.e. ℎ!!"#$%& = ℎ!!"#$%&
). This equality is used because it is assumed that the throttling process 280 

from State 3 to State 4 is a constant enthalpy process [22].  281 

 282 

4.1.4 Time Dependent Parameter Calculations 283 

Once all location and heat pump enthalpy parameters are determined for the system, the 284 

time dependent parameters can be calculated. To begin this process, the initial conditions for the 285 

system must be set. The system is assumed to not operate during the first simulation time-step, 286 

and therefore the mass flow rates in all heat pump loops are set to zero (i.e. 𝑚!!!
= 𝑚!!!

= 0).  287 

The temperature of the thermal storage tank, along with the solar panel fluid inlet, and outlet 288 

temperatures, are all set to the minimum thermal storage tank temperature (i.e. 𝑇!"#$! = 𝑇!!!
=289 

𝑇!"!!
= 𝑇!"#!!"#

, respectively).  290 

Following setting the initial conditions for the system, the iterative segment of the 291 

simulation can begin. The goal of the following calculations is to determine the thermal storage 292 
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tank temperature (𝑇!"#$), and heat energy output from the condenser in loop RB (𝑄!"#!!) for 293 

each time-step in the simulation. Therefore, the proceeding parameters must all be determined at 294 

each time-step until the simulation is complete.  295 

The process begins by first checking if there is solar irradiation at the current time-step. 296 

This determination is completed by checking if direct beam solar irradiation is present at the 297 

current time-step, based on the input weather data (i.e. check if 𝐼!,!
!
> 0). If there is no direct 298 

beam irradiation, then the system does not operate, resulting in the heat output from the 299 

condenser in loop RB being zero at the current time-step, and the thermal storage tank being set 300 

to the temperature from the previous time-step.  The next time-step can then be started by again 301 

checking if direct beam solar irradiation is present. 302 

If there is direct beam solar irradiation present at the current time-step, the calculation of 303 

all system parameters is carried out. This calculation begins by first determining the solar 304 

altitude angle (𝛼) and solar azimuth angle (𝛼!), which are shown in Figure 4. 305 

 306 

Figure 4: Sun Angle Diagram 307 
 308 

To determine the solar altitude and azimuth angles, the solar declination angle (𝛿!!) must 309 

first be determined using Equation (12) [23]. 310 

 𝛿!!
= 23.45° sin 360°×

284+ 𝑛!

365
  (12)  
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where 𝑛! is the day number at the current time-step. For the day number, January 1st is defined as 311 

𝑛 = 1. 312 

At this point, the value of the equation of time (𝐸𝑇!) at the current time-step must be 313 

determined using Equation (13) and Equation (14) [23]. 314 

 
𝐸𝑇! = 9.87 sin 2𝐵! − 7.53 cos 𝐵! − 1.5 sin(𝐵!) (13)  

 
𝐵! = 360°×

𝑛! − 81

364
 (14)  

 315 
Next, the solar time at the current time-step (𝑆𝑇!), which is the number of minutes before 316 

or after local solar noon, based on the standard time clock, must be determined using Equation 317 

(15) [23]. 318 

 𝑆𝑇! = 𝐿𝑆𝑇! + 𝐸𝑇! + 𝑙!" − 𝑙!"#$!  ×4 
𝑚𝑖𝑛𝑢𝑡𝑒𝑠

𝑑𝑒𝑔𝑟𝑒𝑒
 (15)  

where 𝐿𝑆𝑇! is the local standard time at the current time-step, 𝑙!" is the longitude at the local 319 

corresponding standard time meridian, and 𝑙!"#$! is the local longitude. Equation (15) assumes 320 

that a location in the Western hemisphere is used, and that Western longitude values are positive. 321 

Finally, for both the solar time and  local standard time, a negative value is used at times before 322 

local solar noon, and a positive value is used at times after local solar noon.  323 

The solar altitude angle at the current time-step (𝛼!) can now be found using Equation 324 

(16) [23]. 325 

 sin(𝛼!) = sin(𝐿)× sin(𝛿!!)+ cos(𝐿)× cos(𝛿!!)× cos
𝑆𝑇!

4
 (16)  

where 𝐿 is the local latitude.    326 

The solar azimuth angle at the current time-step (𝛼!!) can be found at this point by using 327 

both Equation (17) and Equation (18) [24].  328 
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 𝛼!!
= acos

sin 𝐿 sin 𝛼! − sin(𝛿!!)

cos 𝐿 cos 𝛼!

 (17)  

 
sin(𝛼!!) =

cos(𝛿!!) sin
𝑆𝑇!

4

cos(𝛼!)
 (18)  

Two redundant equations are required to determine the solar azimuth angle such that the 329 

quadrant that the angle lies in can be determined. If the result of Equation (18) is positive, then 330 

the solar azimuth angle is set equal to the result of Equation (17). Alternatively, if the result of 331 

Equation (18) is negative, then the solar azimuth angle is set equal to the negative result of 332 

Equation (17). 333 

 Next, the angle between the solar collector array surface normal vector and the incident 334 

solar irradiation at the current time-step, which is defined as the solar incidence angle (𝑖!!), must 335 

be found using Equation (19) [23]: 336 

 𝑖!!
= acos cos 𝛼! cos 𝛼!!

− 𝑎! sin 𝛽 + sin 𝛼! cos 𝛽  (19)  

where 𝑎! is the panel azimuth angle, and 𝛽 is the panel tilt angle. 337 

 The total solar irradiation on the solar collector at the current time-step (𝐼!!) can be 338 

determined at this point. The total solar irradiation on the collector is composed of beam 339 

irradiation, diffuse sky irradiation, and reflected irradiation. The total collector irradiation can 340 

then be found based on this assumption using Equation (20). 341 

 𝐼!!
= 𝐼!,!

!
cos(𝑖!!)+ 𝐼!,!! cos

!
𝛽

2
+ 𝜌!𝐼!! sin

!
𝛽

2
  

(20)  

where 𝐼!,! is the diffuse horizontal irradiation at the current time-step from weather data, 𝜌! is 342 

the ground reflectivity at the current time-step from weather data, and 𝐼!! is the total horizontal 343 

irradiation at the current time-step from weather data.  344 
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The total incident solar energy over the current time-step (𝐸!) can be found at this point 345 

using Equation (21).  346 

 𝐸! = 𝐼!!
×𝐴×∆𝑡 (21)  

where 𝐴 is the total solar collector array absorber area, and ∆𝑡 is the time-step length. 347 

 Next, the fluid inlet temperature to the solar collector array at the current time-step (𝑇!"!), 348 

is set equal to the thermal storage tank temperature from the previous time-step, as shown in 349 

Equation (22).  350 

 𝑇!"!
= 𝑇!"#$!!!

 (22)  

where 𝑇!"#$!!! is the temperature of the thermal storage tank from the previous time-step. 351 

Next, the mean temperature of the solar collector array at the current time-step (𝑇!!
) is 352 

found using Equation (23). 353 

 𝑇!!
=
𝑇!!!

+ 𝑇!"#!!!

2
 (23)  

where 𝑇!"#!!!is the temperature of the fluid exiting the solar collector array at the previous time-354 

step. 355 

The incident angle modifier at the current time-step (𝜑!), must now be found using the 356 

correlation provided by the panel manufacturer, and is a function of the solar incidence angle. 357 

This parameter represents the performance of the solar collector as a function of the solar 358 

incidence angle, and is required since many solar collectors exhibit varying performance given a 359 

constant solar flux and changing solar incidence angle. Equation (24) is the function that was 360 

derived for the Solimpeks PowerTherm PVT panel [25]. 361 
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𝜑! = −3.04×10
!!
× 𝑖!!

!

+ 2.63×10
!!
× 𝑖!!

!

− 1.36×10
!!
× 𝑖!!

!

+ 2.02×10
!!
× 𝑖!!

+ 1 

(24)  

 Next, using the mean temperature of the solar array, along with correlations from 362 

manufacturer data, the electrical efficiency of the solar collector array at the current time-step 363 

(𝜂!!) can be found. Equation (25) is the function that was derived for Solimpeks PowerTherm 364 

PVT panel [25]. 365 

 𝜂!! = 𝜑!×
186.6− 0.6771×𝑇!!

1400
  (25)  

 After determining the electrical efficiency of the array, the thermal efficiency of the array 366 

at the current time-step (𝜂!!!) can be determined. The thermal efficiency is determined using a 367 

second order efficiency curve along with the panel reduced temperature (𝑇!!) at the current time-368 

step. The panel reduced temperature is first determined using Equation (26). 369 

 
𝑇!!

=
𝑇!!

− 𝑇!!

𝐼!!

  (26)  

where 𝑇!! is the air dry bulb temperature at the current time-step from weather data. 370 

 Using the panel reduced temperature, the thermal efficiency of the array can be found 371 

using Equation (27), which is the function that was derived for the Solimpeks PowerTherm PVT 372 

panel [25]. 373 

 𝜂!!! = 𝜑!×(0.493− 4.086×𝑇!! − 0.068×𝐼!!×𝑇!!
!)  (27)  

In time-steps where the resulting array thermal efficiency is a negative value, the thermal 374 

efficiency is set to zero and the system is assumed to not operate. This case can occur when there 375 

is low thermal irradiation coupled with outdoor temperatures that are low compared to the panel 376 

temperature.  377 
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 Next, the total thermal energy generation (𝐸!!!) and electrical energy generation (𝐸!!) 378 

over the current time-step can be found using Equation (28) and Equation (29), respectively.  379 

 𝐸!!!
= 𝜂!!!  ×𝐸! (28)  

 𝐸!!
= 𝜂!!  ×𝐸! (29)  

 Using the resulting thermal energy generated over a time-step, the outlet temperature of 380 

the fluid passing through the solar array over the current time-step (𝑇!"#!) can be determined 381 

with Equation (30). 382 

 𝑇!"#!
= 𝑇!!!

+
𝐸!!!

∆𝑡𝑚!𝑐!

  (30)  

where 𝑚! is the total mass flow rate of fluid through the solar collector array, and 𝑐! is the 383 

specific heat capacity of that fluid.  384 

At this point, the heat extracted from the thermal storage tank over the time-step can be 385 

considered. Since the system is assumed to operate with a minimum thermal storage tank 386 

temperature, at times when the tank is below this temperature, the heat pump loops do not 387 

operate. This non-operating state results in the refrigerant total mass flows over the time-step in 388 

both heat pump loops RA (𝑚!") and RB (𝑚!") being set to zero. The amount of heat extracted 389 

through HX2 (𝑄!"!!"#$!%!
) and the amount of heat rejected through the condenser in loop RB 390 

(𝑄!"#!!!
) are then also set to zero. The temperature of the thermal storage tank at the current 391 

time-step (𝑇!"#$!) can then be found using Equation (31). 392 

 𝑇!"#$!
= 𝑇!"#$!!!

+
𝐸!!!

𝑚𝑐!
!"#$

 (31)  

where 𝑚𝑐!
!"#$

 is the thermal mass of the thermal storage tank.  393 
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Alternatively, for the case when the thermal storage tank is of sufficient temperature, and 394 

there is solar irradiation present, the calculation of the heat pump operating parameters can be 395 

carried out. At the beginning of this analysis a design heat transfer rate for HX2 (𝑄!"!!"#$%&) 396 

was selected, and based on this rate the maximum thermal energy that can be extracted from the 397 

thermal storage tank over the current time-step (𝑄!"!!"#!
) can be found using Equation (32):  398 

 𝑄!"!!"#!
= 𝑄!"!!"#$%&×∆𝑡!"#$×

𝑇!"#$!!!
− 𝑇!"#!!"!

𝑇!"#!!"#
− 𝑇!"#!!"!

 (32)  

Equation (32) assumes that the heat transfer area and the convection coefficient for heat 399 

transfer between the thermal storage tank and the loop RB evaporator contained within the 400 

thermal storage tank are constant throughout the analysis. This assumption allows for the heat 401 

transfer over a time-step to be proportional to the designed heat transfer rate, step length, and the 402 

ratio of the current temperature difference between the thermal storage tank and HX2 to the 403 

minimum temperature difference the thermal storage tank and HX2. However, during time-steps 404 

with low electrical energy production, referred to as the limited electricity state, there is not 405 

enough electrical energy to run the compressors in loop RB if the actual heat extraction rate from 406 

the thermal storage tank is set equal to 𝑄!"!!"#!
. Therefore, in time-steps during which the 407 

system operates in the limited electricity state, HX2 will have more than sufficient heat transfer 408 

potential to provide enough heat to balance the cycle. This case allows loop RA to be inactive, 409 

and the amount of heat energy that can be transferred through HX2 can be found using Equation 410 

(33), which assumes that the compressor power consumption constrains the system. 411 

 𝑄!"!!"!#!
= 𝐸!!

ℎ!! − ℎ!!

ℎ!! − ℎ!!
 (33)  

where 𝑄!"!!"!#!
 is the quantity of thermal energy transferred through HX2 over the current time-412 

step when the system is operating with limited electricity.  413 
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 The determination whether the system operates with limited electricity, or is fully 414 

operational, is achieved by comparing 𝑄!"!!"#!
 and 𝑄!"!!"!#!

. When  𝑄!"!!"!#!
> 𝑄!"!!"#!

 the 415 

system is fully operational, and the actual heat transfer through HX2 (𝑄!"!!"#$!%!
) is set to equal 416 

to 𝑄!"!!"#!
. Alternatively, when  𝑄!"!!"!#!

≤ 𝑄!"!!"#!
 the system operates in the limited 417 

electricity state, and the actual heat transfer through HX2 is set to be equal to 𝑄!"!!"!#!
. 418 

 After the actual heat transfer through HX2 over the current time-step is determined, the 419 

mass flow rates of refrigerant, and heat transfer rates through the heat pump loops, can be 420 

calculated. When the system operates in the limited electricity case, only loop RB operates, 421 

which allows for a direct solution of the total mass flow of refrigerant in loop RB over the 422 

current time-step (𝑚!"!
) using Equation (34). 423 

 𝑚!"!
=

𝑄!"!!"#$!%!

ℎ!! − ℎ!!
 (34)  

Next, the heat rejected at the condenser in loop RB over the current time-step (𝑄!"#$!!
) 424 

can be found using Equation (35). 425 

 𝑄!"#$!!
= 𝑚!"!

(ℎ!! − ℎ!!) (35)  

Alternatively, when the system is fully operational, Equation (36) and Equation (37) must 426 

be solved simultaneously for the total refrigerant mass flows over the current time-step, for both 427 

heat pump loops. 428 

 ℎ!! − ℎ!! 𝑚!"!
+ ℎ!! − ℎ!! 𝑚!"!

= 𝐸!!
 (36)  

 − ℎ!! − ℎ!! 𝑚!"!
+ ℎ!! − ℎ!! 𝑚!"!

= 𝐸!!!
 (37)  

Next, similar to the limited electricity case, the heat rejected at the condenser in loop RB 429 

can be found using Equation (35), using the result of the solutions from Equation (36) and 430 

Equation (37). 431 
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Finally, the time-step concludes by determining the temperature of the thermal storage 432 

tank  using Equation (38), which accounts for both the heat added by the solar collector fluid, 433 

and the heat removed through HX2. 434 

 𝑇!"#$!
= 𝑇!"#$!!!

+

𝐸!!!
− 𝑄!"!!"#$!%!

𝑚𝑐!
!"#$

 (38)  

In Section 5, a case study that implemented the previously detailed analysis technique 435 

will be presented, such that the efficacy of the PVT cascade heat pump system can be discussed.  436 

 437 

5 Case Study Parameters and Results 438 

A case study was carried out that compared the total annual energy output from the PVT 439 

cascade heat pump system to the simultaneous consumption PVT heat pump system, and the 440 

next leading solar domestic hot water system in the market, which was found to be the evacuated 441 

tube water heating system [3]. The design parameters that were used in comparing all systems 442 

were suitable for 60°C domestic hot water production. Several locations were used, such that the 443 

effects of different climate could be determined. Table 1 presents a summary of the locations that 444 

were considered, along with related basic climate data [26, 27].  445 

Table 1: Case Study Locations with Climate Data 446 

Location 
(City, Country) 

Location 
Latitude 

Annual Average 
Dry-Bulb 

Temperature (°C) 

Total Annual Solar 
Beam Irradiation 

(kWh/m2) 

Edmonton, Canada 53.6° 2.8 1491 

Toronto, Canada 43.7° 7.4 1252 

Washington DC, USA 39.0° 12.7 1378 

Phoenix, USA 33.5° 23.8 2524 

 447 

The details and results of the evacuated tube analysis will be presented first, since they 448 

will be used as the base case for the comparison to the other two systems. The simulation results 449 
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from the simultaneous consumption PVT heat pump system, and the PVT cascade heat pump 450 

system, will then be given. 451 

 452 

5.1 Evacuated Tube Water Heating System  453 

A schematic of the evacuated tube water heating system that was used in this study is 454 

shown in Figure 5. 455 

 456 

Figure 5: Evacuated Tube Heating System Schematic 457 
 458 

The thermal storage tank in this system was assumed to have a constant temperature of 459 

65°C, which ensures that hot water at a temperature of 60°C can be produced from the city 460 

supply water that passes through the heat exchanger in the thermal storage tank. The mass flow 461 

rate of the city supply water was assumed to be variable, such that the heat removed from the 462 

thermal storage tank by the city supply water would allow the temperature of the thermal storage 463 

tank to be kept constant. Finally, since the desired output of this analysis was the energy output 464 

profile to the city supply water, the resulting required mass flow rate and inlet temperature of the 465 

city supply water were not needed. 466 

The analysis of the evacuated tube system was also carried out using the process that was 467 

described in Section 4, but neglecting the heat pump calculations since heat pumps were not 468 

included in this system. A Solar Panels Plus SPP-30 evacuated tube solar collector was used in 469 
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this analysis, and the incidence angle modifier and thermal efficiency equations that were used to 470 

model this collector are shown in Equation (39) and Equation (40), respectively [28]. The 471 

remaining simulation input parameters for the evacuated tube analysis are shown in Table 2. 472 

 𝜑! = −4×10
!!
× 𝑖!!

!

+ 3×10
!!
× 𝑖!!

!

− 6×10
!!
× 𝑖!!

!

+ 6.3×10
!!
× 𝑖!!

+ 1 

(39)  

 𝜂!!! = 𝜑!×(0.477− 0.9374×𝑇!! − 0.00655×𝐼!!×𝑇!!
!) (40)  

 473 
Table 2: Design Input Parameters for Evacuated Tube System Case Study 474 

Parameter Value 

Time-step length. 60 𝑠 

Total array absorber area 8.4 𝑚
! 

Thermal storage tank thermal mass 16.72
𝑀𝐽

𝐾
 

Fluid mass flow rate through solar 

collector array 
0.17

𝑘𝑔

𝑠
 

Panel azimuth angle 0° 

Specific heat capacity of solar 

array cooling fluid. 
4180

𝐽

𝑘𝑔𝐾
 

 475 

The optimization process was carried out by running a simulation in each location using 476 

panel tilt angles ranging from 0° to 90°, then, for each location, selecting the panel tilt angle that 477 

resulted in the maximum thermal energy output over the simulated year. A plot of the results 478 

from the tilt angle optimization is shown in Figure 6. 479 
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  480 

Figure 6: Evacuated Tube Annual Thermal Output vs. Panel Tilt Angle 481 
 482 

For illustration purposes, a sample plot showing a resulting thermal power output profile 483 

for a simulated year in Toronto is shown in Figure 7, which was generated using a panel tilt 484 

angle of 35°. 485 

 486 
Figure 7: Evacuated Tube Sample Thermal Power Output Profile 487 

 488 
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After running the simulation at each location, and varying the panel tilt angle, the panel tilt 489 

angle that resulted in the maximum annual thermal energy output was determined. This optimal 490 

tilt angle is represented by the local maxima of each curve in Figure 6, and is marked on each 491 

curve in the plot for clarity. The resulting optimal tilt angle for each location, and the 492 

corresponding annual energy outputs, are presented in Table 3.  493 

Table 3: Evacuated Tube System Analysis Results 494 

Location 
(City, Country) 

Optimal 
Tilt Angle 

Corresponding Annual 
Thermal Energy Output (GJ) 

Edmonton, Canada 44° 11.7 

Toronto, Canada 34° 10.6 

Washington DC, USA 35° 12.3 

Phoenix, USA 36° 19.0 

 495 

The optimal tilt angles that were determined through this optimization process, along with 496 

the trends in total annual energy production, were verified using RETScreen software [29]. 497 

These results will be used for comparison against both of the PVT heat pump system annual 498 

energy outputs in Section 5.4. 499 

 500 

5.2 Simultaneous Production PVT Heat Pump System 501 

Several simulations of the simultaneous consumption PVT heat pump system were 502 

carried out to determine the operating parameters that result in the highest annual thermal energy 503 

output for each simulation location. A schematic that will be used to discuss the process is shown 504 

in Figure 8. 505 
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 506 

Figure 8: Simultaneous Consumption PVT Heat Pump System Schematic 507 
 508 

The panel tilt angle and the minimum thermal storage tank temperature were varied at 509 

each location to determine the combination of these two parameters that results in the system’s 510 

maximum annual thermal energy output. An Emerson Climate ZB15KQE-PFJ variable capacity 511 

scroll compressor was used as the compressor in the heat pump loop [30]. REFPROP refrigerant 512 

property calculating software [31] was used to determine refrigerant state information for each of 513 

the trials, and Table 6 presents the parameters that were kept constant between each of these 514 

trials. 515 

Table 4: Design Input Parameters for PVT System Case Study 516 

Parameter   Value 

Time-step length. 60 𝑠 

Total array absorber area 8.4 𝑚
! 

Thermal storage tank thermal mass 16.72 𝑀𝐽/𝐾 

Fluid mass flow rate through solar collector array 0.18
𝑘𝑔

 𝑠
 

Panel azimuth angle 0° 

Heat Pump Evaporator Saturation Temperature 30°𝐶 

Heat Pump Condenser Saturation Temperature 65°𝐶 

Design heat transfer rate of the heat exchanger in 
the thermal storage tank 

1000 𝑊 [18] 

Heat pump refrigerant type R-134a 

Specific heat capacity of solar panel cooling fluid. 4180
𝐽

𝑘𝑔𝐾
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The optimization process was carried out by first setting the minimum thermal storage 517 

tank temperature to 35°C, and varying the panel tilt angle, for each simulation location. Second, 518 

using the optimal panel tilt angle that was found during the first step in the optimization process, 519 

the minimum thermal storage tank temperature was varied to determine its optimal value for 520 

each location. Finally, to ensure that the optimal panel tilt angle did not change, the simulation 521 

for each location was re-run, varying the panel tilt angle while using the optimal minimum 522 

thermal storage tank temperature that was determined during the second step of the optimization 523 

process, to ensure that the optimal tilt angle did not change. A flowchart that represents this 524 

process is shown in Figure 9. 525 

 526 

Figure 9: PVT Heat Pump System Optimization Process Flowchart 527 
 528 

For illustration purposes, a sample plot showing the resulting thermal storage tank 529 

temperature for the simultaneous consumption PVT heat pump system over the simulated year in 530 

Toronto is shown in Figure 10, and the corresponding resulting thermal power output profile is 531 

shown in Figure 11. The plots in Figure 10 and Figure 11 were generated using a panel tilt angle 532 

of 31°, and a minimum thermal storage tank temperature of 24°C.  533 

Step 1: 

Simulate using 
variable panel tilt 

angle, and constant 
minimum thermal 

storage temperature.  

Step 2: 

Extract 
optimal panel 

tilt angle 
from results 

of step 1.  

Step 3: 

Simulate using 
variable minimum 

thermal storage 
temperature, and 
constant panel tilt 

angle.  

Step 4: 

Extract optimal 
minimum 

thermal storage 
temperature from 
results of step 3. 

Step 5: 

Using result of step 
4, repeat steps 1 and 

2. Only if the 
optimal panel tilt 
angle changes, 

repeat steps 3-5. 
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 534 
Figure 10: Simultaneous Consumption PVT Heat Pump Sample Thermal Storage Tank 535 

Temperature Profile 536 
 537 

 538 
Figure 11: Simultaneous Consumption PVT Heat Pump Sample Thermal Power Output Profile 539 

 540 

Based on the results shown in Figure 10, one can conclude that the system operates more 541 

frequently from April-October since the thermal storage tank is above the minimum temperature 542 

more frequently than in other months. This result is also verified by the higher density thermal 543 

power production profile shown in Figure 11 during the months of April-October.  544 
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A plot of the results from the panel tilt optimization process is shown in Figure 12a, and a 545 

plot of the results from the minimum thermal storage tank optimization process is shown in 546 

Figure 12b. 547 

 548 

 549 
 Each curve in Figure 12a was generated using a variable panel tilt angle, and a constant 550 

thermal storage tank temperature of 35°C. Therefore, the local maxima of each curve in Figure 551 

12a, which is marked on each curve, corresponds to the annual thermal energy output when the 552 

optimal panel tilt angle for each simulation location is used, and the thermal storage tank 553 

temperature is set to 35°C.  554 

Each curve in Figure 12b was generated using a variable thermal storage tank 555 

temperature, and the optimal panel tilt angle for each location, which was found using Figure 556 

12a. Therefore, the local maxima of each curve in Figure 12b, which is marked on each curve, 557 

corresponds to the annual thermal energy output when both the optimal thermal storage tank 558 

Figure 12: Simultaneous Consumption PVT Heat Pump Annual Energy Output Plots 

 
       (a)         (b) 
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temperature is used, along with the optimal panel tilt angle, and is defined as the optimized 559 

value.  560 

A summary of the optimal panel tilt angle, optimal minimum thermal storage tank 561 

temperature, and the optimized annual thermal energy output of the simultaneous PVT heat 562 

pump system for each location is presented in Table 5. 563 

Table 5: Simultaneous Consumption PVT Heat Pump System Optimization Results 564 

Location 
(City, Country) 

Optimal 
Tilt Angle 

Optimal Minimum 
Thermal Storage 

Tank Temperature 

Corresponding 
Annual Thermal 

Energy Output (GJ) 

Edmonton, Canada 37° 22°C 14.4 

Toronto, Canada 31° 24°C 14.3 

Washington DC, USA 31° 26°C 17.5 

Phoenix, USA 29° 31°C 28.6 

 565 

These optimized results will be used for comparison against the evacuated tube system and 566 

the PVT cascade heat pump system annual energy outputs in Section 5.4. 567 

 568 

5.3 PVT Cascade Heat Pump System  569 

Several simulations of the PVT cascade heat pump system were carried out to determine 570 

the operating parameters that result in the highest annual thermal energy output for each 571 

simulation location. The panel tilt angle and the minimum thermal storage tank temperature were 572 

varied at each location to determine the combination of these two parameters that results in the 573 

system’s maximum annual thermal energy output. An Emerson Climate ZB15KQE-PFJ variable 574 

capacity scroll compressor was used as the compressor in the heat pump loop [32]. REFPROP 575 

refrigerant property calculating software [33] was used to determine refrigerant state information 576 

for each of the trials, and Table 6 presents the parameters that were kept constant between each 577 

of these trials. 578 
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Table 6: Design Input Parameters for PVT Cascade Heat Pump System Case Study 579 

Parameter   Value 

Time-step length. 60 𝑠 

Total array absorber area 8.4 𝑚
! 

Thermal storage tank thermal mass 16.72 𝑀𝐽/𝐾 

Fluid mass flow rate through solar collector array 0.18
𝑘𝑔

 𝑠
 

Panel azimuth angle 0° 

Heat Pump A Evaporator Saturation Temperature 5 °𝐶 

Heat Pump A Condenser Saturation Temperature 35°𝐶 [18] 

Heat Pump B Evaporator Saturation Temperature 30°𝐶 

Heat Pump B Condenser Saturation Temperature 65°𝐶 

Design heat transfer rate of the heat exchanger in 
the thermal storage tank 

1000 𝑊 [18] 

Heat pump refrigerant type R-134a 

Specific heat capacity of solar panel cooling fluid. 4180
𝐽

𝑘𝑔𝐾
 

 580 

The optimization process was carried out using the same method that was described in 581 

Section 5.2 for the simultaneous consumption PVT heat pump system. First, the minimum 582 

thermal storage tank temperature was set to 35°C, and the panel tilt angle was varied for each 583 

simulation location. Second, using the optimal panel tilt angle that was found during the first step 584 

in the optimization process, the minimum thermal storage tank temperature was varied to 585 

determine its optimal value for each location. Finally, to ensure that the optimal panel tilt angle 586 

did not change, the simulation for each location was re-run, varying the panel tilt angle while 587 

using the optimal minimum thermal storage tank temperature that was determined during the 588 

second step of the optimization process, to ensure that the optimal tilt angle did not change.  589 

For illustration purposes, a sample plot showing the resulting thermal storage tank 590 

temperature for the PVT cascade heat pump system over the simulated year in Toronto is shown 591 

in Figure 13, and the corresponding resulting thermal power output profile is shown in Figure 14. 592 
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The plots in Figure 13 and Figure 14 were generated using a panel tilt angle of 34°, and a 593 

minimum thermal storage tank temperature of 28°C.  594 

 595 
Figure 13: PVT Cascade Heat Pump Sample Thermal Storage Tank Temperature Profile 596 

 597 

 598 
Figure 14: PVT Cascade Heat Pump Sample Thermal Power Output Profile 599 

 600 

Using results shown in Figure 13 and Figure 14, and comparable results for the other 601 

locations, the total annual thermal energy production based on different panel tilt angles, and 602 
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minimum thermal storage tank temperatures, was determined for each location. A plot of the 603 

results from the panel tilt optimization process is shown in Figure 15a, and a plot of the results 604 

from the minimum thermal storage tank optimization process is shown in Figure 15b. 605 

 606 

Since the PVT cascade heat pump system has two operational modes, which are with 607 

either one or two heat pumps being active, it is of interest to determine the number of hours spent 608 

in each state annually. Table 8 presents these results for the optimized system in each simulation 609 

location. 610 

Table 7: PVT Cascade Heat Pump Operating Mode Characteristics 611 

Location 
(City, Country) 

Total 
Annual 

Operating 
Hours 

Dual Heat 
Pump Loop 
Operating 

Hours 

Dual Heat 
Pump Loop 
Operating 
Fraction 

Edmonton, Canada 2479 951 38% 

Toronto, Canada 2158 936 43% 
Washington DC, USA 2925 1059 36% 

Phoenix, USA 3463 2009 58% 

Figure 15: PVT Cascade Heat Pump System Annual Energy Output Plots 

 
   (a)           (b) 
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A summary of the optimal panel tilt angle, optimal minimum thermal storage tank 612 

temperature, and the optimized annual thermal energy output of the PVT heat pump system for 613 

each location is presented in Table 8.  614 

Table 8: PVT Heat Pump System Optimization Results 615 

Location 
(City, Country) 

Optimal 
Tilt 

Angle 

Optimal Minimum 
Thermal Storage 

Tank Temperature 

Annual Thermal 
Energy Output 

(GJ) 

Edmonton, Canada 42° 26°C 16.1 

Toronto, Canada 34° 28°C 16.0 

Washington DC, USA 34° 29°C 19.5 

Phoenix, USA 30° 37°C 27.1 

 616 

These optimized results will be used for comparison against the evacuated tube system and 617 

the simultaneous PVT heat pump system annual energy outputs in Section 5.4. 618 

 619 

5.4 Discussion and Comparison of System Performances 620 

A comparison between the annual energy outputs of the evacuated tube, simultaneous 621 

consumption PVT heat pump, and PVT cascade heat pump systems was carried out using the 622 

optimized system parameters, as detailed in Sections 5.1, 5.2, and 5.3. Table 9 presents a 623 

comparison of these results on both an annual and seasonal basis. 624 

 625 

 626 

 627 

 628 

  629 

 630 
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Table 9: Seasonal Comparison between the PVT Heat Pump and Evacuated Tube systems 631 

Location Date Range 

Thermal Energy Output (GJ) 
% Difference 

 100%×
!!!!"#$

!!"#$

 

Evacuated 

Tube 

(𝐸!"#$) 

Simultaneous 

PVT Heat 

Pump 

PVT 

Cascade 

Heat Pump 

Simultaneous 

PVT Heat 

Pump 

PVT 

Cascade 

Heat Pump 

Edmonton, 

Canada 

Jan. 1
st
 – Mar. 31

st
 2.62 2.04 2.60 -22% 0% 

April 1
st
 – June 30

th
 3.72 5.61 6.05 50% 62% 

July 1
st
 - Sept. 30

th
 3.69 5.29 5.71 43% 54% 

Oct. 1
st
 – Dec. 31

st
 1.65 1.55 1.71 -5% 4% 

Annual 11.7 14.5 16.1 24% 37% 

Toronto, 
Canada 

Jan. 1
st
 – Mar. 31

st
 2.06 1.60 2.09 -22% 2% 

April 1
st
 – June 30

th
 3.23 5.27 5.82 62% 79% 

July 1
st
 - Sept. 30

th
 3.68 5.71 6.19 54% 67% 

Oct. 1
st
 – Dec. 31

st
 1.62 1.72 1.91 7% 19% 

Annual 10.6 14.3 16.0 35% 51% 

Washington 
DC, USA 

Jan. 1
st
 – Mar. 31

st
 3.02 2.91 3.74 -4% 24% 

April 1
st
 – June 30

th
 2.88 5.51 5.89 92% 105% 

July 1
st
 - Sept. 30

th
 3.35 5.77 6.12 72% 83% 

Oct. 1
st
 – Dec. 31

st
 3.04 3.28 3.80 8% 25% 

Annual 12.3 17.5 19.5 42% 59% 

Phoenix, 
USA 

Jan. 1
st
 – Mar. 31

st
 5.22 5.52 6.70 5% 28% 

April 1
st
 – June 30

th
 3.55 8.21 8.82 133% 150% 

July 1
st
 - Sept. 30

th
 4.35 8.71 9.27 101% 114% 

Oct. 1
st
 – Dec. 31

st
 5.89 6.20 7.13 5% 21% 

Annual 19.0 28.6 31.9 51% 68% 

 632 

Based on the results presented in Table 9, one can see that in all simulation locations both 633 

the simultaneous consumption PVT heat pump, and PVT cascade heat pump system produced 634 

more thermal energy than the evacuated tube system, on both a seasonal and annual basis. The 635 

PVT cascade heat pump system shows the greatest improvement over both the evacuated tube 636 

system, and the simultaneous consumption PVT heat pump system, in locations and during times 637 

with higher dry-bulb temperatures.  638 

For example, in Edmonton, which is the simulation location with the lowest annual 639 

average dry-bulb temperature, the annual energy output was increased compared to the 640 

evacuated tube system by 37%. However, in Toronto, which is the simulation location with the 641 
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second lowest annual average dry-bulb temperature, the annual energy output was increased 642 

compared to the evacuated tube system by 51%. This further increase in performance continues 643 

as the annual average dry-bulb temperature increases for the other simulation locations. Similar 644 

trends with the improving annual thermal energy output are seen when comparing the 645 

simultaneous consumption PVT heat pump system with the PVT cascade heat pump system. 646 

Therefore, based on this trend, the PVT cascade heat pump system offers the most improvement 647 

compared to the other two systems in locations with higher dry-bulb temperatures.  648 

A similar result is found when comparing seasons in the same location. For example, in 649 

Edmonton, during the Winter months (i.e. January – March) the PVT cascade heat pump system 650 

has the same thermal energy output as the evacuated tube system. However, during the Spring 651 

months (i.e. April – June), the PVT cascade heat pump system offers an increase in thermal 652 

energy output of 62%. This result further supports that the PVT cascade heat pump system offers 653 

the greatest improvement during months with higher dry-bulb temperatures. This result also 654 

demonstrates that even in a cold climate location, where the dry-bulb temperature and solar 655 

insolation are at their lowest annual values (i.e. during the Winter), the PVT cascade heat pump 656 

system still generates more thermal energy than the evacuated tube system and simultaneous 657 

consumption PVT heat pump system. 658 

A cost estimation was also completed to compare the simultaneous consumption PVT 659 

heat pump system to the PVT cascade heat pump system. Since the difference between the 660 

equipment required for these two systems is the additional heat pump loop, an incremental cost 661 

analysis was completed. The incremental equipment cost associated with adding the secondary 662 

heat pump loop is approximately $988 CAD [34, 35, 36, 37]. Assuming that natural gas 663 
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instantaneous water heaters are used in each location, with an energy factor of 0.90 [38], the 664 

annual cost savings shown in Table 10 were calculated.  665 

Table 10: Annual Savings Cost Breakdown 666 

Location 
(City, Country) 

Annual Energy 
Requirement 

(GJ) 

Utility Energy 
Cost 

(CAD/GJ) 

Yearly 
Savings 
(CAD) 

Simple 
Payback 

Period (years) 

Edmonton, Canada 1.89 3.55 [39]  $6.71 147 

Toronto, Canada 1.89 3.51[40]  $6.63 149 

Washington DC, USA 2.30 15.41 [37, 41]  $35.48 28 

Phoenix, USA 3.63 20.97 [37, 41]  $76.15 13 

  667 

Based on the estimated payback periods presented in Table 10, and assuming a system 668 

lifetime of 20 years [42], the incremental cost of the added heat pump loop is only justified in 669 

Phoenix. The long payback periods in Edmonton, Toronto, and Washington are mostly due to the 670 

lower cost of natural gas in those locations compared Phoenix. However, the payback periods in 671 

all locations may be reduced if the system is mass-produced, and equipment costs can be 672 

reduced. 673 

 674 

6 Conclusion 675 

A novel PVT cascade heat pump domestic water heating system was presented, along 676 

with computer simulation case studies. The system builds on the concepts of other research 677 

groups by using two heat pump loops, instead of a single heat pump loop, such that system 678 

optimization can be carried out to maximize thermal energy output, and consuming all of the 679 

electrical energy generated by the PVT panel. The study was carried out to determine and 680 

compare the annual and seasonal energy outputs of the PVT cascade heat pump system with the 681 

next leading conventional solar water heating technology, the evacuated tube system, along with 682 

a simultaneous consumption PVT heat pump system. The analysis of these systems was carried 683 
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out using a time-stepping method and manufacturer data. Engineering weather data sets, and heat 684 

exchanger temperatures were used as inputs to the model, which yielded thermal power 685 

production and temperature profile outputs.  Simulations were run using weather data for four 686 

different locations, which were Phoenix, Washington, Toronto, and Edmonton. These locations 687 

were selected because they provide a range in annual average dry-bulb temperature and total 688 

annual solar insolation.  689 

Based on the simulations that were completed, it was found that the annual thermal 690 

energy output from the PVT cascade heat pump system exceeds the annual thermal energy 691 

output of the other two systems at each simulation location. It was also found that at each 692 

location, the PVT cascade heat pump system produces equal or more thermal energy than the 693 

other two systems during each season of the year. Finally, the PVT cascade heat pump system 694 

shows the greatest improvement over the other two systems in locations, and during seasons, 695 

with higher dry-bulb temperatures and greater solar insolation. Future research should focus on 696 

the development of a prototype, small-scale PVT heat pump apparatus for experimental testing 697 

and verification. 698 
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